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ABSTRACT 

T h i s  r e p o r t  summarizes t h e  Cenozoic h i s t o r y  o f  t h e  Pecos dra inage i n  
t h e  Delaware bas in ,  sou theas te rn  New Mexico, and i n c o r p o r a t e s  an o u t l i n e  
o f  t h e  d i s s o l u t i o n  and k a r s t  development i n  Permian e v a p o r i t e s  i n  t h e  
r e g i o n .  

- 
Evapor i  t e s  i n c l u d e  anhydr i  t e ,  gypsum, ha1 i t e  and r e 1  a t e d  m ine ra l s .  

They a r e  i n c l u d e d  i n  t h e  C a s t i l e ,  Salado and R u s t l e r  Format ions o f  L a t e  
Permian (Ochoan) age. These f o r m a t i o n s  have been t ransg ressed  b y  s t r a t a  
of t h e  Dockum Group o f  L a t e  T r i a s s i c  age and unnamed fo rma t ions  o f  E a r l y  
Cre taceous age. 

Complex k a r s t  f e a t u r e s  i n c l u d e  c o l l a p s e  s inks ,  k a r s t  mounds (new 
term) ,  k a r s t  domes (new term)  and caves. K a r s t  mounds are  e r o s i o n a l  
remnants o f  r e g i o n a l  b r e c c i a .  K a r s t  domes a r e  s t r u c t u r a l  f ea tu res  wh ich  
have formed on a  v e r y  i r r e g u l a r  d i s s o l u t i o n  s u r f  ace. They a re  analogous 
t o  towers ,  k e g e l k a r s t  o r  mogotes i n  t r o p i c a l  r e g i o n s  except  t h a t  k a r s t  
domes a r e  a lmost  b u r i e d  b y  t h e i r  own d i 2 , o l u t i o n  r e s i d u e .  

B r e c c i a  chimneys a r e  c o l l a p s e  s i n k s  wh ich  have formed over  t h e  
C a p i t a n  a q u i f e r  system. They appear t o  be t h e  r e s u l t  o f  unsa tu ra ted  
wa te r  r i s i n g  under a  s t r o n g  h y d r a u l i c  head th rough  f r a c t u r e s  and 
d i s s o l v i n g  upward i n t o  t h e  e v a p o r i t e  sequence. 

B r e c c i a  chimneys, k a r s t  mounds and k a r s t  domes s t u d i e d  d u r i n g  t h i s  
work were formed d u r i n g  m i d d l e  P l e i s t o c e n e  t ime. 

D i s s o l u t i o n  has been an a c t i v e  p rocess  i n  t h e  Delaware Bas in  a t  l e a s t  
s i n c e  T r i a s s i c  t i m e  and i t  i s  i m p r a c t i c a l  t o  a t tempt  t o  c a l c u l a t e  a  r a t e  
o f  d i s s o l u t i o n  f o r  t h e  bas in .  E a r l i e r  e s t i m a t e s  o f  t h e  r a t e  o f  
d i s s o l u t i o n  a r e  cons ide red  t o  be c o n s e r v a t i v e .  Subsurface evidence does 
n o t  suggest  t h a t  dee? d i s s o l u t i o n  i s  p r e s e n t l y  an a c t i v e  process i n  t h e  
C a s t i l e  Fo rmat ion  beneath t h e  t h i c k  beds o f  Salado s a l t .  

P l e i s t o c e n e  g l a c i a t i o n  i n  t h e  n o r t h e r n  and c e n t r a l  U n i t e d  S t a t e s  was 
p r o b a b l y  accompanied by  "p' luvi a1 " p e r i o d s  i n  s o u t h e a s t e r n  New Mexico. 
P l u v i a l s  a r e  c h a r a c t e r i z e d  b y  l e s s  ex t reme temperatures ,  l e s s  e v a p o r a t i o n  
and more e f f e c t i v e .  m o i s t u r e  t h a n  a t  p r e s e n t .  
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F i g u r e  1. Index map o f  New Mexico showing s tudy  area ( f i g .  2 ) .  



INTRODUCTION 

This report is part of a continuing study of the Los Medanos area, 

eastern Eddy County, New flex-ico, to determine the feasibility of storing 

nuclear waste in underground beds of salt (fig. 1). A site bas been 

proposed in this area for the construction of a Waste Isolation Pilot 

Plant (WIPP) by underground mining methods. The site and surrounding 

area is being studied geologically and hydrologically by field 

examination arid exploratory drill ing. 

This report summarizes the geologic history of the region during the 

Cenozoic Era which is the time that has elapsed since the withdrawal of 

Cretaceous seas about 65 million years ago. Although this time interval 

is emphasized, it is impossible to isolate Cenozoic events completely 

from other aspects of the regional geology. For this reason the history 

of the region since the deposition of salt beds during Permian time, 

about 280 million years ago, is also olltlined briefly. More complete 

discussions of the Permian stratigraphy have been presented elsewhere 

(Vine, 1963; Hayes, 1964; Gard, 1968; Jones, 1973). 

This study has included detailed mapping of specific features i n  the 

vicinity of the WIPP site as well as reconnaissance mapping of the Pecos 

River drainage system in the general area of the site. Deposits  and 

features pertinent to an interpretation of past erosion, diss~lution, 

and climatic history have been examined to determine i f  there are 

continuing geologic processes which may pose a threat to the storaae of 

nuclear waste at the site. 



PHYSICAL GEOGRAPHY 

Southeastern New Mexico is in the southern part of the Pecos River 

section of the Great Plains physiographic province. It is largely within 

the northern part of the Chihuahuan Desert life zone. The dominant plant 

assemblage is mesquite (Prosopis) and creosote bush (Larreal -- . Annual 

precipitation averages about 280 mm (11 in. I and evaporation averages 
about 2500 mm (98 in.) at Lake Avalon near Carlsbad. Drainage is mostly 

intermittent; the Pecos River is the only perennial stream in the region. 



F i e l d  work cons i s t ed  o f  d e t a i l e d  mapping o f  t h e  e a s t e r n  p a r t  o f  Nash 

Draw and o t h e r  f e a t u r e s  i n  t h e  v i c i n i t y  of t h e  W I P P  s i t e .  T b i s  work was 

p l o t t e d  on a e r i a l  photographs a t  a  sca le  o f  2:24,000. Reconnaissance 

mapping a t  va r i ous  sca les  was undertaken along the Pecos R i v e r  dra'nage 

system and i s  here compi led a t  a sca le  o f  1:125,000 ( f i g .  2 ,  i n  pocke t ) .  

T h i s  map i nc l udes  t h e  area f rom l a t  32'45' southward t o  t h e  New 

Mexico-Texas S t a t e  l i n e .  D e t a i l e d  maps of some k a r s t  f e a t u r e s  were 

prepared a t  sca les  r ang ing  from 1:1,200 t o  1:6,000. 

I worked p r e v i o u s l y  in t h i s  r e g i o n  as p a r t  o f  a  team engaged i n  a 

broad reconnaissance s tudy  which cons idered severa l  p o t e n t i a l  s i t e s  f o r  

waste d i sposa l .  Resu l t s  o f  t h a t  reconnaissance were pub l i shed  i n  a  

s e r i e s  o f  r e p ~ r t s  (Bachman and Johnson, 1973; Bachman, 1.973a, 1973b, 

1974, 1976). The p resen t  work i nco rpo ra tes  a  r e e v a l u a t i o n  o f  t h e  e a r l i e r  

s t u d i e s .  

R. E. K e l l e y  ass i s t ed  i n  much o f  t h e  mapping i n  Nash Draw. S. L.  

D r e l l a c k ,  3. L. Gonzales, and A. F. McIntyre ,  Jr., a s s i s t e d  i n  d e t a i l e d  

mapping and i n  measur ing s t r a t i g r a p h i c  sec t ions .  Th i s  stud.y was done i n  

coopera t ion  w i t h  Sandia N a t i o n a l  L a b o r a t ~ r i e s ,  D i v i s i o n  o f  Waste 

Management, on behal f  o f  t h e  Un i ted  S ta tes  Department o f  Energ.y. 
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Submarine canyon 

A *  Known breccia chimney 

F i g u r e  3 . - - I ndex  map showing l o c a t i o n  o f  submarine canyon d e p o s i t s  

i n  Cap i tan  r e e f .  ( ~ e n e r a l i z e d  f r o m H i s s ,  1975, f i 9 .  1 1 )  



The WIPP s i t e  i s  located within t h e  Delaware basin on a r o l l i n g  

surface,  capped by ca l iche  and p a r t i a l l y  stab ' l ized sand dunes about 40 

km ( 2 5  mi) eas t  of Carlsbad, Eddy Cmnty, New Mex. ( f i g .  4). The 

proposed shaf t  t o  the underground beds of s a l t ,  which are  about 640 rn 

(2,100 f t )  Se7ow the  sdrface,  i s  in the same place a s  the d r i l l  hole 

designated ERDA-9.  Proposed land witharawal boundaries which form a 

buffer  zone surrounding the  s i t e  as well as selected t e s t  holes d r i l l e d  

fo r  geologic information are indicated on f igure  4 .  

The s i t e  i s  about 8 t o  9 .5  km ~ e s t  of a low ridge, ca l led  Tkte Divide, 

which separates the Pecos drzjnage t.o the  west from San Simon Swale t o  

the  e a s t .  The la- t ter  i s  an intermittent drainage system in which runoff 

flows i n t o  local closed basins. 

Nash Draw i s  a  closed d r a i ~ a g e  b a s j n  west of the  WIPP s i t e .  I t  

t rends  n s r t h e a s t w l y  and i s  about 24 krn (15 m i )  long and  5 t o  13 krn (3-8 

mi) wide. Maximum re : i?f  i s  a b w t  122 m (400 f t )  but topographic c losure  

of t h e  basin i s  l i t t l e  more t h a n  3 m (10 f t j .  Sa l t  Lake (Laguna Grande 

de l a  Sa i )  i s  a playa in the  southwestern part  of Nash Draw. Livinqston 

Ridge marks the  eastern rim of Nash Dran and i s  the  western edge of the  

r o l l i n g  geoinorphic surface which continhes eastward across the  WIPP  sit.^. 



