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ABSTRACT 

The  Red C a v e  Format ion  (Permian,  Leonard Series)  in t h e  Texas  Panhandle 

consists  of cyc l ic ,  red-bed c l a s t i c  and carbonate-evapor i te  m e m b e r s  t h a t  re f lec t  

deposition in  ex tens ive  coas t a l  sabkhas. These  envi ronments  w e r e  bounded on t h e  

north by a deser t  wadi  plain and  on t h e  south  by a c a r b o n a t e  inne r  shelf t h a t  bordered 

t h e  nor thern  Midland Basin. Evapor i te  members  were  deposi ted in carbonate-  

evapor i t e  coas t a l  sabkhas,  and c l a s t i c  m e m b e r s  were  deposi ted in mud-rich coas t a l  t o  

cont inenta l  sabkhas t h a t  passed inland t o  wadi-plain environments.  

Inner shelf dolomites inc lude  slightly fossiliferous, fa in t ly  laminated  t o  burrowed 

mudstone  and pe l le t  wackestone.  These  l i thofac ies  a r e  over la in  by and interf inger  

northward with dolomi te  and anhydr i te  deposi ted in coas t a l  sabkhas.  Ool i t ic  o r  pellet 

packs tone  and grainstone wi th  well-developed cross-lamination suggest  shal low sub- 

t idal  t o  in ter t ida l  deposition. Suprat idal  f a c i e s  include dolomi t ic  mudstone  wi th  algal 

laminat ions  and s o m e  in t rac las ts .  Sabkha sequences  a r e  commonly  c a p p e d  with 

nodular anhydr i te ;  mud-rich sabkha  sequences  cu lmina te  with r e d  t o  green  mudstone 

and anhydri te .  Ca rbona te  and  evapor i t e  f ac i e s  pinch o u t  general ly t oward  t h e  

nor thwest  and no r theas t  i n to  wadi-plain red  beds. T h e s e  f a c i e s  include ripple-drift ,  

cross-laminated s i l t s tone  and sandstone,  adhesion-rippled s i l t s tone ,  and r e d  t o  green 

mudstone. Des icca t ion  f ea tu re s ,  in t rac las ts ,  root  zones,  and paleosol horizons c a p  

braided f luvial  deposi ts  and attest t o  subaerial  exposure  and probable non-marine 

conditions. 

Pa r t i a l  modern  analogs t o  R e d  C a v e  sabkha deposi t ional  e l e m e n t s  inc lude  coastal  

mud f l a t s  and alluvial f a n s  in t h e  nor thwestern  Gulf of California,  t idal f l a t s  and t h e  

Wooramel ephemera l  s t r e a m  d e l t a  in Glads tone  Embayment ,  Shark Bay, Aust ra l ia ,  and 

Trucial  Coas t  sabkhas  in t h e  Pers ian  Gulf. Each  s e t t i n g  has c e r t a i n  f a c e t s  t h a t  a r e  

remarkably  similar  to in t e rp re t ed  paleoenvironments and  l i t ho fac i e s  of t h e  R e d  Cave  

Formation.  



INTRODUCTION 

During Middle and L a t e  Permian t ime,  an  arid coastal  plain or sabkha dominated 

t h e  landscape of t h e  Texas Panhandle, across which extensive,  sheetl ike red beds and 

evaporites were  deposited. The oldest of the  major red-bed deposits is the  Red C a v e  

Formation ( ~ e o n a r d i a n ,  Clear  Fork Group), which consists of cyclically bedded, 

offlapping strat igraphic units tha t  record the  f i rs t  major pulses of marine evapor i te  

and continental  red-bed deposition in t h e  Panhandle. These sabkha deposits a r e  

marginal t o  those  of shallow carbonate  shelf and shelf-margin environments t h a t  

bordered deeper marine environments in t h e  northern Midland Basin (Jeary, 1978; 

Silver and Todd, 1969). 

Purpose 

Although many recent  and ancient examples of humid region, clast ic and 

carbonate tidal-flat deposits, and carbonate-evaporite sabkha sequences have been 

previously documented (Ginsburg, 1975; Illing and others,  1965; La Por te ,  1969; Lucia,  

1972; Reineck, 1972; Roehl, 1967; and Shinn and others,  1969), few examples of ancient ,  

clastic-dominated coastal  and continental sabkhas have been described in deta i l .  

Exceptions include those  studied by Glennie (1972), Jacka and  Franco (1974), and Smi th  

(1974). Modern examples of clastic-dominated sabkhas were  described by Amiel and 

Friedman (1971), Thompson (1968), and Glennie (1970). The  present s tudy documents 

both clastic- and car bonate-evaporite-dominated sabkha corn plexes t h a t  formed ac ross  

t h e  Texas Panhandle during Middle Permian (early ~ e o n a r d i a n )  time. 

This report  (1) identifies Red Cave  l i thofacies and delineates the i r  vertical and 

la tera l  distribution; (2) determines thei r  environments of deposition; and (3) outl ines 

t h e  depositional history of a coastal sabkha system. 

Lithofacies of t h e  Red Cave Formation a r e  relatively thin but widely distr ibuted 

in broad, a r c u a t e  belts across t h e  Texas Panhandle. Subsurface maps of ap- 

proximately synchronous strat igraphic units w e r e  generated,  facil i tat ing a deta i led  

regional study of red-bed and evaporite facies through t ime .  Results presented in  th is  

report  rely strongly upon regional geometry of lithofacies t racts ,  and comparison of 

rock types (including composition, textures ,  and fabrics), sedimentary s t ructures ,  and 

vert ical  sequences with sedimentary facies  f rom modern depositional analogs. 

Knowledge of physical processes t h a t  led t o  t h e  development of modern coastal mud 



sabkhas facilitates interpre ta t ions  of mechanisms responsible for  development of 

Red Cave sabkha facies. 

Methods 

Approximately 400 geophysical logs (gamma ray,  neutron, sonic, cal iper,  spon- 

taneous potential ,  and resistivity) and numerous sample  logs served a s  a d a t a  base for 

l i thofacies mapping and strat igraphic correlation. In addition, six cores of the  Red 

Cave Formation i r o m  Moore, P o t t e r ,  and Randall Counties were  examined in detail. 

General fac ies  types  were calibrated t o  geophysical logs to  enhance regional litho- 

fac ies  interpretat ions.  Careful  examination of c o r e s  resulted in recognition of 

specific depositional environments tha t  aided in paleogeographic reconstruction of the  

Texas Panhandle. 

Locations of well s i tes  (including core  samples) f rom which cross sections 

published in this repor t  were  made a r e  shown in f igure 1 and l isted in Appendices 1 and 

2. All d a t a  (logs, maps, and cross sections) a r e  f i led a t  t h e  Bureau of Economic 

Geology. 

REGIONAL SETTING AND STRATIGRAPHY 

Several  basins and uplifts underlie t h e  Texas Panhandle (fig. I). The P a l o  Duro, 

Dalhart ,  and Hardeman Basins a r e  shallow cra tonic  basins (< - 10,000 f t  [3,000 m ]  deep) 

bounded by prominent uplifts, arches,  and domes t h a t  a r e  generally composed of 

Precambrian silicic igneous rocks. The Anadarko Basin is much deeper (> 30,000 f t  

[9,100 m ]  in Washita County, Oklahoma, according t o  Wroblewski, 1975) and apparently 

formed as a result of Pennsylvanian tec tonism of t h e  Southern Oklahoma Aulacogen 

(Wickham, 1978). At  about t h e  same  t ime ,  the  Delaware Aulacogen (Walper, 1977) was 

deformed, leading t o  t h e  development of t h e  Delaware and Midland Basins. Proximity 

of the Pa lo  Duro Basin to  these  major t ec ton ic  f e a t u r e s  and similar  geologic histories 

shared ~y each indicate  tha t  t h e  Palo  Duro and Dalhar t  Basins a lso  formed because of 

Pennsylvanian tectonism of t h e  Southern Oklahoma and Delaware Aulacogens, along 

what was t h e  southern continental  margin. 

Pennsylvanian and Permian s t r a t a  comprise mos t  of the  sedimentary f i l l  in each 

basin. Pennsylvanian and Lower Permian s t r a t a  consist  of ca rbona te  and terrigenous- 

c las t ic  sedimentary rocks t h a t  record deposition in a complete  spectrum of environ- 

ments ranging f rom deep marine with depths  less t h a n  500 f t  (150 m) t o  shallow shelf 



Figure 1. Regional geologic setting of Texas Panhandle. Map shows cross section 
lines and core locations. 
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and fluvial-deltaic (Handford and Dut ton ,  1980). During Ea r ly  Permian  t ime ,  t h e  

deepes t  pa r t s  of t h e  basins w e r e  filled, t ransforming t h e  Texas  Panhandle i n t o  a wide,  

very  shallow shelf environment.  Middle and Upper Permian  s t r a t a  cons is t  a lmost  

en t i re ly  of evapor i tes  and red  beds t h a t  record  deposi t ion ac ros s  a n  ex tens ive  sabkha 

plain t h a t  passed southward in to  a shallow-marine, ca rbona te  shelf and shelf-margin 

complex  in t h e  nor thern  Midland Basin (Dut ton  and o the r s ,  1979). 

During Leonardian t i m e ,  a thick succession of te r r igenous  elastics, o r  red  beds, 

accumula t ed  across  t h e  nor thwestern  co rne r  of t h e  Texas  Panhandle  and eas t -cent ra l  

New Mexico. The  coa r ses t  gra ined  f ac i e s  w a s  deposi ted in New Mexico and i s  re fer red  

t o  a s  t h e  Sangre  d e  Cr i s to  Format ion  (Fos t e r  and o the r s ,  1972). Where t h e  fo rma t ion  

passes i n to  a f iner  grained f a c i e s  in New Mexico i t s  n a m e  changes  t o  t h e  Abo and Yeso 

Format ions  (Foster  and  o thers ,  1972). These  red-bed s t r a t a  e x t e n d  across t h e  nor thern  

p a r t  of t h e  Texas  Panhandle where t h e y  pass i n t o  predominantly c a r b o n a t e  and 

evapor i t e  f ac i e s  comprising t h e  Wichita and  Clear  Fo rk  Groups (fig. 2). 

T h e  oldest  s t r a t ig raph ic  unit  of t h e  C lea r  Fo rk  Group i s  locally ca l l ed  the  Red  

C a v e  Format ion ,  a n  informal  n a m e  t h a t  r e f e r s  t o  t h e  red color  of t h e  fo rma t ion ,  i t s  

incompetency,  and  i t s  t endency  t o  c a v e  i n  where  boreholes a r e  drilled (Pierce  and 

o thers ,  1964). This  fo rma t ion  consists  of southward-thinning, regionally ex tens ive  r ed  

t o  green  mudstone and s i l t s tone  t h a t  coarsen  t o  t h e  nor thwest  i n t o  cong lomera t e  and  

Terrlgenous Sa l t  and Dolom~le and 
Clasttcs Anhydrite Anhydrlte 

Se r~es  

Figure  2. S t r a t ig raph ic  nomencla ture  of Middle Pe rmian  s t r a t a  in  t h e  T e x a s  Pan- 
handle and  adjoining New Mexico. 

East-Central 
Uew Mex~co 

Dalhort 
Bos~n  
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Basin 



arkose of t h e  Abo Formation,  and intertongue with anhydrite and dolomite t o  t h e  

south. The Red Cave is conformable with t h e  Wichita Group below and the  lower  

Clear  Fork Formation above. 

Informal strat igraphic members have been designated t o  subdivide t h e  Red C a v e  

Formation (fig. 2). Three  clast ic members t h a t  interfinger and pass southward in to  

carbonate facies  a r e  referred t o  in this report  (in descending order)  a s  t h e  A, B, and  C 

members. Two carbonate-anhydrite members a r e  sandwiched between the c l a s t i c  

members and a r e  referred t o  as  the  upper and lower evaporites (figs. 3, 4, and 5) .  

Each strat igraphic member was mapped across t h e  Panhandle, f rom the  updip 

(north) pinchouts of the  lower and upper evaporite members t o  t h e  downdip (south) 

pinchouts of each c las t ic  member (figs. 6 and 7). Sample logs complemented 

strat igraphic correlations and permitted discrimination of dolomite and anhydrite 

within each strat igraphic member. The updip l imit  of dolomite, illustrated in e a c h  

map, probably represents t h e  transition from intert idal  or lower supratidal t o  sabkha 

environments. Therefore,  sabkha ter ra in  is inferred t o  occur  updip of the  dolomite  

l imit  in each strat igraphic member. For each clast ic member ,  continental  environ- 

ments  a r e  inferred where isolith pat terns  assume dip-oriented, lobate shapes. T h e s e  

interpretations a r e  substantiated by core  analysis. Detailed fac ies  analyses and 

depositional systems interpretations follow. 

DEPOSITIONAL SYSTEMS 

Sedimentary facies  of the  Red Cave Formation (figs. 6 and 7) w e r e  deposited in  

environments of t h e  following depositional systems: (1) inner shelf carbonate  sys tem,  

(2) sabkha system, including both continental and coastal  types, and (3) wadi plain 

system. Each system consists of distinctive facies  assemblages comprising severa l  

fac ies  t r a c t s  t h a t  display cer ta in  rock properties character is t ic  of f ac ies  deposited in 

analogous modern depositional settings. 

Inner Shelf Carbonate  System 

Thin interbeds of dolomite in t h e  Red C a v e  Formation, a s  well a s  dolomite t h a t  

occurs south of t h e  mapped limits of t h e  Red Cave  and north of the  Clea r  Fork shelf-  

margin, were  probably deposited in an inner shelf ,  marine environment. Lithologies 

include tan  t o  gray dolomitic mudstone and pellet  wackestone rocks (fig. 14), wi th  

occasional thin-shelled brachiopods and gastropods (fig. 8, cores  C, D, and E). These  

rocks a r e  generally structureless or  have fa int ,  wispy laminae of darker colored,  
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organic-rich c lay  laminae  t h a t  m a y  sugges t  t h e  f o r m e r  presence  of subtidal  algal  mats .  

In deposi ts  younger t h a n  middle  Paleozoic,  prolific browsing and burrowing ac t iv i ty  in  

lower in ter t ida l  zones  have homogenized sediments  so t h a t  t h e  s ignature  of in ter t ida l  

deposition is recorded only within middle and upper in ter t ida l  s ed imen t s  ( J a m e s ,  1977). 

However,  where  sal ini t ies  increased signif icantly,  gastropods,  which a r e  primari ly 

grazers ,  w e r e  not  abundant  a n d  thus al lowed m a t s  t o  grow in to  subt ida l  zones. 

Because mar ine  evapor i tes  a r e  abundant  and fossi ls  a r e  r a r e  in  Red  C a v e  carbonates ,  

e l eva ted  sa l in i ty  is inferred;  thus ,  condit ions f avorab le  fo r  g rowth  and preservat ion of 

lower subtidal  a lga l  m a t s  m a y  h a v e  been establ ished.  

Rocks  of t h e  inner  shelf sys tem a r e  most  common  in t h e  southern half of t h e  

Pa lo  Duro Basin (figs. 6 and 7) outside t h e  subcrop a r e a  of c l a s t i c s  belonging t o  t h e  

Red  C a v e  Format ion;  however,  thin ca rbona te  beds extend nor thward  at  l ea s t  i n t o  

Randall  County ,  This i nd ica t e s  t h a t  depositional relief was v e r y  low, s o  t h a t  minor 

subsidence of sabkhas  t o  t h e  nor th  and  ex t r eme ly  smal l  e u s t a t i c  sea l eve l  changes 

could have  a f f e c t e d  l a r g e  a r e a s  of t h e  Panhandle.  Evidence  of per iodic  rapid 

t ransgressions includes thin subt ida l  c a r b o n a t e  s t r a t a  t h a t  over l ie  supra t ida l  fac ies .  