The Delaware bas in  i s  an anc ien t  sedimentary f e a t u r e  i n  southeastern 

New Mexico and western Texas whose per imete r  i s  marked by t he  Capi tan 

r e e f  ( f i g .  3 ) .  Al though these fea tu res  were formed i n  Permian seas more 

than 280 x i l l i o n  years ago, -they have cont inued t o  i n f l u e n c e  t h e  geclogic: 

h i s t o r y  o f  t h e  r e g i o n  t o  t h e  present .  The Capitan ree f  i s  a  massive 

l imestone, known as the  Capi tan Limestone, exposed a long  t he  f r o n t  o f  

t h e  Guadalupe Mountains which today mark the  western marg in  o f  t h e  

Eel aware bas in .  

The Pecos R i v e r  f lows southeastward i n t o  the  Delaware bas in  about 17  

km (11 m i )  nor thwest  of Carlsbad. A t  l a t  32"i)01, a b r o a d  unnamed 

geomorphic sur face  separates t h e  Pecos R i v e r  Va l l ey  f rom San Simon 

Swale. The sur face  i s  i n  p a r t  an anc ien t  k a r s t  p l a i n  whose 

i r r e g u l a r ;  t i e s  have s i nce  been f i l l e d  by a l l u v i a t i o n  and  o t h e r  

c o n s t r u c t i o n a l  processes. It i s  b r o a d l y  c o r r e l a t i v e  w i t h  t h e  Mescalero 

su r f ace  which l i e s  east  of t h e  Pecos betiveen Roswell and Carlsb3d. 

Much o f  t he  r e g i o n  eastward from the  Guadaiupe Mountains as f a r  as 

San Simon Swale i s  u n d e r l a i n  by h i g h l y  so lub le  rocks  of Permian age such 

as gypsum and h a l i t e .  A t  p laces  where these r ~ c k s  have been p a r t ~ a l l y  

d i sso l ved  t h e  su r f ace  i s  p i t t e d  by k a r s t  topography. I n d i v i d u a l  k a r s t  

f ea tu res  i n  the  modern landscape i nc l ude  co l l apse  s inks,  domes, caves, 

and i n t r i c a t e  s o l u t i o n  passages. 



Figure 4.--Location niap of  the W l P P  study area  showing hydrologic 

and selected geologic test holes at tos Medanos. 



STRAT I GRAPHY 

Major  geo log ic  events can be i s o l a t e d  f rom one another o n l y  by  

unders tand ing  t h e  s t r a t i g r a p h i c  sequence. Th i s  sequence i s  d iscon t inuous  

w i t h  gaps i n  depos i t i on  t h a t  rep resen t  i n t e r v a l s  o f  nondepos i t ion o r  

e ros ion .  These gaps may rep resen t  t imes  when t h e  r e g i o n  was u p l i f t e d  

t e c t o n i c a l l y  above sea l e v e l .  A t  such t imes e ros i on  was a c t i v e  and 

s o l u b l e  rocks  were undzrgo ing d i s s o l u t i o n  b y  ground water.  These gaps i n  

d e p o s i t i o n a l  h i s t o r y  are of major  importance i n  t h e  c o n s i d e r a t i c n  o f  t h e  

p o s t - d e p o s i t i o n a l  h i s t o r y  o f  s o l u b l e  rocks  i n  t h e  reg ion .  Consequently, 

t h e  gaps a re  discussed here i n  t h e  con tex t  o f  t h e  s t r a t i g r a p h i c  

sequence. The r e g i o n a l  s t r a t i g r a p h i c  sequence i s  summarized i n  t a b  1  e  1  . 

Permian Rocks 

Rocks o f  Permian age i n  t h e  Delaware bas in  are d i v i d e d  i n t o  f o u r  

se r i es ,  i n  ascending order ,  t h e  Wolfcampian, Leonardian. Guadalupian, and 

Ochoan. Wolfcampian rocks  r eco rd  t h e  t r ansg ress i on  o f  seas across o l d e r  

Pa leozo ic  and Precambrian t e r r a i n .  Fo l?owing  t h i s  t ransgress ion  t h e r e  

was a  r e l a t i v e l y  cont inuous marine, o r  e p i c o n t i n e n t a l ,  environment 

th roughou t  t h e  remainder o f  Permian t!'me. Sand, c lay ,  carbonates, 

s u l f a t e s  and c h l o r i d e s  were depos i ted i n  t h i s  environment. Most s o l u b l e  

r ocks  i n  t h e  Delaware Basin, i n c l u d i n g  t h i c k  depos i t s  o f  bedded s a l t ,  

were depos i ted  d u r i n g  Ochoan t ime. 



Table 1.--Major s t r a t i g r a p h i c  and time d iv i s ions ,  southeastern 
New Mexico (Time d iv is ions  from Berggren, 1972, in part.!  

Cenozoic 

Te r t  i ary 

Quar te rnary  

Cretaceous 

1 Pliocene 

Holocene 
Pleis tocene 

1 Niocene 
Ogall a1 a Formation 

Windblown sand 
Mescalerc cal  iche 
Gatuna Formation 

Absent Southeastern 
New Mexico 

Paleocene 

ca. 500,000 years  
ca. 600,009+ years  

Mesozjic J u r a s s i c  

Upper (Late)  
Lower (Ear ly  

Absent SE N.  Mex. 

Absent SE N .  Mex. 
De t r i t u s  preserved 

T r i a s s i c  Upper (Late)  
Lower 

Dockum Group 
Absent SE N .  Mex. 

Paleozoic 

Ochoan 

Guadalupian 
Leonardi an 
Wolfcampian 

Dewey Lake Red Beds 
Rus t l e r  Formation 
Sal ado Formation 
C a s t i l e  Formation 

Capi tan Limestone and 
Bell Canyon Fm. 
Present b u t  not d i s -  
cussed in t h i s  repor t  

-5 mi 11 ion years------- 

26 mil l ion  years------- 

65 mi l l ion  years------- 

136 mi 11 ion years------ 

190-195 mi l l ion  years--  

225 mil l ion years  

280 mil l ion years----- 



Guadalupian Series 

Rocks of the upper part-of the Guadalupian series are pertinept to 

this discussion because they record the early stages of development o f  

the Delaware Basin in which the evapwites of the Ochoao Series were 

deposited. Guadalupian rocks are divided into formations whose 

characteristics reflect their environment of deposition (fig. 51. 

The Capitan Limestone was deposited as a reef which enclosed much of 

the Delaware Basin (fig. 3). It is well exposed along the front of the 

Guadalupe Mountains where i t  forms steep cliffs and the walls of deep 

canyons. It consists of two members, a massive member and a breccia 

member (Hayes, 1964, p. 20). These members grade into one aryther and 

have been interpreted as the "reef" and "reef talus" facies, 

respectively, of Newell and others (1953, fig. 24). In addition to the 

extensive exposures of the Capitan Limestone in the Guadalupe Mou-?tains, 

its distribution and facies relations are well known in the subsurface 

surrounding the Delaware Basin where drilling by the petroleu~il industry 

in the search for oil and gas has accumulated exhaustive ata on this 

formation. 
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Figure  5.--Diagram showing s t r a t i g r a p h i c  r e l a t i o n s  o f  Gm 4 j lup ian  and Ochoan rocks northwestern p a r t  o f  

Delaware B a s i n .  



The Capi t an  i s  a  porous and permeable 1 i gh t -g ray ,  f ine-g ra ined  

l imes tone  and i n  t h e  subsurface i s  a  major  r eg iona l  a q u i f e r .  Near t he  

sur face  i t  i s  i n t r i c a t e l y  j o i n t e d  and l a r g e  caves have been d i sso l ved  i n  

t h e  l imestone.  Both Carlsbad Caverns and New Cave i n  t h e  C a ~ i t a n  
- 

Limestone and adjacent  Tansi  11 Format i o n  are we1 1 -known examples. 

However, t h e  r e e f  i n  t he  subsurface i s  no t  c o n s i s t e n t l y  permeable. 

Dur ing t he  b u i l d i n g  o f  t h e  Cap'tan r e e f  i n  Permian t ime,  submarine 

canyons, c u t  frorn t h e  s h e l f  area through t h e  r e e f  t o  t h e  Delaware bas in  

( f i g .  3 ) .  These canyons a re  represented by  s t r i n g e r s  o f  f i n e - g r a i n e d  

carbonate-cemented sand which are  much l e s s  permeable t han  t h e  ad jacent  

r e e f  l imes tone ,  These submarine canyon depos i ts  r e t a r d  t h e  f r e e  

m i g r a t i o n  of ground water (Hiss, 1975) .  

The Capitan grades l s t e r a l l y  i n t o  t he  B e l l  Canvon Format ion i n  t h e  

Delaware Basin ( f i g .  5 ) .  The S e l l  Canyon cons i s t s  o f  in terbedded 

l imestone and sandstone. I n  the back r e e f ,  o r  s h e l f ,  a rea  away f rom t h e  

bas in ,  i t  grades l a t e r a l j y  i n t o  in terbedded dolomi tes,  l imestones,  

sandstones and evapo r i t es  o f  the  A r t e s i a  Grcup. The A r tes ' a  inc ludes ,  i n  

ascending o rder ,  t h e  Grayburg, Queen, Seven R ivers ,  Yates, and T a n s i l l  

Format ions. 



Ochoan Ser ies  

C a s t i l e  F o r m a t i o n  

The C a s t i l e  Fo rmat ion  i s  t h e  basa l  u n i t  o f  t h e  Ochoan s e r i e s .  T t  was 

named by  Richardson (1904, p. 43) f o r  C a s t i l e  S p r i n g  i n  Culberson County, 

Texas, about 33 km (20 m i  ) sou th  o f  t h e  New Mexico-Texas S t a t e  1  i n e .  For  

a  t i m e  t h e  C a s t i l e  was c a l l e d  i n f o r m a l l y  t h e  " lower  s a l t  s e r i e s "  t o  

d i s t i n g u i s h  i t  f r o m  an "upper s a l t  se r ies " ,  l a t e r  named t h e  Salado 

Format ion (Lang, 1935, p .  265-267). S t i l l  l a t e r  an e x t e n s i v e  bed o f  

a n h y d r i t e  which r e s t s  on t h e  Capi tan Limestone i n  p l a c e s  i n  t h e  

subsur face was d e f i n e d  as t h e  base o f  t h e  Salado Format ion (Lang, 19391. 

T h i s  a n h y d r i t e  was d e s c r i b e d  i n  d e t a i l  and named t h e  F l e t c h e r  A n h y d r i t e  

Member o f  t h e  Salado Format ion  (Lang, 1942, p .  75-78). T h i s  d e f i n i t i o n  

r e s t r i c t e d  t h e  C a s t i l e  t o  t h e  Delaware Basin. 