For  t h e  lower and upper evapor i te  members ,  t h e  boundary between inner  shelf 

and sabkha  envi ronments  is general ly def ined  by t h e  updip t rans i t ion  f rom carbonate-  

t o  anhydri te-r ich f ac i e s .  The  boundary in  each  c l a s t i c  m e m b e r  occurs  near  t he i r  

downdip pinchouts. 

Sabkha Sys tems 

A wide coas t a l  and cont inenta l  sabkha  was present  n o r t h  of t h e  inner  shelf 

environment and was  dominated  by deposi t ion of ca rbona te  o r  te r r igenous  mud and 

in t e r s t i t i a l  prec ip i ta t ion  of su l fa tes .  Carbonate-evapor i te  sabkha  envi ronments  w e r e  

periodically covered  by f luvial ly in t roduced,  te r r igenous  red m u d  derived f r o m  updip 

(depositional) f luvial  sys tems.  Thus, t w o  con t r a s t ing  s ty les  of sabkha sedimenta t ion  

developed--a carbonate-evapor i te  sabkha  sys t em,  exemplif ied by t h e  lower and upper 

evapor i t e  members  (fig. 7), and  a mud-rich sabkha sys t em,  represented  by c las t ic  

members  designated A, B, and  C (fig. 6). 

C a r  bonate-evapori te  sabkhas 

F a c i e s  of t h e  lower and upper evapor i t e  m e m b e r s  form ve r t i ca l  s equences  t h a t  

commonly begin wi th  subtidal  inner shelf dolomi te  overlain by in ter t ida l  ool i t ic  o r  

pe l le t  packs tone  and grainstone,  fol lowed by supra t ida l  o r  sabkha  dolomi t ic  mudstone 



and various t y p e s  of anhydr i t e  (fig. 8, co res  B, C ,  D, and  E). These  f a c i e s  s equences  

a r e  thought  t o  record progradation of sabkha envi ronments  over  inter t idal-subtidal  

shelf deposits.  

In ter t ida l  ool i t ic  and  pel let  grainstones (fig. 9a)  a r e  t a n  t o  brown, medium t o  

coa r se  grained,  and  com monly bear  in t rac las ts ,  f enes t r a l  f ab r i c s ,  and abundant  c u r r e n t  

s t ruc tu re s  (large-scale cross-lamination in sets up  t o  s eve ra l  inches th i ck ,  and para l le l  

lamination). Sedimentary  t e x t u r e s  and  s t r u c t u r e s  indica te  a wave- or  cu r ren t - ag i t a t ed  

shoreline. 

Suprat idal  f ac i e s  include dolomi t ic  mudstone ,  pel let  packstone,  a n d  in t r ac l a s t i c  

packstone.  Wispy, black,  organic-rich laminae  and wavy t o  c renu la t ed ,  dolomi te-  

anhydr i te  l aminae  (fig. 9b) occur  in t hese  rocks  and a r e  i n t e rp re t ed  as algal m a t  

remains. Gypsum was probably prec ip i ta ted  in voids beneath  algal  m a t s  o n  t h e  s a b k h a  

sur face .  Similar  relat ionships w e r e  repor ted  f r o m  modern  in ter t ida l  t o  sup ra t ida l  

f ac i e s  of t h e  Trucial  C o a s t  (Bathurst ,  1971; Illing and o the r s ,  1965; Schneider ,  19751, 

Shark Bay, Aust ra l ia  (Davies, 1970), and  Laguna Madre,  T e x a s  (Brown a n d  others ,  1977; 

and  Miller, 1975). In t r ac l a s t i c  debris  in  Red C a v e  dolomi tes  probably records s t o r m  

deposition ac ros s  supra t ida l  f l a t s  and  in shal low channels  (Davies, 1970; Shinn a n d  

o thers ,  1969; and  Wilson, 1975). 

CM. IN. 

OTO 
CM. IN. 

Figure  9. Bedding f e a t u r e s  in  Red C a v e  cores: (a) cross-laminated,  o o l i t e  packstone,  
3,875.5 f t  (1.181 m); (b) wavy,  laminated  dolomi te  and  anhydr i te ,  3,840 f t  (1170.4 m). 
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Suprat idal  dolomi te  (fig. 9 c, d)  i s  overlain by and  in t e rca l a t ed  with b lue  t o  gray ,  

or  pinkish anhydr i te ,  cha rac t e r i zed  by s t ruc tu re s  ranging f r o m  isolated nodules within 

suprat idal  carbonates ,  t o  nodular mosaic,  laminated ,  and mass ive  (classification a f t e r  

Maiklem and o thers ,  1969). 

R e c e n t  sabkha  sequences  a r e  normally topped by nodular anhydr i te  a n d  erosional  

upper surfaces.  Kinsman (in Bathurs t ,  1971) a n d  Shearman (1978) revea led  t h a t  

displacive d iagenet ic  growth  of gypsum and anhydr i t e  in supra t ida l  s ed imen t s  of t h e  

Trucia l  Coas t  has  raised t h e  sabkha s u r f a c e  as much as 1 t o  3 f t  (0.3 t o  1 m). Sediment  

a t  t h e  su r f ace  is exposed t o  subaerial  weather ing  and erosion. Shearman (1978) 

repor ted  t h a t  t h e  tops  of anhydr i te  nodules a r e  some t imes  planed off ,  and  t h e  upper 

pa r t s  of con to r t ed  layers  of anhydr i te  a r e  t runcated .  Erosional sur faces  such  a s  t h e s e  

may  have  been recognized in R e d  C a v e  sabkha sequences.  I r regular  upper sur faces  of  

nodular anhydr i te  a r e  over la in  by c renu la t ed  l aminae  of mudcracked do lomi te  and r e d  

mudstone. Abundant, smal l  dolomi te  i n t r ac l a s t s  cover ing  t h e  upper  su r f aces  (fig. 10a), 

suggest  subaer ia l  exposure and  erosion of t hese  s t r a t a .  

F igure  7 shows t h a t  t h e  g r e a t e s t  concent ra t ions  of anhydr i te  o c c u r  in a r -  

c u a t e  bands t h a t  a r e  bounded on the i r  southern s ides  by inner  shelf c a r b o n a t e  fac ies .  

Wadi-plain red beds form the i r  nor thern ,  o r  landward borders. Isopachous pa t t e rns  a n d  

'M. J IN. 
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Figure 9. Bedding f e a t u r e s  in  Red  C a v e  cores:  (c) nodular  anhydr i te ,  3,955 f t  (1,205 m); 
(d) laminated  anhydr i te ,  3,858 f t  (1,176 m). All c o r e s  f r o m  DoE/Gruy  Federal ,  
Inc., R e x  White 1. 
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distr ibution of c a r b o n a t e  and  evapor i t e  f ac i e s  sugges t  t h a t  at the i r  g r e a t e s t  develop- 

m e n t  coas t a l  carbonate-evapor i te  sabkhas  ranged f rom approximate ly  2 0  t o  80 m i  (32  

t o  130 km)  wide. 

Mud-rich sabkhas  

Mud-rich coas ta l  sabkha  f a c i e s  a r e  dominated  by r e d  t o  green ,  l amina ted  o r  

s t ruc tu re l e s s  mudstone  and c lays tone  overlying and in terbedded wi th  anhydr i te  a n d  

dolomi te  (fig. 8, co res  B and C ) .  Anhydri te  s t r u c t u r e s  a r e  ident ica l  t o  t h o s e  i n  

carbonate-evapor i te  f a c i e s  (fig. 1 Ob). 

In t h e  nor thern  Panhandle  where  evapor i t e  f ac i e s  pinch ou t  i n to  r ed  beds, r e d  

s i l t s tones  c a p  progradational  sabkha sequences.  Many s i l t s tones  a r e  probably eol ian-  

reworked f luvial  deposits.  These  rocks  conta in  examples  of wispy or poorly developed 

small-scale c ros s  laminat ion  similar  t o  t h a t  produced by t h e  migra t ion  of adhes ion  

ripples. Glennie  (1970, 1972) has shown t h a t  adhesion r ipples commonly  fo rm on d a m p  

su r faces  of modern  sabkhas.  As sand o r  s i l t  is deposi ted on a moist  s u r f a c e  by eo l i an  

processes,  capi l la ry  r i se  of ground w a t e r  dampens  t h e  newly  deposi ted sediment  a n d  

increases  t h e  oppor tuni ty  f o r  addit ional  s ed imen t  t o  be deposi ted and adhe re  t o  t h e  

mois t  sur face .  Adhesion-rippled sands tones  w e r e  also r epor t ed  t o  o c c u r  in Upper  

Pe rmian  sabkha  deposi ts  of t h e  Nor thwestern  Shelf ,  New Mexico ( J a c k a  and F r a n c o ,  

1974). 

Dip-oriented c l a s t i c  isol i th pa t t e rns  (fig. 6) in  t h e  nor thwestern  and no r theas t e rn  

Panhandle sugges t  t h a t  c l a s t i c  s ed imen t  was  t ranspor ted  by f luvial  s y s t e m s  into s a b k h a  

environments.  Because of inf i l t ra t ion  and/or  evapora t ion  of wa te r  i n  ephemera l  

s t r e a m s  and probable low gradients ,  only  si l t  and  c lay  w e r e  car r ied  i n t o  sabkhas. A s  

modern  examples ,  ephemera l  s t r e a m s  flowing t o w a r d  Willcox Playa  in Arizona depos i t  

coarse-grained sed imen t  higher on t h e  s lopes,  and  only f ine-grained s e d i m e n t  is c a r r i e d  

o n t o  t h e  playa su r f ace  w h e r e  i t  a ccumula t e s  as "mud deltas1'  (Schreiber and o t h e r s ,  

1972). Thus, f a c i e s  p a t t e r n s  and in fe r r ed  deposi t ional  processes sugges t  t h a t  R e d  

C a v e  mud-rich sabkhas w e r e  s l ight ly e l eva ted  p la t forms t h a t  s p r e a d  across a n d  

smothe red  previously exis t ing  carbonate-evapor i te  sabkha  su r f aces .  

Mud-rich coas t a l  sabkhas  probably passed landward i n t o  cont inenta l  sabkhas a n d  

wadi  plains. T h e r e  is no  sha rp  boundary sepa ra t ing  t h e s e  envi ronments .  K insman  

(1969) showed t h a t  Trucial  Coas t  sabkhas  grade  inland wi thout  not iceable  geomorphic  

discontinuity in to  cont inenta l  sabkhas. Fo r  example ,  Sabkha M a t t i  is contiguous wi th  a 

coas t a l  sabkha and ex tends  50 t o  60 m i  (80 t o  95 km)  inland f rom t h e  Trucial  C o a s t  

(Kinsman, 1969). During Leonardian t i m e ,  cont inenta l  s abkha  t e r r a in  m a y  have b e e n  
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Figure  10. Bedding f e a t u r e s  in  Red C a v e  cores;  (a )  upper s u r f a c e  (arrows) of sabkha  
anhydr i te  overlain by algal  l amina ted ,  mudcracked dolomi te  w i t h  in t r ac l a s t s ,  P o t t e r  
County ,  USBM Bush A-6, 3,200 f t  (975 m); (b) nodular  anhydr i t e  in r ed  mudstone,  
Randall  County ,  ~ 0 ~ / G r u y  Federa l ,  Inc., Rex Whi t e  1; 3,705 f t  (1,129m) (c) ripple- 
d r i f t ,  c ross- laminated  sands tone  overlain by paral lel- laminated,  mudcracked  (arrow) 
mudstone  and s i l t s tone ,  P o t t e r  County ,  D. 0. Harr ington ,  Bush A-1, 3,231 f t  (985 m); 
(d) disturbed bedding in  s i l t s tone ,  P o t t e r  County ,  D. 0. Harrington,  Bush A-1, 3,261 f t 
(994 m). 



present  in r e m o t e ,  or  i so la ted  a reas ,  and  may  be infer red  w h e r e  c l a s t i c  isol i th p a t t e r n s  

in A, B, and C members  a r e  i r regular ,  and canno t  be  descr ibed  as e i t h e r  s t r i ke  or  d i p  

or ien ted .  This p a t t e r n  is well i l lus t ra ted  by R e d  C a v e  B m e m b e r  (fig. 6) and sugges t s  

poorly defined in terna l  drainage.  

Cont inenta l  sabkhas a r e  equilibrium deflat ion-sedimentat ion s u r f a c e s  t h a t  m a y  

develop in a r e a s  of low hinterland re l ie f ,  sma l l  eolian sed imen t  supply,  and a r i d  

c l i m a t e  (Kinsman, 1969). T h e  Red C a v e  Forma t ion ,  espec ia l ly  i ts  B member ,  a c r o s s  

t h e  no r theas t e rn  Panhandle  m a y  have  been depos i ted  in s u c h  a n  environment.  A s  

shown by cross  sec t ions  and f a c i e s  maps,  t h e r e  a r e  no  signif icant  quant i t ies  of 

evapor i tes  or  sands tone  in  th i s  a rea ;  t h e  Red C a v e  i s  mos t ly  composed of red, f ine-  

grained te r r igenous  sediments .  I t  is re la t ive ly  i so la ted  f r o m  a r e a s  of mar ine  in f luence  

and a r e a s  of ma jo r  sand deposition. Fu r the rmore ,  t h e r e  is no  evidence  t o  suggest h igh  

relief in t h e  vicinity. 

Wadi Plain Sys t em 

Most modern  coas t a l  and  cont inenta l  sabkhas  a r e  par t ia l ly  t o  wholly bounded by 

ephemera l  s t r e a m  plains, o r  wadi sys t ems ,  and alluvial f a n s  (Amiel and Fr iedman,  1971; 

Bull, 1972; Gavish,  1974; Glennie,  1970, 1972; Hard ie  and o t h e r s ,  1978; Kinsman, 1969; 

andThompson,  1968). Modern wadi plain o r  distal f a n  deposi ts  t h a t  in ter f inger  with s a b k h a  

f a c i e s  consist of water- laid shee t f lood s i l t ,  c l ay ,  and  minor eolian sand o r  silt. T h e s e  

sediments  r ep resen t  t h e  suspended load  of ephemera l ,  discontinuous bra ided  s t r e a m s  o r  

wadis  (Glennie, 1970) t h a t  spread  sediment  in  thin s h e e t s  across deser t  plains. 

Transpor ta t ion  of s ed imen t  i s  sporadic  and  ab rup t  (Glennie, 1972), usually correspond- 

ing t o  sudden rainstorms.  

Sandstone and s i l t s tone  f ac i e s  in  t h e  nor thwestern  Panhandle  in ter f inger  in t h e  

sou theas t  wi th  R e d  C a v e  mudstone  and carbonate-evapor i te  f ac i e s ,  and a r e  i n t e r p r e t e d  

as wadi plain deposi ts  (figs. 3, 4, and  11). In Dal lam County ,  coarse-grained,  pink to 

red arkose  i s  local ly abundant .  These  sands tone  units  c a n n o t  be co r re l a t ed  b e t w e e n  

wells,  which suggests  t h a t  t h e y  a r e  l oca l  and len t icu lar .  R e d  Cave  sandstones w e r e  

probably t r anspor t ed  in to  t h e  Panhandle by smal l ,  braided ephemera l  s t r e a m s  f r o m  a 

nor thwestern  sou rce  in New Mexico. Gran i t e  t e r r a ins  in  Union C o u n t y  and nor th-  

c e n t r a l  New Mexico w e r e  sources f o r  most  a rkos i c  debris  in t h e  S a n g r e  d e  C r i s t o  

Format ion  (Fos ter  and o thers ,  1972), which i s  par t ly  coeva l  with t h e  Red C a v e  

Format ion .  T h e  Sangre  d e  Cr i s to  Format ion ,  t h e r e f o r e ,  c a n  reasonably b e  i n t e r p r e t e d  



t o  be  t h e  proximal f luvial  f a c i e s  of an extens ive  wadi  plain s y s t e m ,  t h e  d i s t a l  portions 

of which a r e  observed  in t h e  nor thwestern  Panhandle.  