However, Jones (1954, p. 109: 1973, p. 10) i n d i c a t e s  t h a t  t h e  upper 

p a r t  o f  t h e  C a s t i l e  i n c l u d e s  a - n o r t h w a r d - t h i n n i n g  tongue o f  a n h y d r i t e  

wh ich o v e r l a p s  t h e  Cap i tan  and T a n s i i l  Format ions o u t s i d e  t h e  bas in .  

A p p a r e n t l y  t h i s  tongue i n c l u d e s  t h e  F l e t c h e r  which i s  t r a n s i t i o n a l  w i t h  

t h e  upper p a r s  o f  t h e  C a s t i l e  i n  t h e  Delaware Basin. The F l e t c h e r  i s  

r e a d i l y  separated f r o m  t h e  C a s t i l e  around t h e  marg in  o f  t h e  b a s i n  where 

i t  r e s t s  on t h e  C a p i t a n  o r  T a n s i l l  b u t  w i t h i n  t h e  b a s i n  i t  merges w i t h  a  

sequence o f  t h i c k  a n h y d r i t e  i n  t h e  upper p a r t  o f  t h e  C a s t i l e .  



Massive beds of halite, anhydrite, and thick sequences of 

inter1 ami'nated anhydri te and limestone with rninor amounts of dolomite artd 

magnesite are distinctive rocks in the Castile Formation in the 

subsurface. In surface exposures the anhydrite has been hydrated to 

laminzted or massive gypsu~. 

Anderson and others (1972) studied anhydri te-calci te couplets in the 

Castile Formation and concluded that they are the result of szasonal 

deposition and are correlative for distances as much as 113 km (70.2 mi) 

and "probably throughout most of the basin". They also indicated a time 

span of about 260,000 annual cycles for the deposition of the Castil2 

Formation. Adams (1957) has questioned the concept that the 

anhydrite-calcite couplets represent all of Castile tine on the basis 

that introduction of saline water to the Castile lagoon31 basin may not 

have been at regular annual intervals. He postulated l c n g  intervals 

during which the lagoon was isolated from an influx of new saline water 

and annual couplets were not deposited. 

Jones (1973, p. 8-9) indicated that the Castile is divisible into 

three informal members in the Los Medanos area. These include a lower 

member composed chiefly of anhydrite, a middle rock-salt member and an 

upper anhydrite member. However, southward from the vicinity of Malaga 

the Castile grades laterally into seven major members. These have been 

numbered in sequence, -in ascending order, anhydrite I, halite 1,  

anhydrite 11, halite 11, anhydrite 111, halite I11 and anhydrite IV 

(Anderson and others, 1972, p .  74-82). These stratigraphic relations are 

shown diagrammatically on figure 6 (in pocket). 



The C a s t i l e  Format ion i s  exposed over broad areas i n  s o u t h - c e n t r a l  

Eddy County and southward i n t o  Culberson County, Texas, b u t  i t  i s  b e s t  

p r e s e r v e d  i n  t h e  subsur face.  I t  i s  about 546 rn (1,775 f t )  t h i c k  i n  t h e  

v i c i n i t y  of t h e  WIPP s i t -e.  I t  ranges f rom zero  t o  more than  640 rn 

( 0  - 2,100 f t )  t h i c k  i n  t h e  Delaware Bas in  ( f i g .  7 ) .  

D u r i n g  t h e  p r e s e n t  s t u d y  t h e  r e g i o n a l  s t r a t i g r a p h i c  r e l a t i o n s  o f  t h e  

C a s t i l e  Format ion were examined t o  determine t h e  d e p o s i t i o n a l  h i s t o r y  and 

t h e  t i m e  and e x t e n t  t h a t  d i s s o l u t i o n  had occur red  i n  t h e  fo rmat ion .  The 

C a s t i l e  was s t u d i e d  i n  t h e  f ie7d  i n  exposures a long t h e  western edge o f  

t h e  Delaware Bas in  i n  New Mexico and Texas and i n  t h e  subsurface b y  means 

o f  numelaous geophys ica l  l o g s .  Resu l t s  o f  these  s t u d i e s  a re  sumrn * i z e d  i n  

f i g u r e s  6  and 7. 

A l though  a n h y d r i t e  and gypsum i n  t h e  C a s t i l e  a re  u s u a l l y  t h i n l y  

l t n i n a t e d ,  massive beds o f  these  r o c k  types a r e  p r e s e n t  i n  t h e  upper p a r t  

0 '  t h e  f o r m a t i o n .  A long  t h e  western  edge o f  t h e  Delaware I ; i n  southward 

f r o m  t h e  l a t i t u d e  o f  Whi tes  City su r face  exposures o f  t h e  C a s t i l e  i n c l u d e  

beds o f  massive gypsum (Hayes, 1957; 1964). I n  t h e  suhsu 'ace laminated 

a n h y d r i t e  i n  t h e  C a s t i l e  grades upward i n t o  massive, w h i t e  a n h y d r i t e  

(Jones, 1954, p. 109; 1973, p .  9 ) .  The assignment o f  these massive beds 

t o  t h e  C a s t i l e  Fo rmat ion  r a t h e r  t h a n  t o  t h e  o v e r l y i n g  Salado Format ion i s  

c o n s i s t e n t  w i t h  t h e  r e g i o n a l  s t r a t i g r a p h y .  The Salado Format ion i s  

d o m i n a n t l y  h a l i t e  t h r o u g h o u t  t h e  Delaware Basin. 



Anderson and others ( i 9 7 2 )  suggested that ha1 i t e  deposition once 

extended to ,  or nearly t o ,  the western margin of the Delaware Basin avd 

that numerous beds of hal i te  have since been dissolved from the Castile 

in that area. They describe "blanket solution brecc'a" whfck represents 

intervals of a l l  major ha l i te  beds across the Delaware Basin (Anderson 

and others, 1972, p .  70: f i g .  8) .  

Stlrdy of geophysical logs during ti.~e present work did n o t  

substantiate th i s  hypothesis. Instead, interbedded hal i te  and anhydrite 

in the Castile interfinger and are discontinuous. These evaporites were 

deposited in individual and subordinate depositional pans within the 

Castile depositional basin ( f i g .  6 ) .  Beds of halite thin and wedge o u t  

towards the western edge o f  the basin and i t  appears that thick beds of 

ha l i te  were never deposited near- the marg'ns cf the Delaware Basin during 

Castile time. 



S a l a d o  F o r n l a t i o n  

Lang (1935, p. 367) flamed t h e  "Salado h a l i t e "  as t h e  "upper s a l t  

s e r i e s "  o f  t h e  C a s t i l e  Format ion.  The Salado inc ludes  many 

potass ium-hear ing m i n e r a l s  as w e l l  as h a l i t e  and has s ince  Seen ranked as 

a  fo rmat ion .  The Salado Format ion i s  rep resen ted  a t  t h e  s u r f a c e  o n l y  as 

a  d i scon t inuous  ou tc rop  b e l t  o f  i n s o l u b l e  residuum. However, i n  t h e  

subsur face i t  c o n s i s t s  o f  bedded h a l i t e ,  s y l v i t e ,  and o t h e r  c h l o r i d e  and 

s u l p h a t e  s a l t s  . 

P a r t s  o f  t h e  Salado Format ion are  mined f o r  potash m inera ls  i n  

e a s t e r n  Eddy and western Lea Count ies,  New Mexico, and t h e  f o r m a t i o n  has 

been d r i l l e d  a t  numerous p laces  d u r i n g  e x p l o r a t i o n  f o r  these m inera ls .  

Consequently, t h e  d e t a i l s  o f  Salado s t r a t i g r a p h y  are w e l l  known and have 

Seen summarized e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  (Jones, 1973, p. 10-21.; 

1978). Only those s t r a t i g r a p h i c  u n i t s  p e r t i n e n t  t o  t h i s  d i scuss ion  a re  

a u t l i n e d  here.  

The Salado Format ion i s  d i v i s i b l e  i n t o  t h r e e  members: an unnamed 

lower  member, t h e  McNutt potash zone, and an unnamed upper member. Jones 

(1973, p. 13) has c a l l e d  a t t e n t i o n  t o  t h e  c y c l i c  na tu re  o f  t h e  

sed imentary  u n i t s  w i t h i n  t h e  Salado. A t y p i c a l  sequence begins w i t h  

c l a y s t o n e  a t  t h e  base g rad ing  upward through a n h y d r i t e  o r  p o l y h a l i t e  t o  

h a l i t e  which i s  i n  t u r n  capped w i t h  c lays tone .  Jones (1973) i n t e r p r e t s  

these  rock  sequences t o  " rep resen t  a  fundamental sedimentat ion u n i t  o r  

e v a p o r i t e  cyclothemn. TI-?y a re  b e l i e v e d  t o  r e c o r d  d i s c r e t e  i n t e r v a l s  of 



evaporation of sea water and subsequent precipitation of sulfate and 

chloride salts. 

Persistent interbeds of anhydrite or polyhalite have been designated 

numerically as "marker beds" (Jones and others, 1950). These marker S?ds 

are indispensible to the correlation of horizons within the Salado and 

are of particular .slue in determining the presence, or absence, of 

dissolution. 

The Salado Formation ranges from a knife edge to about 738 rn (2,400 

ft) thick in the Delzware Basin. It is 603 m (1976 f t) thick at the WIPP 

site. Much of this variation in thickness is the result of dissolution 

of the soluble minerals. The time during which this dissolution occurred 

is discussed in another section of this report. Other variatjons in 

thickness are pl-obably the result of salt flowage after depositiorl. 

Figure 8 (in pocket) is an iso~ach map showing the thickness o f  the 

Salado Formation in the central and northern parts of the Delaware 3asin. 



R u s t l e r  Formation 

- 

The R u s t l e r  Format ion o f  L a t e  Permian (Ochoan) age was named by 

Richardson (1904, p .  34) f o r  exposure i n  t h e  R u s t l e r  H i l l s ,  Culberson 

County, Texas, about 32 km (20 mi ) sou th  o f  t h e  New Mexico-Texas S t a t e  

l i n e .  I n  t h a t  area o n l y  t h e  lower  p a r t  o f  t h e  f o r m a t i o n  i s  exposed. In 

many areas i n  sou theas te rn  New Mexico much o f  t h e  R u s t l e r  has been 

removed by  d i s s o l u t i o n  and e r o s i o n  and t h e  o n l y  complete s t r a t i g r a p h i c  

s e c t i o n s  a r e  encoun te red  i n  d r i l l  ho les .  