Distal  deposi ts  of t h e  wadi  plain sys t em were  observed in  co res  f r o m  Moore and 

P o t t e r  Counties  (fig. 8, c o r e  A). These  deposi ts  cons is t  of ve ry  f ine  grained sands tone  

and s i l t s tone ,  wi th  abundant  ripple-drift  cross-lamination (fig. IOc), recording  deposi- 

tion in smal l ,  braided,  discontinuous f luvial  channels. RiIcKee (1965) repor ted  t h a t  

sands of t he  Colorado River  in Arizona include abundant  r ipple-drif t  cross-lamination 

in a r e a s  where  l a r g e  spring floods annually overf low t h e  channel  banks a n d  rapidly 

deposi t  sand o u t  of suspension. Glennie (1972) observed  t h a t  a f t e r  mild rainstorms,  

wa te r  in deser t  wadi  channels  soaks in to  t h e  sed imen t  of t h e  wadis ,  which causes t h e  

s t r e a m  t o  reduce  i t s  d ischarge  quickly (Harms and o thers ,  1975), and t h e r e b y  leads to 

t h e  development of ripple-drift  cross-lamination. In some  R e d  C a v e  samples ,  ripple- 

dr i f t  cross-laminated sand is overlain by f ine  paral lel  l aminae  of s i l t  and mud 

exhibi t ing des icca t ion  c racks  (fig. IOc). These  mud-cracked l aminae  probably repre-  

s e n t  t h e  l a s t  sediments  deposi ted by waning c u r r e n t s  a f t e r  a flood episode.  O the r  

sands tone  and s i l t s tone  s t r a t a  a r e  f ine ly  l amina ted  but d is rupted  by burrow-like 

f e a t u r e s  and ev idence  of slumping o r  col lapse (fig. lOd). Some s i l t s tones  and  

sands tones  (fig. 12a)  have  abundant  angular  s i l t s tone  and  mudstone  c las ts  (0.5 t o  1 c m  

diameter) .  These  c l a s t s  probably r ep resen t  s i l t  and  c l a y  drapes  deposi ted ear l ie r  on a 

wadi channel  f loor  and subsequently ripped up by  a sand-charged f low of w a t e r  

(Glennie, 1972). Although no  d i r ec t  ev idence  of eo l ian  sedimenta t ion  was  noted,  i t  i s  

likely t h a t  eol ian processes have  reworked some  of t h e  fluvial deposits.  

Several  th in  in terva ls  of f inely and  evenly l amina ted  (varve-like) s i l t s tone  and  

mudstone  (fig. 12b) suggest  suspension se t t l i ng  of sedimentary  part icles  in a standing 

body of water .  Fine-grained sediment  in  modern deser t  basins is depos i ted  f r o m  

suspension in ephemera l  piaya lakes, flooded def la t ion  hollows, and in terchannel  

depressions (Blissenbach, 1954; Bull, 1972; Glennie, 1970; and G r o a t ,  1972). Any of t hose  

geomorphic f e a t u r e s  may  have  existed and  been periodically f looded on t h e  Red  C a v e  

wadi plain. Small  ca rbona te  nodules in mudstone and  s i l t s tone ,  and  dark ,  organic-rich 

root-like f e a t u r e s  in  s i l t s tones  overlying wadi-channel-fill s equences  a r e  i n t e rp re t ed  as 

paleosols (fig. 12c ,  d). 

In summary,  t h e  abundance  of len t icu lar  sandstone uni t s  with s h a r p  basal  

c o n t a c t s  and fining-upward sequences,  topped by rooted ,  caliche-like zones,  suggests  

deposition by f luvial  processes i n  a wadi plain environment.  



Figure  11. Ne t  sands tone  isolith m a p  of Red C a v e  Format ion .  Map is based upon 
l i thologic in t e rp re t a t ion  of gamma ray  logs. Source  t e r r a in  in  New Mexico is impl ied  
by sandstone thickening nor thwestward .  
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Figure  12. Bedding f e a t u r e s  in R e d  C a v e  cores ;  (a )  angular  i n t r ac l a s t s  of s i l t s t one  and  
muds tone  in sands tone ,  3,299 f t  (1,005 m);  (b) evenly l amina t ed  s i l t s tone  and  mudstone,  
3,228 f t  (984 m); (c)  caliche-like, c a r b o n a t e  nodules i n  muds tone ,  3,294 f t  (1,004 m); 
(dl carbonaceous  root-like s t r u c t u r e s  in s i l ts tone.  C o r e  s amples  a, b, and  c a r e  f r o m  
P o t t e r  County ,  D. 0. Harr ington ,  Bush A-I, and s a m p l e  d i s  f r o m  Moore  County,  
Maynard Oil,  Sneed  3-6. 



DEPOSITIONAL MODEL 

Mud-rich coas t a l  t o  cont inenta l  sabkhas and carbonate-evapor i te  coas t a l  s abkhas  

prevai led in e a r l y  Leonardian t ime.  Terr igenous mudstone  f a c i e s  in t h e  A, B, a n d  C 

members  were  deposi ted in  coas ta l  t o  cont inenta l  mud-rich sabkhas,  and  t h e  lower a n d  

upper carbonate-evapor i te  members  w e r e  depos i ted  in c o a s t a l  sabkhas. Variations i n  

deposi t ional  s t y l e  t h a t  a r e  observable  through t i m e  and in e a c h  s t r a t ig raph ic  m e m b e r  

c a n  b e  r e l a t ed  to severa l  modern  sabkhas. 

Modern Analogs 

I t  would be  for tu i tous ,  if not  impossible, t o  f ind a well-described, m o d e r n  

depositional envi ronment  t h a t  exac t ly  dupl ica tes  t h e  anc ien t  deposi t ional  se t t ings  of 

t h e  Red  C a v e  Format ion .  T o  der ive  comprehens ive  deposi t ional  models  for  t h e  R e d  

C a v e  deposi t ional  sys t ems ,  pieces of informat ion  m u s t  be t a k e n  f rom severa l  m o d e r n  

examples  and r e l a t ed  t o  anc ient  counterpar t s .  For  mud-rich sabkha sed imen ta t ion ,  

coas t a l  mud f l a t s  at t h e  m o u t h  of t h e  Colorado R ive r  in Baja  Cal i forn ia ,  Mexico, a n d  

pa r t s  of Shark Bay and t i da l  f l a t s  in Western  Aus t r a l i a  a r e  appropr ia te  modern  analogs.  

Carbonate-evapor i te  coas t a l  sabkhas and inner  shelf s y s t e m s  a r e  comparable  to 

progradational  f a c i e s  a long t h e  Trucia l  Coas t  of t h e  Persian Gulf.  

Coas t a l  mud f l a t s ,  Baja Cal i forn ia ,  Mexico 

Barren,  reddish-brown, supra t ida l  mud f l a t s  and s a l t  pans occur  on  the  nor th-  

wes t e rn  s ide  of t h e  Gulf of Cal i forn ia  n e a r  t h e  m o u t h  of t h e  Colorado R ive r  (fig. 13). 

T h e  f l a t s  ex t end  southward  f rom t h e  river m o u t h  fo r  approximate ly  37  mi (60 k m )  

along t h e  Baja coas t  (Thompson, 1968; Walker, 1967). Silt and  c lay  composing t h e  f l a t s  

w e r e  supplied by t h e  Colorado River  and depos i ted  by f lood t ida l  cu r r en t s .  The m u d  

f l a t s  grew seaward  during t h e  l a t e  s t a g e s  of Holocene  s e a  l eve l  r ise l a rge ly  because  of 

t h e  high r a t e s  of mud supply and low wave energy .  Supra t ida l  s ed imen t s  compr i se  

l amina ted  reddish-brown s i l ty  c lay  and s igni f icant  quant i t ies  of gypsum and h a l i t e  

(fig. 14). Kinsman (1969) and  Butler (1970) repor t  t h a t  smal l  anhydr i te  nodules occu r  i n  

landward pa r t s  of t h e  sabkha  mud f la t s .  Laminae  a r e  commonly  disrupted by e v a p o r i t e  

precipi tat ion and mudcracking.  The  coas ta l  mud f l a t s  g r a d e  inland t o  l a rge  a l luvia l  

f a n s  emerging  f r o m  mountains;  t h e  highest  and m o s t  inland p a r t s  of t h e  mud  f l a t s  a r e  

r a re ly  f looded,  and  no r thwes t  of t h e  a c t i v e  mud  f l a t s  is a fo rmer  t i d a l  f l a t  t h a t  is 
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Figure  14. Plas- 
t i c  impregnated 
c o r e  of sabkha 
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t h e  mouth of t h e  Colorado River,  and schemat ic  cross section through t h e  mud flats. 
Modified f rom Thompson (1968) and Walker (1967). 



now a playa, o r  cont inenta l  sabkha,  Laguna Salada  (fig. 19) was c u t  off f rom t h e  

main  Gulf during R e c e n t  progradation of t h e  Colorado River  d e l t a  (Meckel ,  1975), a n d  

has  occasionally rece ived  Colorado River  f loodwaters .  

Although progradational  mechanisms d i f f e r  be tween t h e  Red  C a v e  mud-rich 

sabkhas and Baja  Cal i forn ia  mud f l a t s ,  t h e r e  a r e  s t r ik ing  s imi lar i t ies  be tween  f a c i e s  of 

both. In both cases, f a c i e s  bel ts  inc lude  alluvial f a n  or  wad i  plain c l a s t i c s  t h a t  pas s  

s eaward  in to  prograding rnud-rich sabkhas.  Fu r the rmore ,  sediment  t e x t u r e  and co lo r  

a r e  a lmost  identical .  Baja mud  f l a t s  a r e  a lmost  devoid of channels ,  a n d  channel-fill  

sequences  have  not  been recognized in R e d  C a v e  sabkha  f ac i e s .  

However ,  d i f f e ren t  mechanisms of mud supply inf luenced t h e  development  of 

Baja  coas ta l  mud f l a t s  and R e d  C a v e  mud-rich sabkhas.  In t h e  Red C a v e  Forma t ion ,  

te r r igenous  sediment  composing mud-rich sabkha  f ac i e s  was  supplied by f luvia l  

processes f rom updip wadi  sys tems and reworked by wind and  tidal processes t o  f o r m  

progradational  wedges. In con t r a s t ,  Baja Cal i forn ia  mud f l a t s  r e c e i v e  very l i t t l e  

s ed imen t  f rom updip alluvial fans.  Most s ed imen t  is con t r ibu ted  a long  s t r ike  by t h e  

Colorado River  d e l t a  and is a c c r e t e d  t o  t h e  mud f l a t s  during t ida l  flooding. 

Glads tone  Embaymen t ,  Shark  Bay, Western  Aus t r a l i a  

An ephemera l  s t r e a m  de l t a  (Wooramel De l t a )  t h a t  has prograded o n t o  a 

ca rbona te  t idal-f lat  envi ronment  in Shark  Bay, Western  Aus t r a l i a  (fig. 15)  has c r e a t e d  

a mud-rich sabkha  cha rac t e r i zed  by lithof ac ies  resembling t h o s e  of R e d  C a v e  mud-rich 

sabkha  envi ronments  (Davies, 1970). T h e  t idal  f l a t s  in f r o n t  of t h e  d e l t a  i n  G lads tone  

Embayment  a r e  up t o  2 m i  (3 km) wide  and cons is t  of algal- laminated ca rbona te  a n d  

gypsum-rich sediments  t h a t  in ter f inger  with r e d  de l t a i c  s a n d ,  s i l t ,  a n d  mud. T h e  

Wooramel D e l t a  now progrades in to  in ter t ida l  envi ronments  and is a c t i v e  only when 

t h e  r iver  floods. A t  o t h e r  t imes  t h e  r iver  bed i s  usually dry. As t h e  river f lows,  

s ed imen t  is deposi ted by t w o  d is t r ibutar ies  bounded by l e v e e s  at t h e  margins of t h e  

d is t r ibutar ies  on  t h e  t idal  f l a t .  

T h e  ve r t i ca l  succession of f a c i e s  is subt ida l  t o  i n t e r t i da l  s k e l e t a l  c a r b o n a t e  

sands,  upward through in ter laminated  de l t a i c  s i l t  a n d  t idal-f lat  ca rbona te ,  and over la in  

by gypsum mush at t h e  t o p  (fig. 15). Nearly ident ica l  ve r t i ca l  sequences  occur in t h e  

Red  C a v e  Forma t ion  (fig. 8, co res  B and  C). 

Trucia l  Coas t ,  Persian Gulf 

Li thofac ies  of modern  sabkhas and lagoons a long  t h e  Trucia l  Coas t  of t he  Pe r s i an  

Gulf (fig. 16) a r e  qu i t e  s imi lar  t o  t h o s e  t h a t  w e r e  deposi ted in  Red C a v e  inner she l f  

and  carbonate-evapor i te  sabkha  envi ronments  (Bathurs t ,  197 1; Purser ,  1973; andRead ing ,  
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Figure 15. Regional se t t ing and facies  sequence through tidal f l a t  and Wooramel de l t a  
in Gladstone Embayment,  Shark Bay, Western Australia. Modified from Davies (1970). 



1978). Lagoonal, subt ida l  sediments  near  Abu Dhabi  include gray, muddy sand t h a t  is 

r ich  in peneroplid fo ramin i f e r s  and bivalves and  i s  s tab i l ized  by sea grasses. T h i s  

f a c i e s  grades  landward i n t o  a broad in ter t ida l  z o n e  of f e c a l  pel let  s ed imen t  and well-  

developed algal  ma t s .  In upper i n t e r t i da l  a r e a s ,  a wrinkled algal  m a t  i s  underlain b y  

gypsum prec ip i ta ted  f r o m  in t e r s t i t i a l  pore wa te r s .  Algal laminae  a r e  disrupted by 

gypsum growth.  

Above t h e  level  of normal high t i d e  is a broad s a l t  f l a t ,  or  sabkha ,  t h a t  cons is t s  

of mixed eolian q u a r t z  sand,  c a r b o n a t e  mud,  and  nodular anhydri te .  The  s a b k h a  

s u r f a c e  is f looded only when high of fshore  winds combine  with high spring t i d e s ,  

causing shallow pools t o  fo rm on t h e  sur face .  These  pools evapora t e  within 2 t o  3 

weeks,  leaving a n  ephemera l  c rus t  of hal i te .  S o m e  ha l i t e  i s  p rec ip i t a t ed  below t h e  

s u r f a c e  in higher pa r t s  of t h e  sabkha.  

The  l a t e r a l  gradat ion  of envi ronments  and  f ac i e s ,  f rom subt ida l - in ter t ida l  

through sabkha ,  i s  also r epea ted  in ver t ica l  sequence .  Progradat ion  of t h e  i n t e r t i d a l  

and supra t ida l  or  sabkha s u r f a c e  over  subtidal  envi ronments  has  c r e a t e d  a d is t inc t ive  

sed imen ta ry  sequence  t h a t  i s  diagnost ic  of progradational ,  evapor i te  ca rbona te  shore-  

l ines  and can  be  c lose ly  compared  t o  progradational ,  carbonate-shorel ine f a c i e s  

sequences  in t h e  R e d  C a v e  Forma t ion  (fig. 8,  c o r e s  D and E, and  fig. 16). 