The R u s t l e r  Format ion may he d i v i d e d  i n t o  f i v e  n a t u r a l  p a r t s .  These 

i n c l u d e  , i n  ascending o rde r ,  an unnamed sequence of reddish-brown 

s i l t s t o n e  w i t h  i n t e r b e d s  o f  gypsum o r  a n h y d r i t e ,  t h e  Culehra Dolomi te  

Member, t h e  Tamarisk Member, t h e  Magenta Do lomi te  Member, and t h e  

F o r t y - n i n e r  Member. The Culebra  and Magenta Members were named by W .  B. 

Lang (Adams, 1944). The Tamarisk and F o r t y - n i n e r  Members were named by  

V ine (1963).  

The b a s a l  unnamed member o f  t h e  R u s t l e r  i s  about 37 m (120 f t )  t h i c k  

a t  t h e  WIPP s i t e  (ERDA 9 )  and averages about 27 m (90 f t )  t h i c k  i n  d r i l l  

h o l e s  i n  t h e  e a s t e r n  p a r t  o f  Nash Draw. I t  c o n s i s t s  o f  dark- redd ish-  

brown t o  medium-gray and o l i v e - g r a y  s i l t s t o n e ,  ye l lowish-brown t o  

l i g h t - g r a y  gypsum, and a n h y d r i t e .  



The Culebra Dolomite Member is about 7.7 to 9.2 m (25-30 ft) thick 

and is a distinctive marker bed in  he Rustler Formation. It is a 

medium- to brownish-gray, thinly bedeed, f i n e l y  crystalline dolcmite. 

Many ;dyers are characterized by abundant, distinctive !/ugs that ranqe 

f r c m  afout 2 to 19 rnm in diameter. -:he v u g  riins are usually brownish and 

some ccntain minute crystals of selenite. The Culehra weathers to 

prominent ledges and is preserved in dissolution features as blocky 

collapse breccia. 

The Tamar'sk Member is preserved on the  surf ace as massive 1 ight- pray 

gypsum and is not a distinctive litholcgic unit. In the subsurface where 

dissolution has not altered its charicter the Tamarisk includes halite, 

anhydrite and traces of polyhalite. Near the WI?P site, it is 54.6 tn 

(179 ft) thick. 

The Magenta Dolomite Member is a distinctive, thinly laminated 

dclomite and anhydrite zr gypsum. Thp lainiilae are generally less than Ir! 

mm thick and at surface exp~sures are undu!atory. The dolomite laminae 

are light reddish brown and- the anhydrite or gypsum is gray. The Magenta 

ranges from about 6 m to 9 rn (20-30 f t )  thick. In drill hole P-18 near 

the WIPP site it is 8 m (20  ft) thick. 

The Forty-niner Member is general ly massive gray gypsum in surf ace 

exposures b ~ t  locally includes reddish-brown siltstone. In the 

subsurface the member is composed of anhydrite, siltstone and halite. It 

is 23.8 m (28 ft) thick in P-18. The Forty-niner Member in parts of Nash 

Draw includes thin beds of moderate-reddish-orange siltstone mottled by 

22 



greenish-gray reduction spots. At some exposures where gypsum is absent 

in the sequence it is impractical to separate this member from the 

overlying Dewey Lake Red Beds. 
- 

Walter (1953) discussed the fauna and age of the Rustler Formation in 

the area of the type locality. He studied fossils from the lower part of 

the formation including the Culebra Dolomite Member and concluded that 

the fauna may constitute the youngest Pernian fauna in North America. 

He believed deposition was in a normal saline to h-ypersaline environment. 

Dewey Lake Red Beds 

The Dewey Lake Red Beds were named by Page and Adams f2940, o .  62-63] 

, -om a subsurface stratigraphic section in Glasscock County, western 

Texas. Previously this formation ha, been called the Pierce Canyon Red 

beds (Lang, 1935, p. 264) for exposures in the vicinity of Pierce Canyon 

southeast of Loving, New Mexico. However, owing to the poor definition 

of t' 9 Pierce Canyon and the wider acceptace of the term Dewey Lake monq 

geolcgists , the U.S. Geological Survey has abandoned the Pierce Canyon 

and extended the term Dewey Lake to New Mexico for this stratigraphic 

interval. 

The Dewey Lake Red Beds rest conformably on the Rustler Formation and 

consist mainly of alternating thin, even beds of moderate-reddish-brewn 

to moderate-reddish-crange siltstone and fine-grained sandstone. There 



are  o c c a s i o n a l  s m a l l - s c a l e  c ross  l a m i n a t i o n s  and r i p p l e  marks. Many beds 

a r e  m o t t l e d  by  g reen ish -g ray  r e d u c t i o n  spots.  W e l l - s o r t e d  q u a r t z  g r a i n s  

compose most o f  t h e  r o c k .  Csment i s  u s u a l l y  s e l e n i t e  o r  c l a y .  

Rocks o f  T r i a s s i c  age r e s t  unconformably on, and o v e r l a p ,  t h e  Dewey 

Lake Red Beds, and t h e  t h i c k n e s s  and r e g i o n a l  d i s t r i b u t i o n  o f  t h e  Dewey 

Lake i s  r e l a t e d  d i r e c t l y  t o  e r o s i o n  b e f o r e  L a t e  T r i a s s i c  t ime .  The Dewey 

Lake i s  t h i c k e s t  i n  t h e  subsur face i n  e a s t e r n  Eddy and western  Lea 

Count ies  where i t  i s  as much as 172 m ( 5 6 0  f t )  t h i c k .  I t  t h i n s  towards 

t h e  west and i s  absent i n  some exposures where T r i a s s i c  r o c k s  l a p  ac ross  

t h e  westernmost l i n e  o f  o u t c r o p .  

Dewey Lake Red Beds may be d i s t i n g u i s h e d  f r o m  r o c k s  o f  T r i a s s i c  age 

by  c h a r a c t e r i s t i c s  o f  bedding, c o l o r ,  and m inera l  c o n t e n t .  These 

c h a r a c t e r i s t i c s  a r e  compared i n  t a b l e  2. 

Rocks o f  T r i a s s i c  Age 

Rocks o f  T r i a s s i c  age a re  exposed a long  t h e  n o r t h e a s t e r n  r i m  o f  Nasfi 

Draw and nor thward a long  t h e  Maroon C l i f f s  on t h e  e a s t e r n  s i d e  of C l a y t o n  

Bas in .  These exposures a re  e r o s i o n a l  remants o f  d e p o s i t s  t h a t  f o r m e r l y  

extended c o n t i n u o u s l y  nor thward i n t o  e a s t - c e n t r a l  New Mexico.  I n  t h a t  

area,  T r i a s s i c  r o c k s  have been d i v i d e d  i n t o  two f o r m a t i o n s :  t h e  Santa 

Rosa Sandstone a t  t h e  base and t h e  C h i n l e  Format ion above. 



Table  2 . - - L i t h o l o a i c  c h a r a c t e r i s t i c s  o f  Dewev Lake Red Beds 

compared w i t h  T r i a s s i c  rocks  

Dewey Lake Red Beds T r i a s s i c  Rocks (Dockum Group) - 

I. T h i n l y  and e v e n l y  bedded 1. T h i n  t o  t h i c k  bedded. Beds 

l e n t i c u l a r  o r  i r r e g u l a r  

2. T i n t s  r e d d i s h  orange 2.  T i n t s  dark r e d d i s h  brown 

3. Many beds m o t t l e d  by green- 3. Ma.y have l a r g e  areas of g reen ish  

i s h - g r a y  r e d u c t  i o n  spots  t o  g ray  

about 1 cm d iameter  

4. Cross laminae, smal l  sca le ,  4. Cross laminae, l a r g e  sca le ,  common 

r e l a t i v e l y  uncommon t o r r e n t i  a1 cross-beddi  ng 

5 .  Re1 a t i  v e l y  pure q u a r t z  sand 5 .  Conspicuous ferromagnesian m i n e r a l s  

i n c l u d i n g  b i o t i t e  
- .  

6. Wel l  sor ted,  we1 1  rounded, 6. P o o r l y  sor ted,  many angular  g r a i n s ,  

f i n e  g ra ined  may be coarse gra ined t o  

conglomerat ic  



T r i a s s j  : rocks were recognized by  Cummins (!890) in western Texas and 

ca l led  the "Dockum Beds". Gowld (1307) raised the Dockum t o  group s t a t u s  

and divided i t  into two formation;: - a shaly Tecovas Formation a t  the  

base and the  T r u j i l l o  Formation, dominantly sandstone, above. In 

eas t -cen t ra l  New Mexico Darton (1922) assigned the  T r i a s s i c  rocks t o  the 

Dockum Group and named the  Santa Rosa Sandstone fo r  a sequence of 

interbedded sandstone and shale  a t  the base of the group. These beds are 

we1 1 exposed around Santa Rosa, New Mexico, about 290 4 m  (175 mi ) north 

o f  Carlsbad. Later workers have extended the  term Chinle Formation from 

eas tern  Arizona f o r  beds above the  Santa Rosa and have re ta ined the 

Dockum Group t o  include both formations. 

Both formation names, the  Santa Rosa and Chinle, have been extended 

t o  southeastern New Mexico b u t  t he re  i s  l i t t l e  j u s t i f i c a t i o n  f o r  t h i s  

p rac t i ce .  There a re  i n t r i c a t e  f a c i e s  changes and in te r f inger ing  of 

l i t h a l o g i e s  within the  Dockum Group over a l l  of eastern New Mexico which 

lead t o  problems of co r re la t ion  even in areas of r e l a t i v e l y  continuous 

exposures. The Dockum o u t l i e r s  in southeastern New Mexico a re  not 

t r aceab le  i n t o  the  type areas of the  Santa Rosa or  Tecovas-Trujillo 

terminology; consequently these  T r i a s s i c  rocks are not subdivided i n t o  

formations in  t h i s  r epor t  and are here referred simply t o  t h e  T r i a s s i c ,  

or Dockum Group, undivided. 