SUPRATIDAL I 
I INTERTIDAL I S U B T I D A L  
I I 

Sabkha 
1 a loa l  mat I 

- Pellet, skeletal packstone with nodular 
anhydrite and gypsum crystals 

- Pellet, forarn packstone; algal mats and 
ripple laminae 

- Pellet, forarn, skeletal packstone; burrows 
and gently inclined accretion surfaces 

Figure  16. P ro f i l e  through lagoon shorel ine in T ruc ia l  Coas t  of t h e  Pe r s i an  Gulf a n d  
sabkha  f ac i e s  sequence.  Modified f r o m  Purser  (1973). 
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Red Cave Sabkha Models 

Depositional models were  developed t o  explain l a te ra l  and vert ical  fac ies  

relationships and t o  i l lustrate depositional mechanisms (figs. 17 and 18). These  models 

i l lus t ra te  f i rs t ,  t h e  expected la tera l  f ac ies  changes and physical depositional systems 

(fig. 17), and second, variations recognized in carbonate-evaporite and mud-rich 

sabkha environments. For each sabkha type,  carbonate-evaporite environments 

prograded seaward mainly as  a result of deposition of fine-grained carbonate  sediment 

in intert idal  and supratidal zones from s torm,  wind, and spring t idal  floodwaters. This 

process is similar t o  t h a t  responsible fo r  extension o r  progradation of Trucial Coas t  

sabkhas and tidal f l a t s  of Andros Island, Bahamas (Bathurst, 1971). 

The principal difference between carbonate-evaporite and mud-rich sabkhas l ies  

in t h e  amounts of terrigenous sediment t h a t  were deposited on sabkha surf aces. The  

mud-rich sabkha model (fig. 18) proposes t h a t  most terrigenous sediment deposited o n  

Figure 17. Composite depositional model for Red Cave carbonate,  evaporite,  and 
c las t ic  facies.  
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3RAl3ED WADI 
CHANNEL COASTAL SABKHA PRCC-RADATIONAL 

TIDA, FLAT 

WADI P L A I N  I .  
I 

CARBONATE-EVAPORITE - - - - - - 4 -INNER SHELF- - 
SABKHA 

Algol 7 0 :  

\ - tfudcrock p o l l j ~ r s  

/ = / -= 4, --- - - HIGH TIDE 
- = 1 %  I - -  1 - / -  

BRAl3ED WADl 
CHANNEL 

C3NTINENTAL 
SABKHA 

COASTAL SABKHA 

WADl P L A I N  1- 
I MUD-RICH SABKHA- - - - - - +-INNER S H E L F - -  

LITHOLOGY STRUCTURES 

/ Sandstone Cloystone Cross- I a m ~ n a t ~ a n  a m n o t o n  =- liltroclasts (odhes~on ripples) 
-r -.r Burrows 

~ ~ l t s t o n e  D o l o m ~ i e  R ~ p p e - d r ~ f t  
Oo~ds  

Alga iaminotlon :. . Pellets 

j__/ Mudstone @@ Anhydiiie 

, - Nodules 
e- - (cal iche)  

Parallel lom~nat~on Nodular mosaic , I , ,  R ~ ~ + ~  

Figure 18. Facies  relationships and sequences in (a) carbonate-evaporite sabkhas (upper 
diagram) represented by t h e  lower and upper evaporite members,  and (b) mud-rich 
sabkhas (lower diagram) represented by clast ic members  of t h e  Red Cave  Formation. 



OKLA 

Upper Evaporite 

Lower Evaporite 

Figure 19. Paleogeography of t h e  Red C a v e  Format ion .  Cycl ic  c l a s t i c  and  carbonate-  
evapor i t e  f ac i e s  r e f l e c t  a l t e rna t ing  s ty l e s  of sabkha  deposition t h a t  were  brought o n  
by t h e  periodic avai labi l i ty and  supply of c las t ics  t o  sabkha  environments.  



t h e  sabkha w a s  f i r s t  ca r r i ed  t h e r e  by fluvial shee t f lood f r o m  t h e  mouths  of wad i  

channels  nea r  t h e  d is ta l  margins of t h e  wadi  plain. Subsequently,  some of t h e  

sediment  may have  been  slightly reworked by mar ine  f loodwa te r s  t o  f o r m  an ex tens ive  

mud f l a t  across  t h e  sabkha  sur face .  Additional te r r igenous  sediment  m a y  have b e e n  

t ranspor ted  nor theas tward  along s t r i k e  f rom t h e  margins of t h e  wadi  plain by s t o r m  

and spring t i da l  f loodwaters .  The d i s t ance  t h a t  mud-rich sabkhas  could prograde o v e r  

a previously buil t  carbonate-evapor i te  sabkha su r f ace  w a s  largely l imited by t h e  

amount  of sediment  supplied f rom updip by wadi  plain systems,  a n d  by m a r i n e  

f loodwater  reworking of sediment .  Progradat ion  of mud-rich sabkhas c rea t ed  f a c i e s  

sequences  capped by red  t o  green  mud (fig. 18) t h a t  th ickens  landward (north). 

The  carbonate-evapor i te  sabkha  model l acks  s igni f icant  input  of te r r igenous  

sediment ;  t he re fo re ,  sabkha  l i thofac ies  consist a lmos t  wholly of dolomi te  and anhydr i t e  

(fig. 18). Shorel ine progradation requi red  deposi t ion by s t o r m ,  wind, a n d  spring t i d a l  

flooding processes. 

DEPOSITIONAL HISTORY 

Red  C a v e  s t r a t ig raph ic  m e m b e r s  a r e  cycl ical ,  and  t h e  progradational ,  o r  

downdip, (depositional) l imi t s  of e a c h  c l a s t i c  m e m b e r  (A, B, C )  increased  through t i m e  

(figs. 3 and 5). Member B prograded f a r t h e r  sou th  than  member  C, a n d  member  A 

prograded f a r t h e r  t han  B and C. This  southerly migrat ion is also r e f l e c t e d  in sh i f t i ng  

f a c i e s  of wadi  plain and mud-rich sabkha  environments.  However, progradation w a s  

t w i c e  in t e r rup ted  by regional  t e rmina t ion  or  reduction of c l a s t i c  sediment  supply,  

resul t ing in deposition of t h e  lower and  upper evapor i t e  members .  

Mechanisms and underlying causes  of cyc l i c  sedimenta t ion  ove r  wide she lves  

buil t  t o  sea l eve l  have  been  discussed by many au tho r s  (Coogan,  1972; Duff and o t h e r s ,  

1967; Merriam, 1964; and Wilson, 1975). Some of t h e  hypotheses  include o n e  or  s e v e r a l  

combinat ions of t h e  following (Wilson, 1975): 

(I) in t ra -  and extra-basinal  t e c t o n i c  controls;  

(2 )  e u s t a t i c  sea-level changes  caused by t ec ton ic s  o r  glaciat ion;  

(3) c l i m a t i c  changes  t h a t  con t ro l  development of r ee f s  or  ca rbona te  b a n k s  

caus ing  r e s t r i c t ed  c i rcula t ion  and m o r e  evapor i t ic  conditions; 

(4) c l i m a t i c  changes  t h a t  con t ro l  supply of te r r igenous  c las t ics ,  and  

( 5 )  sedimentological  cont ro ls  such  a s  delta-lobe shif t ing.  

According t o  Wilson (1975), prevailing views h a v e  favored  a n  e u s t a t i c  mechanism t o  

explain shelf cyc l e s  because  they  o c c u r  in a r e a s  of variable t e c t o n i c  ac t iv i ty .  



Cer ta in ly  t h e r e  was minimal relief across  Red  C a v e  sabkhas  so  t h a t  e u s t a t i c  sea-  

level  changes  of t h e  s l ightes t  magni tude  could have  a f f e c t e d  vas t  areas.  However, 

s ince  t h e  r e l a t ive  supply of c l a s t i c s  by fluvial sys tems th rough  t i m e  apparent ly  

control led t h e  t rans i t ions  f r o m  mud-rich t o  mud-poor sabkha sedimenta t ion ,  giving r i se  

t o  t h e  large-scale cyc le s  ( c l a s t i c  versus evapor i te  members) ,  i t  i s  diff icul t  t o  ca l l  upon 

e u s t a t i c  sea-level changes  t o  explain cyc l ic i ty  in t h i s  case. T h e  vas t  ma jo r i ty  of R e d  

C a v e  s t r a t a ,  including carbonate-evapor i te  and c l a s t i c  members ,  was  depos i ted  above  

mean sea level; thus ,  i t  is unlikely t h a t  sea-level changes  could have  a f f e c t e d  sabkha  

sedimenta t ion  t o  c r e a t e  t h e  observed cycl ic  relationships. Perhaps  i t  is more  

appropr ia te  t o  ca l l  upon continuous and s teady subsidence and sediment  compact ion  

(permi t t ing  minor t ransgressions)  in c o n c e r t  with r epe t i t i ve  progradation of environ- 

men t s  and some  mechanism t h a t  cont ro l led  t h e  supply of te r r igenous  c las t ics ,  such as 

extra-basinal  t ec ton ic s  in sou rce  areas ,  c l ima t i c  changes ,  and sedimentological  con- 

trols.  