The basal  beds o f  t he  Dockum Group i n  southeastern New Yexico a re  

usual  l y  coarse, angul ar ,  conglomerat ic  sandstone b u t  these beds 

i n t e r f i n g e r  l o c a l l y  w i t h  sha le .  Consequently, a t  p laces t he  basa l  beds 

a re  sha ly  and lnay be d i f f i c u l t  t o  d i s t i n g u i s h  f rom the  unde r l y i ng  Dewey 

Lake Red Beds. L i t h o l o g i c  c h a r a c t e r i s t i c s  o f  the  Dockum Group are 

summarized and compared w i t h  t h e  Dewey Lake Red Beds on t a b l e  3. The 

Dockum Group i s  exposed on t he  eas t  s i d e  o f  Nash Draw where i t  i s  no more 

than  23 rn (75 f t )  t h i c k  b a t  eastward i n  t h e  subsurface i n  western Lea 

County i t  may be as much as 460 rn (1500 f t )  t h i c k .  Srecc ia ted T r i a s s i c  

r ocks  are a lso  p resen t  i n  i s o l a t e d  c o l l a p s e  s ink  depos i t s  a long t h e  Pecos 

k i v e r  drainage about 8 km ( 5  m i )  no r t heas t  o f  Car lsbad and a long t h e  e a s t  

s i d e  o f  Red B l u f f  Reservo i r  b u t  none have been observed west o f  t h e  Pecos 

R i ve r  i n  Eddy County. 

McGowen and o the rs  (1977) be1 i eve  t h a t  the  Dockum Group was depos i ted 

as a  complex o f  f l u v i a l - d e l t a i c - l a c u s t r i n e  systems and t he  western 

d e p o s i t i o n a l  edge o f  the  group was along a  n o r t h e r l y  t r end ing  1  i n e  neat- 

t h e  present  l i m i t s  o f  i t s  p rese rva t i on .  Th i s  depos i t i ona l  edge i s  

w i t h i n ,  and approx imate ly  p a r a l l e l  t o ,  t he  western edge o f  t he  Delaware 

Basin.  T h i s  i n t e r p r e t a t i o n  bears d i r e c t l y  on the geolog ic  h i s t o r y  o f  

d i s s o l u t i o n  o f  Permi an evapor i  t e s  discussed i n  t he  sect  i o n  on d i s s o l u t i o n  

d u r i n g  geolog ic  h i s t o r y .  The p o s i t i o n  of the  depos i t i ona l  edge o f  

T r i a s s i c  rocks o v e r l y i n g  Permian evapor i tes  i nd i ca tes  t h a t  t h e  evapor i tes  

were exposed a t  t he  su r face  and a v a i l a b l e  f o r  d i s s o l u t i o n  d u r i n g  T r i a s s i c  

t ime .  



Rocks of Cretaceous Aae 

There i s  a major h ia tus  between rocks of Late Tr iass ic  age and those 

of Early Cretaceous age in southeastern New Mexico. The region remained 

above sea level thl-ougnout intervening J l ~ r a s s i c  time b u t  rocks of 

Ju rass ic  age have not been preserved, and presumably were never 

deposited, in t h i s  region. 

During Early Cretaceous time t5e region subsided and the  sea 

transgressed across southeastern New Mexico from the eas t  and south. 

Lower Cretaceous marine rocks are present about 105 km (65 mi) e a s t  of 

Cal-lsbad. In the Cornudas Nountains about 120 km (75 mi! west of 

Carlsbad c o r r e l a t i v e  marine Cretaceous rocks r e s t  on Permian s t r a t a  of 

ieonardian and Guadalupian age. 

These regional s t r a t ig raph ic  re la t ions  indicate tha t  the  Early 

Cretaceous sea transgressed northwesterly over the  WIPP s i t e  across 

progressively older rocks. These broad re la t ions  also indicate  the low 

r e l i e f  of the  unconformity on which the  Cretaceous rocks were deposited. 

Rocks of Early Cretaceous age are preserved a t  a few l o c a l i t i e s  i n  

t he  Pecos drainage system as collapse debris  in areas of d issolut ion.  

Lang (1947) reported an occurrence of foss i  l i ferous Lower Cretac2ous 

sandy limestone in Black River Valley about 9.6 km ( 6  m i )  southwest of 

Whites City (IVW 114 sec.  31,  T.  25 S . ,  R .  35 E., Eddy Count,y, N. M.) 

( f i g .  9 ) .  



These rocks c o n t a i n i n g  Cretaceous marine f o s s i l s  are sca t te red  as 

c o l l a p s e  deb r i s  on t h e  surface o f  t h e  C a s t i l e  Formation. Th i s  l o c a l i t y  

was examined d u r i n g  t he  p resen t  s tudy and t h e  Cretaceous deb r i s  appears 

t o  r e s t  i n  a c o l l a p s e  s i nk  about 60 m (200 f t )  i n  diameter i n  t h e  C a s t i l e  

Format ion.  Another occurrence o f  Cretaceous rocks and assoc ia ted f o s s i l s  

r e s t i n g  on the  C a s t i l e  Format ion i s  about 11.5 km (7.8 m i )  southwest o f  

Whites City (NE 7/4 sec. 1, T. 26 S., R. 24 E.). About 3.5 km (5 m i )  

no r t heas t  o f  Car lsbad (SW 1/4 sec. 12, T. 21 S., R. 27 E.), Lower 

Cretaceous rocks are ming led w i t h  d e b r i s  o f  Culebra Dolomito Member o f  

t he  R u s t l e r  Format ion and T r i a s s i c  conglomerate. 

A1 1 these Lower Cretaceous rocks  i n  southeastern New Mexico are o f  

e q u i v a l e n t  age. The l o c a l i t y  no r t heas t  o f  Carlsbad con ta ins  t he  

f o l l o w i n g  marine fauna: 

Ech ino id  (p robab ly  Holectypus) 

Texigryphea washi taens is  - ( H i l l )  

Ost rea q u a d r i p l i c a t a  Shumard 

W.A. Cobban ( w r i t t e n  commun., Feh. 11, 1974) remarked t h a t  " t h i s  fauna 

matches t h e  c o l l e c t i o n . .  . a t  Black Mountain (Cornudas Mountains! which i s  

Washita i n  age. Lang's c o l l e c t i o n  f r om  Black R i ve r  V a l l e y '  i s  a l so  o f  

Washita age". 



Lang (1947) implied t h a t  T r i a s s i c  rocks are a b s e ~ t  south of Whites 

City and t h a t  Cretaceous rocks the re  r e s t  on 9ewey Lake Red Beds 

( f i g .  10). Yowever, examination - of t h a t  l o c a l i t y  did not reveal gewey 

Lake rock types nor the  preservat ion of other  r e s i s t a n t  rocks 

s t r a t i g r a p h i c a l l y  above the Culebra Dolornit? Menber. The i n t e r p r e t a t i o n  

of these  s t r a t ig raph ic  r e l a t i o n s  proposzd here i s  t h a t  T r i a s s i c  rocks, 

Dewey Lake Red Beds, and s t r a t a  in the  Rustler  Formation above the  

Culebra were removed by erosion,  or never deposited, in t h e  area south of 

idhites City and along 'the southwestern edge of the Delaware Basin before 

Cretaceous depcs'tion. I n  addi t ion ,  the  f a c t  t h a t  Cretaceous rocks in 

t h i s  area r e s t  on gypsum of the C a s t i l e  Formation suggests t h a t  the  

Salado Formation may s l s o  have Seen removed by d issolu t ion  before 

Cret&ceous time. 
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CULBERSON COUNTY, TEXAS 

DELAWARE MOUNTA l N GROUP (GUADALUP I AN) 

N 
EDDY COUNTY, NEW M E X I C O  

F i g u r e  9 . - -Diagram showing s t r a t i g r a p h i c  r e l a t i o n s  o f  Cre taceous and Permian rocks  as i n t e r p r e t e d  by 

Lang. (Genera l i zed  f rom Lang, 1947, f i g .  1 .) 



F i g u r e  10.--Diagram showing i n t e r p r e t a t i o n  o f  s t r a t i g r a p h i c  r e l a t i o n s  o f  T r i a s s i c  and Permian s t r a t a  on 

the w e s t e r n  edge o f  t h e  Delaware b a s i n  a t  t h e  b e g i n n i n g  o f  Cretaceous t i m e .  Pg, rocks  o f  

Guadalup ian age; PC, C a s t i l e  Fo rmat ion ;  Ps,  Salado Format ion ;  P r ,  R u s t l e r  FOI- sati ion; P d l ,  

Dewey Lake Red Beds; u , rocks  o f  T r i a s s i c  age, u n d i v i d e d ;  Ku, rocks  o f  Cretaceous age, 

u n d i v i d e d .  



Cenozoic Rocks 

- 

Other than a few t h i n  i n t r u s i v e  igneous d ikes about 30 m i l l i o n  years 

o l d  (Urey, 1936) r o c k s  o f  e a r l y  T e r t i a r y  age a re  n o t  preserved i n  

southeastern New Mexico. These igneous rocks i n c l  ude a 1 amprophyre d i ke  

which has been encountered i n  t h e  underground workings a t  t h e  Kerr-McKee 

Potash mine about 43 km (26 mi )  eas t  o f  Carlsbad, t h r e e  deeply weathered 

d i kes  about 50 km (30 m i )  southwest o f  Whites City, and another about 10 

km (6 m i )  southwest o f  Whites City ( P r a t t ,  1954). 

The neares t  sed imentary  rocks o f  E a r l y  Cenozoic age are i n  the  S i e r r a  

B lanca reg ion  about 184 km (110 mi)  northwest o f  Car lsbad where 

c o n t i n e n t a l  r ocks  of proba: l e  Paleocene o r  Eocene age a re  preserved. I t  

i s  assumed a l l  o f  southeastern New Mexico has been above sea l e v e l  and 

sub jec ted  t o  e ros i on  s i n c e  Cretaceous t ime. Upper T e r t i a r y  and 

Quate rnary  f o rma t i ons  a re  t h e  o n l y  Cenozoic rocks preserved i n  

southeastern New Mexico. These i nc l ude  t h e  Ogal 1 a1 a Format i o n  o f  Miocene 

and P l iocene  age, t h e  Gatuna :ormation of P le is tocene  age and var ious 

s u r i , c i a l  depos i t s .  



Ogal l a1 a  Format i  on 

The O g a i l a l a  Formation o f  Miocene and P l iocene  age i s  the  o l d e s t  

r eco rd  o f  Cenozoic depos i t i ona l  h i s t o r y  and cl :mate preserved i n  south- 
- 

~ a s t e r n  New Mexico. It i s  idell expcsed a long  Mescaiero Ridge, a t  Hat Mesa, 

Grarna Ridge, and a t  The D i v i de  (ii g. 2 ) .  The Ceol og i  c  At1 as o f  Texas , Hobbs 

Sheet (Texas bureau o f  Ecanomic Geology, 1976) i n d i c a t e s  two areas o f  

ou t c r cp  i n  southwestern Lea County, New Mexico, b u t  I cons ider  those 

rocks t o  be younger than O g a l l a l a  because they  l a c k  t h e  d i s t i n c t i v e  

O g a l l a l a  caprock. These sur faces  are b e l i e v e d  t o  be c o r r e l a t i v e  w i t h  t h e  

Mescalero su r f ace .  Dur ing t h e  p resen t  s tudy  t h e  O g a l l a l a  Formation has 

n o t  been recognized west o f  San Simon Swale excep t  f o r  t h e  r e l a t i v e l y  

t h i n  exposures a t  The D iv ide .  

The O g a l l a l a  For~na t ion  was de r i ved  f rom t h e  west where sediments were 

eroded from t h e  newly u p l i f t e d  Rocky Mountains and was deposi ted on an 

i r r e g u l a r  e a r l y  Cenozoic e r o s i o ~  su r f ace  as a  s e r i e s  o f  complex 

over1 apping and coa lesc ing  a1 l u v i a l  fans.  Frye (1970) concluded t h a t  

Ogal l a l a  d e p o s i t i o n  ceased when t h e  r e g i o n  was b u i l t  t o  an ex tens ive  

a l l u v i  a1 p l a i n  which was cont inuous w e s t e r l y  across much o f  the  reg ion  o f  

t he  Pecos R i v e r  drainacje t o  the  backslope o f  t he  Sacramento Mountains. 

I n  t h e  Pecos dra inage i n  southern New Mexico, t h e  Ogal l? 'a  a t  The O iv ide  

c o u l d  rep resen t  a  d e p o s i t i o n a l  wedge-edge a long t he  eas te rn  l i m i t  o f  

ances t ra l  Pecos dra inage o r  i t  cou ld  be a  dra inage d i v i d e  t h a t  e x i s t e d  

even i n  O g a l l a l a  t ime.  However, t h e r e  i s  no evidence f o r  t he  p o s i t i o n  

and e x t e n t  o f  t h e  ances t ra l  Pecos R i ve r  d u r i n g  Oga l l  a1 a  t ime and the  

cha rac te r  o f  t h e  ances t ra l  Pecos Val 1e.y i s  h y p o t h e t i c a l .  



A t  the termination of Ogallala deposition a pedogenic caliche, the 

Ogallala "climax so i l"  (Frye, 1970), accumulated on the High Plains 

surface, and the well-known "caliche caprock" was deposited as part of 

th is  process. This caliche has been dessicated, brecciated, and 

recemented through many generations until i t s  present upper surface 

includes laminar deposits and pisoliths.  I ts  texture and structure are 

distinctive characteristics of very ancient pedogenic cal iche (Bachman 

and Machette, 1977). 

In southeastern New Mexico the Ogal lala Formation consists largely of 

well-sorted windblown sand. There are minor poorly sorted stream 

deposits and local carbonate pans. Generally the sediments suggest t h a t  

the climate during Ogallala time was n o t  much different from t h a t  in the 

region today. The pedogenic caliche caprock indicates a long period of 

quiescence during which constructi ve and destructive processes approached 

a steady s ta te .  

Although the upper surface of the Ogallala Formation i s  relatively smooth 

with only a s l ight  southeasterly gradient, the irregular surface on which 

the Ogallala was deposited has resulted in irregular thicknesses. 

Generally i t  thins westerly and ranges from about  125 m (400 f t )  in the 

vicinity of Mescalero Ridge t o  a b o u t  8 m (26 f t )  a t  The Divide. 

Since Ogall a1 a time there has been 1 arge-scale real ignment of drainage 

systems. During Pleistocene time the southward-flowing Pecos River 

captured the easterly flowing Ogall ala streams and has become the major 

drainage system. 



Gatuna Format i  on 

The Gatuna Formatior: was named by Robinson and Lang (1938, p .  84-85) who 

de f ined  i t  as "an assemblage o f  rocks o f  va r ious  k i nds  t h a t  were l a i d  

down i n  t h e  Pecos V a l l e y  i n  post -High P l a i n s  t ime  and appa ren t l y  a f t e r  

t h e  comp le t ion  o f  t h e  maximum c y c l e  o f  e ros i on  i n  t h i s  v a l l e y .  The 

depos i t s  a r e  o f  t e r r e s t r i a l  o r i g i n  and k i t h  them began t h e  process o f  

I - e f i l  l i n g  t h e  Pecos l a l l e y . "  The name i s  d e r i v e d  f rom Gatuna Canyon on 

t h e  e a s t  s i d e  o f  t h e  C lay ton  Bas in ,  Eddy County, where t h e  f o r m a t i o n  

c o n s i s t s  o f  l i gh t - r edd i sh -b rown  sandstone and conglomerate more than  25 rn 

(80 f t )  t h i c k .  

Robinson and Lang d i d  n o t  des ignate a  t ype  s e c t i o n  f o r  t h e  Gatuna 

Format ion,  b u t  a  re ference s t r a t i g r a p h i c  s e c t i o n  was des igna ted  and 

desc r i bed  by Bachmsn (1976, p. 140) f rom exposures i n  Gatuna Canyon. A t  t h a t  

p l a c e  t h e  exposed p o r t i o n  o f  t h e  f o rma t i on  cons i s t s  o f  a  pa le- reddish-brown 

sandstone and conglomerate 15.8 m (54.7 f t )  t h i c k .  The basal  p a r t  o f  t h e  

f o r m a t i o n  i s  covered i n  c o l l u v i a l  s lopes b u t  i s  es t imated  t o  be about 7  m 

( 2 3  f t )  t h i c k .  

The Gatuna Format ion i s  d i s t r i b u t e d  i n t e r m i t t e n t l y  ove r  a  braod area 

i n  t h e  Pecos d ra inage  system. I t  i s  recognized i n  areas e a s t  o f  A r t e s i a  and 

t,agerman, 48-80 kn (30-50 m i )  n o r t h  o f  Car lsbad (Bachman, 1976). It i s  

p resen t  a long  t h e  eas t  s i d e  o f  C layton Bas-in and Nash Draw. It -is 



e s p e c i a l l y  w e l l  exposed i n  P i e r c e  Canyon and i t s  t r i b u t a r i e s  about 29-32 

km (18-20 m i )  southeast  o f  C a r l  sbad. Along t h e  New Mexico-Texas S t a t e  

l i n e  a  g r a v e l  u n i t  i s  assumed t o  be long  t o  t h e  Gatuna Format ion.  
- 

I n  t h e  v i c i n i t y  o f  P i e r c e  Canyon t h e r e  a r e  t h r e e  f a c i e s  i n  t h e  Gatuna 

Format ion.  These i n c l u d e  a  p a l  e-reddish-brown sand and sandy c l a y ,  

l i g h t - y e l l o w i s h ,  w e l l - s o r t e d  sand and l e n t i c u l a r  g r a v e l .  The 

redd ish-brown f a c i e s  i s  most widespread and i s  presumed t o  have been 

d e p o s i t e d  on a  f l o o d  p l a i n .  The w e l l - s o r t e d  y e l l o w i s h  sand i s  t h i c k e s t  

a l o n g  t h e  e a s t e r n  marg ins  o f  t h e  g r a v e l  d e p o s i t s  and was depos i ted  as 

sand dunes a long t h e  leeward s i d e  o f  st ream channels. L o c a l l y  a long  t h e  

e a s t  s i d e  o f  Nash Draw pods and v e i n l e t s  o f  s e l e n i t e  a re  prominent  i n  t h e  

Gatuna, b u t  these  a r e  secondary and a r e  n o t  a  d e p o s i t i o n a l  f a c i e s .  

Many cong lomera t i c  beds i n  t h e  Gatuna Format ion c o n t a i n  pebbles o f  

q u a r t z  and q u a r t z i t e  reworked f r o m  T r i a s s i c  conglomerates, and i n  

i s 0 1  a ted  exposures i t  may be d i f f i c u l t  t o  d i s t i n g u i s h  conglomerates o f  

t h e s e  fo rmat ions .  I n  a d d i t i o n ,  t h e  r e w o r k e d  T r i a s s i c  

c o n g l o m e r a t i c  beds i n  t h e  Gatuna u s u a l l y  c o n t a i n  pebbles d e r i v e d  f r o m  

T e r t i a r y  igneous masses f a r  t o  t h e  no r thwes t  i n  t h e  S i e r r a  B lanca and 

C a p i t a n  Mountains. C l a s t s  o f  p i s o l i t i c  c a l i c h e  may a l s o  be p r e s e n t  i n  

t h e  Gatuna. A t  t h e  r e f e r e n c e  s e c t i o n  i n  Gatuns Canyon, more than 

o n e - t h i r d  o f  t h e  c l a s t s  i n  t h e  cong lomera t i c  u n i t  were d e r i v e d  f r o m  t h e  

p i s o l i t i c  c a l i c h e  of t h e  O g a l l a l a  caprock. Shale beds i n  b o t h  t h e  Gatuna 

and T r i a s s i c  have s u b t l e ,  b u t  d i s t i n c t i v e ,  c h a r a c t e r i s t i c s .  Shale i n  t h e  



Gstuna F o r n a t i o n  i s  more massive,  s t a i n e d  w i t h  manganese o x i d e  and l a c k s  

t h e  l a r g e  g r e e n i s h - g r a y  r e d u c t i o n  s p o t s  u s u a l l y  a s s o c i a t e d  w i t h  T r i a s s i c  

sha le .  
- 

The upper p a r t  o f  t h e  Gatuna Format ion i s  m idd le  P l e i s t o c e n e  i n  aqe. 

A bed of v o l c a n i c  ash p r e s e n t  near t h e  t o p  of t h e  Gatuna For tna t ion  on t h e  

eas t  s i d e  of Nash Craw (SE 1 /4  NW 1/4 sec. 36, T. 21 S., R .  30 E . )  has 

been i d e n t i f i e d  on t h e  b a s i s  o f  m ine ra logy  and f i s s i c n - t r a c k  d a t i n g  as a 

P e a r l e t t e  t y p e  "0"  ash (G.A. I z e t t ,  w r i t t e n  commun., 1978). The 

i n d i c a t e d  age o f  t h i s  ash f a l l  which was d e r i v e d  from t h e  Y e l l , . ~ s t o n e  

r e g i o n ,  n o r t h - c e n t r a l  Rocky Mountains,  i s  about 600,000 y e a r s .  