Although R e d  C a v e  s t r a t ig raph ic  members  a r e  composed of regressive,  diachron- 

ously deposi ted f acies ,  boundaries  be tween  sedimentary  cycles  m a y  closely approx- 

i m a t e  t i m e  lines. Thus, e a c h  of t h e  regional  c las t ic -evapor i te  isolith m a p s  of R e d  

C a v e  members  (figs. 6 and 7) was modified t o  i l lus t ra te  regional  paleogeography 

through t i m e  (fig. 19). Sabkha  f ac i e s  be l t s  in e a c h  of t h e  f ive  m e m b e r s  a r e  

consistent ly about  60  m i  (95 km)  wide, which is t aken  t o  represent  t h e  max imum width 

of sabkha  envi ronments  during R e d  C a v e  deposition. Although sabkhas w e r e  up t o  60 

mi (95 km) wide at the i r  maximum development,  t h a t  does  not m e a n  t h a t  t i d a l  flooding 

reached 60  mi (95 km)  inland. Progradat ion  of sabkha  envi ronments  probably caused 

ea r l i e s t  fo rmed  sabkha  su r f aces  t o  b e c o m e  gradually isolated f r o m  mar ine  flooding 

through t ime .  A similar  p a t t e r n  of sabkha  isolation f r o m  mar ine  flooding, and  hence  

t ransformat ion  t o  a cont inenta l  sabkha,  i s  documented  f rom t h e  coas ta l  m u d  f la t s  of 

Baja, Mexico (Meckel ,  1975, and  Thompson, 1968), discussed above.  Isolated mud f l a t s  

occur  12 m i  (20 km) f r o m  t h e  mean  shorel ine,  and Laguna  Salada ,  once  a mar ine  t ida l  

f l a t ,  i s  cur rent ly  70  mi  (115 km) f rom t h e  open Gulf of California.  Along t h e  Trucial  

Coas t ,  coas t a l  and  la te ra l ly  contiguous cont inenta l  sabkhas  e x t e n d  50 t o  60  m i  (80 t o  

95  km) inland; however,  t h e  inland l imit  of mar ine  f looding is only about  6 m i  (10 km). 

CONCLUSIONS 

Tradit ional ly,  subsurface  l i thofac ies  mapping has  been  successful ly used t o  

de l inea te  deposi t ional  t rends  and regional envi ronments  of deposi t ion in f a c i e s  such as 

those  deposi ted in f luvial-del taic ,  barr ier-bar ,  shelf-margin, and submarine-fan systems. 



In this  study, regional-subsurface distributions of red-bed and anhydrite-dolomite 

facies, in conjunction with a sedimentological analysis of c o r e s  and detai led examina- 

tion of recognizable depositional sequences, were  useful fo r  determining the  presence,  

l a t e ra l  extent ,  and evolution of Permian coas ta l  sabkha systems.  

Subsurface s t ra t igraphic  analysis of the  Red  Cave  Formation resul ted  in recogni- 

t ion of (I) an  inner shelf carbonate  system, (2) two kinds of coas ta l  sabkhas--a 

carbonate-evaporite sabkha system, and a mud-rich sabkha system, and ( 3 )  a wadi plain 

system composed of desert-alluvial and eolian red  beds. Sedimentary fea tu res  in  

l i thofacies of each  sys tem a r e  comparable in many ways t o  r ecen t  counterparts .  

Wadi-plain red beds and mud-rich sabkha facies of t h e  Red Cave  Formation a r e  s imi lar  

t o  alluvial-fan and coas ta l  mud-flat deposits in t h e  northwestern Gulf of California, 

and ephemeral-stream del ta ic  and tidal-flat sediments in Gladstone Embayment,  

Western Australia. Carbonate-evaporite f ac ies  and depositional sequences of t h e  

Trucial Coast  sabkhas a r e  modern analogs of those  of the  R e d  Cave Formation. 
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APPENDIX 1 
Well Logs Used in Cross Sections 

Cross Section 
County BEG Number Company 

A- A' 
Dallam 1 Shell 
Dallam 42  F.W .A. Drilling 
Hartley 5 8 E. 3. Athens 
Oldham 6 9 Pan American 
Par mer 2 Gulf 
Parmer 10 Sunray 
Lamb 4 3 Pacific Western 

B- B' 
Moore 
Moore 
Pot ter  
Randall 
Randall 
Swisher 
Hale 

9 Shamrock Oil & Gas  
46 Colorado Inters ta te  G a s  
4 1 Asarco 
- DOE/Gruy Federal, Inc. 

19 Frankfort  Oil 
7 H. L. Hunt 
8 Permian Basin 

c - C '  
Ochil tree 2 2 Sun Oil 
Roberts 3 3 Phillips 
Gray 4 9 Phillips 
Collingsworth 20 Roden Oil 
Childress 16 U.S. Corps Eng. 
Cot t le  36 Shell 

D-D ' 
Hartley 9 1 Texas-Gulf Prod. 
Moore 5 0 Sinclair 
kloore 46 Colorado Inters ta te  G a s  
Hutchinson 4 5 A. E. Herrnann Corp. 
Roberts 44 Gulf Oil Corp. 
Hemphill 35 Phillips Petroleum 

E- E' 
Oldham 69 Pan American 
Deaf Smith 2 Frankfort  Oil 
Randall - DOE/Gr uy Federal, Inc. 
Armstrong 6 Nebo Oil 
Donley 6 Jake L. Hamon 
Collingsworth 9 Hi-Plains Prod. 

F-F' 
Par m e r  8 Texaco 
Par m e r  10 Sunray Oil 
Castro 12 Austral Oil 
Swis her 9 Humble 
Br iscoe 23  Amerada 
Hall 2 1 Sinclair Oil 

Well N a m e  

Simms i,/ 1 - 2 
Johnson i,, 1 
Houghton Ranch i,/ 1 
D. Whaley i/ 1 
Kelliehor //A- 1 
Kimbrough 1/ 1 
D. L. Brown i#l-B 

T. J. Nunley et al. V 4  
Masterson #A- 36 
W D W i l l-29 
Rex H. White i.1 
Grogan 1, 1 
Bivins 1 
Shipp 1, 1 

Elliott ij3-A 
Cowan i,, 1-C 
Morse /I5 
Dwyer i ' 1  
Jonah Creek /1 1 
Williford /I 1 

Matador i,, 1 
Masterson i,/ 1 
Masterson IIA-36 
Scott  $15 
3. P. Osborne 112 
Bowers liD- 1 

D. Whaley 1, 1 
Allison-Hay es I# 1 
Rex H. White 1.1 
Thom Bugb ee 1. 1 
Hommell $/ 1 
Williams 1/2 

Owen Pa t ton  ill 
Kimbrough I1 1 
A. H. Warre 1.1 
A. B. Nanny ill 
Hamilton /I 1 
Annie Hughes 1.2 



Coun ty  

Moore 

Moore 

P o t t e r  

P o t t e r  

P o t t e r  

Randall  

APPENDIX 2 
Cores  Examined in This  Study 

Company Well Name 

Maynard Oil Co .  Sneed 3-6 

Colorado I n t e r s t a t e  Gas  Masterson 2-R 

Colorado I n t e r s t a t e  Gas  Bivins 55R 

USBM Bush A-6 

D. D. Harrington Bush A-1 

DOE/Gruy Fede ra l ,  Inc. R e x  H. White /I1 