S o i l s  

S o i l s  a r e  n o t  u s u a l l y  mapped i n  g r e a t  d e t a i l  i n  g e o l o g i c  s t u d i e s  b u t  

s o i  1  accumu la t i on  r e s u l t s  f r o m  processes wh ich  a r e  e x t r e m e l y  s e n s i t i v e  t o  

c l i m a t i c  c o n d i t i o n s  and landscape s t a b i l i t y .  I f  e i t h e r  e r o s i o n  o r  

d e p o s i t i o n  exceed t h e  r a t e  o f  s o i l  f o r m a t i o n ,  a  r e l a t i v e l y  s low  process,  

s o i l  canno t  accumulate. Because o f  t h e  v a l u e  o f  s o i l s  as i n d i c a t o r s  o f  

c l i m a t e  and s t a b i l i t y ,  t h e y  were examined i n  d e t a i l  d u r i n g  t h e  p r e s e n t  

s tudy .  

S o i l  p r o f i l e s  a r e  commonly d i v i d e d  i n t o  t h r e e  m i n e r a l  h o r i z o n s  

des ignated,  i n  descending o rde r ,  A, B, and C (U . S .  D e p a r t m e n t  o f  

A g r i c u l t u r e ,  1975). The A  h o r i z o n  a t  t h e  su r face  i s  c h a r a c t e r i z e d  b y  t h e  

p resence  o f  o r g a n i c  m a t e r i a l  wh ich  c o a t s  m i n e r a l  g r a i n s  o r  darkens t h e  

mass r e l a t i v e  t o  u n d e r l y i n g  ho r i zons .  The A  h o r i z o n  i s  n o t  p r e s e n t  i n  

a n c i e n t  s o i l s  ( p a l e o s o l  s) and i s  commonly pool- ly  developed i n  modern 

s o i l s  i n  s e m i a r i d  r e g i o n s  such as those  i n  sou theas te r  New Mexico. I n  

tempera te  c l i m a t e s  t h e  B h o r i z o n  u n d e r l i e s  t h e  A  h o r i z o n  and i s  b r o a d l y  

c h a r a c t e r i z e d  b y  il i u v i a l  concent . , -at ions o f  c l a y  (where i t  i s  termed an 

a r g i l l  i c  h o r i z o n ) ,  i r o n  o r  r e l a t e d  m i n e r a l s  and compounds, o r  b y  r e s i d u a l  

c o n c e n t r a t i o n s  o f  sesqu iox ides  adequate t o  g i v e  a  da rke r  c o l o r  t o  t h e  

h o r i z o n .  The C h o r i z o n  i s  t h a t  weathered p a r t  of t h e  p r o f i l e  o v e r l y i n g  

bedrock  where s o i l  - d e r i v e d  cements accumulate.  These cementing 

substances i n c l u d e  c a l c i u m  ca rbona te  wh ich  i s  a  conspicuous l i g h t - g r a y  t o  

w h i t e  d e p o s i t  capp ing s t a b l e  geomorphic s u r f a c e s  i n  many p a r t s  o f  t h e  

semi a r i d  wor ld .  
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The carbonate deposit in the C horizon has received numerous 

provincial names such as caliche, calcrete, and croute calcaire. All 

these names have been used imprecisely in the literature. In this report 

the term caliche is used to-designate those calcium carbonate deposits 

which are generally parallel to topography, have a distinctive morphology 

which increases in complexity from the base to the top, and are believed 

to have been deposited by soil processes. 



Mescalero caliche 

The Mescalero caliche is an informal stratigraphic unit named for the 

Mescalero Plain, a broad geomorphic surface, which lies east of the Pecos 

River and west of the High Plains in southeastern New Mexico (Bachman, 

1976, p. 141). The Mescalero caliche caps the gec~orphic surface and is 

overlain by soil and windblown sand. 

Where completely preserved the Mescalero caliche includes two major 

parts: a basal earthy to firm nodular calcareous deposit and an upper 

well-cemented caprock. These units correspond to the K horizon of Gile 

and others (1966) and include their K3 and K2 horizons, respectively. 

The two units commonly weather to a ledge in which the caprock overhangs 

the nodular base. Together the two parts range in thickness from about 3 

to 13 ft (1-4 m) with the caprock usually making up about one-third to 

more than one-half of the total thickness. 

Although both parts of the Mescalero may engulf underlying bedrock, 

most commonly this phenomenon is more apparent in the basal part. Near 

the base of the caliche, irregular masses of bedrock may be partiallv 

surrounded or completely engulfed by the caliche. In the caprock where 

calcium carbonate content is highest, scattered quartz pebbles and masses 

of sand grains may be the only vestige of the engulfed bedrock. However, 

fine well-rounded sand grains are common throughout the matrix of the 

cal iche. 



The Mescalero c a l i c h e  appears t o  have acc:urnul~ted i n  t h e  C h o r i z o n  o f  

an anc ien t  s o i l  du r i ng  an i n t e r v a l  of c l i m a t i c  and t e c t o n i c  s t a b i l i t y  

t h s t  fo l lowed depos i t i on  of the  Gatuna Format ion. Carbonates i n  t h e  

c a l  i c h e  were deposi ted i n  an aggrading e o l i a n  environment from 'windblown 

sand, dus t ,  and ra i nwa te r .  Small q u m t i t i e s  o f  the ca lc ium carbonate a re  

leached from the  sand a ~ d  dust  d u r i n g  wet seasons and are depos i ted  i n  

the  under1,yiny s o i l  ho r i zons  by downward p e r c o l a t i n g  s o l u t i o n s .  Du r i ng  

d r y  seasons t he  sand and dus t  are reworked and moved ahout on t h e  s u r f a c e  

and a new source o f  ca lc i l im  carbonate i s  c o n s t a n t l y  in t roduced i n t o  t h e  

reg ion .  

Owing t o  t he  f a c t  t h a t  pedogenic c a l i c h e  i s  deposi ted o n l y  ori a  

r e l a t i v e l y  s t a b l e  land sur face  i t  i s  impor tan t  t o  l e a r n  t h e  amount of 

t i m e  r e q u i r e d  f o r  a  d e p c s i t  o f  c a l i c h e  of a  g i v m  th ickness ,  carbonate 

con ten t  and morphology t o  accumulatz. Such knowledge p rov ides  evidence 

f o r  t b e  l e n g t h  o f  t ime t h a t  the  t e r r a i n  has been s t a b l e .  

Many workers have at tempted t o  develop techniques f o r  measuring t h e  

r a t e  o f  carbonate accumulat ion i n  pedogenic c a l  iche (Ark ley ,  1963; 

Gardner, 1972; Goudie, 1973; Szabo, 1959; Bachman and Machette, 1977). 

O f  t he  var ious  methods s tud ied  t h e  most p romis ing  i s  a  technique which 

measures uranicm se r i es  d i s e q u i l i b r i u m .  T h i s  technique has been app l i ed  

t o  t he  Mescalero c a l i c h e  w i t h  n o t a b l e  r e s u l t s  ( t a b l e  3 ) .  Using t h i s  

techn ique  it has been determined t h a t  the  Mescalero began t o  accumulate 

about 510,000 years  ago (J.N. R ~ s h o l t ,  w r s t t e n  commun., 1979). The upDer 

c r u s t  o f  t h i s  c a l  i c h e  formed about 410,CCO years  ago. 



These dates are compatible w i t h  other known f a c t s  and previous 

estimates. The Pear le t te  type "0" volcanic ash in the Gatuna Formation 

i s  about 600,000 years old and underlies the Mescalero caliche.  The 

Mescalero has been estimated previously to  be middle Pleistocene !n age 

(Bachman, 1976). 



Berino so i l  

The Berino soil  i s  an informal stratigraphic unit ,  b u t  the term 

"Berino s e r i e s N i s  usedbytheU.S. Department of Agriculture for  mapping s o i l s  

in Eddy County (Chugg  and others, 1971). As used in th i s  report the 

Berino i s  a da ,k red, sandy argi 11 ic paleosol which over1 ies the 

Mescalero caliche a t  some places i n  the vicinity of the WIPP s i t e .  I t  i s  

usually overlain by windblown sand, b u t  i t  i s  exposed along pipeline 

roads and a t  other construction s i tes .  I t  varies in thickness h u t  i s  

rarely more than1 m thick. 

I t  i s  probable that the Berino soil  represents a remnant B horizon of 

the underlying Mescalero caliche. The Berino i s  noncalcareo~~s which 

suggests that  the carbonates have been leached. The uranium-series 

disequilibrium technique indicates that the Berino began to  form about 

350,000 (+60,000) - years ago (J.N. Roshol t , written commun., 1979) 

( tab le  3 ) .  



Table 3 . - -Paleso ls  i n  t h e  V i c i n i t y  o f  t h e  WIPP S i t e  

Sample ~ h i c k n e s s v  - -- Desc r i p t i on  

Modern Dune Sand 

2 / Aqe- 

5 -E 0-48 cm B t  h o r i z o n  (Ber ino s o i l ) .  
f i n e  t o  medium gra ined 
w e l l  sor ted,  mos t l y  quar tz  
g ra ins .  F i rm.  Does no t  
e f f e r vesce  i n  10% HC1.  
Peds b locky,  angular t o  350 - + 60 x 103 y r s  
weakly columnar (2.5 Y R  
4/61 . 

F -G 48-73 cm BTca ho r i zon  (Ber ino 
s o i l ) .  Sand, f i n e  t o  
medium grained, w e l l  
sor ted,  mos t l y  quar tz .  
S l i g h t l y  c layey  and c a l -  
careous. Rests w i t h  sharp 
c o n t a c t  on Mescalero ca l i che .  

H-1 73-121 cm K2mb (Mescalero c a l  i che )  . 
P la t y ,  ve ry  f irmly cemented. Samples HIK-Y 
Peds p l a t y ,  angular, sandy. 410 x 103 y r s  
Many v e i n l e t s .  

J -M 121-233 cm K3mb. Peds b locky,  Samples J-M 
angular .  Very f i r m l y  420 x 103 y r s .  
cemented. Nodul a r  a t  
base. Engu l f s  under- Samples L-M 
l y i n g  T r i a s s i c  sandstone. 510 x 103 y r s .  

Q ~ e a s u r e d  f rom t o p  downward. 

215. N. Roshol t ,  w r i t t e n  commun. 1979 



DI SSOL lrr I ON AND KARST 

Soluble rocks considered-in this report include limestone, dolomite, 

gypsum, anhydrite, ha1 ite and associated potassium-bearinq salts. 

Dissolution of these rocks can occur at any place in the environment 

where they come in contact with an open system of chemically unsaturated 

water. Dissolution occurs in the phreatic zone below the water table as 

well as in the vadose zone above the water table. 

Karst is a type of topography which develops in regions overlying 

soluble bedrock. It is characterized by sinkholes, caves, valleys 

without stream channels, and underground drainage. Dissolution is the 

most dynamic process in producing karst. The most sffective uart of the 

process is the removal of material from rocks to increase permeability. 

Karst topography began to develop along the western edge of the basin at 

least as early as Triassic time (fig. 10). 

TI3 classic karst area of the world is in the limestone region in 

Slovenia, northern Yugoslavia, and much karst terminology has its roots 

in Slavik languages. However, karst regions in many other countries have 

attracted observation and a cumbersome regional terminology has evolved. 

Owing to the complexities that affect terminology, a brief glossary is 

provided here to define terms as used in this report. These definitions 

are based on consideration of work by Jalcucs (1977), Jennings (1971), 

Monroe (1970), Sweeting (19731, and Thornbury (1969). 



Glossary -- 

Breccia chimney 

A variety of collapse sink which penetrates one or more major 

stratigraphic units. It may have roots deep in the subsurface. A 

"breccia pipe". 

Cockpit karst 

Tropical karst topography containing many closed depressions 

surrounded by conical hills. 

Collapse sink 

A closed depression formed by the collapse of the roof of a cave. 

Also called collapse doline by some writers. 

Do1 ine 

A basin, or funnel-shaped hollow, in limestone or other soluble rock 

ranging in diameter from a few meters to a kilometer. 

Flute 

Small, shallow, oval-shaped, closely spaced hol lows formed by 

dissolution of surfaces of soluble rock. They are separated b.y 

parallel crests. They resemble current ripple marks in sand and are 

thought to indicate direction of flow. 



Grike 

A vertical or subvertical fissure in a limestone pavement developed 

by solution along a joint (Monroe, 1970). Grike-like features are 

also present along fractures in bedded gypsum in southeastern New 

Mexico. Their walls are characterized by extensive fluting. 

Karst dome 

Term introduced in this report for structural dome in karst terrain 

presumed to be formed by karst processes. The central core is 

believed to be analogous in structure and form to a tower which has 

been buried by col lapse breccia. 

Karst mound 

Term introduced in this report for erosional remnant of collapse 

breccia. 

Kegel karst (German) 

General term for several types of tropical humid karst characterized 

by numerous, closely spaced, cone hemispherical or tower-shaped hil:s 

having intervening closed depressions. See a1 so cockpit karst, 

mogote, tower karst. 

Mogote . . 

A steep-sided hi1 1 of limestone, generally surrounded by nearly flat 

alluviated plains; karst inselberg. 



Pepi no 

Rounded or conical h i l l  resulting from karst action. A mogote. 

Elongate h i l l  or ridge capped by mogotes. 
- 

Tower karst 

Karst topography characterized by is01 ated 1 imestone hi 11s separated 

by areas of alluvium or detr i ta l  sand. The term tower karst i s  used 

in th i s  report t o  include those features called cockpit karst ,  

Kegel karst ,  and mogotes . 



Types of Dissolution 

Most observations on karst decribed in the literature have Seen in 
- 

limestone regions; whereas much of the karst in the Delaware Basin is 

developed on gypsum, anhydrite, and haiite. These rocks are much more 

soluble than limestone and the dissolution processes are more direct. 

Carbon dioxide in the atmosphere and organic compounds on the Earth's 

surface combine with water to form acids which dissolve lime carbonates. 

These acids do not attack sulfates or chlorides which constit~~te gypsum 

and halite. Circulating fresh water is the primary solvent which 

produces karst in gypsum and salt. 

Three general types of dissolution occur in the Delaware Basin i n  

differing geologic environments. These are: 

1. Local dissoluticn near the surface in the vadose zone. 

Sinkholes and some caves form in this zone. 

2. Regional, or bulk, dissolution that nay occur either in the 

vadose or phreatic zone. Some caves and solution breccias which 

develop regionally at a stratigraphic horizon are in this 

category. 

3. Deep-seated dissolution which may be generated in the phreatic 

zone. Some caves such as Carlsbad Caverns are in this 

category. All these types of dissolution in gypsun, anhydrite, 



and h a l i t e  a re  dependent on t h e  p r o x i m i t y  o f  t h e  s o l u b l e  rocks  

t o  an open system o f  condu i t s ,  u s u a l l y  f r a c t u r e s ,  which a l l o w  

f r e e  movement of  f r e s h  water.  



Lc:al D isso lu t i on  

Near-surface d i s s o l u t i o n  occurs where surface and ground waters 

penetrate so lub le  rocks through j o i n t  systems and r e l a t e d  f rac tu res .  The 

f r a c t u r e s  are f u r t h e r  widened by d i s s o l u t i o n  t o  form trenches or  g r ikes .  

Such trenches may be so deepened t h a t  t h e i r  wa l ls  col lapse t o  form 

co l lapse s inks  f i l l e d  w i t h  b recc ia  ( f i g .  11). 

Local,  near-surface, d i s s o l u t i o n  inc ludes the  process o f  

"so lu t ion-and- f  ill" described by M i l  1 i s  T. Lee (1925). Lee worked along 

the  Pecos R iver  i n  New Mexico and observed some of the spectacular k a r s t  

features.  He was impressed by the  considerable volume o f  rock t h a t  was 

being removed by d i s s o l u t i o n  and the  f a c t  t h a t  d i sso lu t i on  c a v i t i e s  were 

being f i l l e d  r a p i d l y  by sediments eroded from the surface. He est imated 

t h a t  on one occasion near ly  30,000 cub ic  yards o f  s u r f i c i a l  sediments 

disappeared i n t o  a cavern dur ing  a storm i n  a s ing le  n igh t  (Lee, 1925, p. 

117). He recognized the  q u a n t i t a t i v e  importance o f  the combined 

processes o f  d i s s o l u t i o n  and erosion i n  the  formation o f  stream va l leys .  

The process o f  solut ion-and-f i 11 occurs a t  re1  a t i v e l y  shallow depths 

and i s  an a c t i v e  process i n  gypsum t e r r a i n  i n  southeastern New Mexico. 

A t  many p laces i n  Nash Draw arroyos disappear i n t o  caves. Commonly 

Permian gypsum i n  these caves has col lapsed over Pleistocene o r  Holocene . 
. 

f i l l  which r e s u l t s  i n  an anomolous s t r a t i g r a p h i c  sequence. D isso lu t i on  

i s  e s p e c i a l l y  a c t i v e  near the  sur face i n  t h e n o r t h - c e n t r a l  p a r t  o f  Nash 

Draw 





(SE1/4 sec. 33, T. 21 S., R. 30 E.). In that area,dissolution i s  

removing the Forty-niner Member which underlies the main drainage 

system. Numerous collapse sinks pock t h i s  area. This dissolution i s  

increasing the gradient of the drainage which results in active headward 

cutting of the arroyos i n  the upper reaches of Nash Draw. 



Regiona l  D i s s o l u t i o n  

B lanke t "  o r  " r e g i o n a l "  d i s s o l u t i o n ,  occurs where c h e m i c a l l y  

u n s a t u r a t e d  water  p e n e t r a t e s  t o  a  permeable bed th rough  which i t  m i g r a t e s  

l a t e r a l l y .  S o l u b l e  r o c k s  ad jacen t  t o  t h e  permeable beds a re  d i sso lved .  

T h i s  process i s  a c t i v e  i n  t h e  c e n t r a l  p a r t  o f  Nash Draw (S1/2 sec. 18, 

T. 22 S., R.  30 E.)  where f r a c t u r e s  i n  t h e  R u s t l e r  Format ion p e n e t r a t e  

t h e  F o r t y - n i n e r  Member t o  t h e  Magenta Do lomi te  Member. A l though t h e  

Magenta i s  n o t  a  ma jo r  a q u i f e r  i n  t h e  reg ion ,  i t  c a r r i e s  enough water  i n  

Nash Draw t o  d i s s o l v e  t h e  s u p e r j a c e n t  F o r t y - n i n e r  i n  p 1  a c e s .  

Tunnels, caves, and c o l l a p s e  s i n k s  r e s u l t  a t  these l o c a l i t i e s .  

R e s u l t s  o f  r e g i o n a l  d i s s o l u t i o n  have been desc r ibed  i n  v a r i o u s  rock  

types.  G e n e r a l l y  t h e  r e s u l t i n g  d i s s o l u t i o n  b r e c c i a s  a r e  i n t r a f o r m a t i o n a l  

and a re  a t  s t r a t i g r a p h i c  p o s i t i o n s  which correspond t o  known e v a p o r i t e  

i n t e r v a l s .  They a r e  desc r ibed  as " e v a p o r i t e  s o l u t i o n  b r e c c i a s "  i n  t h e  

Devonian d o l o m i t e  o f  Montana " f o r  b r e c c i a s  which can be  demonstrated t o  

have r e s u l t e d  f rom t h e  removal of e v a p o r i t e s n  (S loss  and L a i r d ,  1947, p. 

1422-1423). Simi 1  a r  b r e c c i a s  have been descr ibed i n  M i s s i s s i p p i a n  

1  imestone and d o l o m i t e  i n  Montana (Midd le ton,  1961; Roberts.  1966). 

The process o f  r e g i o n a l  d i s s o l u t i o n  has removed l a r g e  volumes o f  rock  i n  

t h e  Delaware Basin. Comparison of th i cknesses  o f  u n i t s  w i t h i n  t h e  

R u s t l e r  Format ion i n  Nash Draw and a t  t h e  W I P P  s i t e  i n d i c a t e  t h e  

e f f e c t i v e n e s s  o f  t h i s  process.  F o r  example, i n  we l l -p rese rved  



s t r a t i g r a p h i c  s e c t i o n s  i n  t h e  subsurface a t  t h e  WIPP s i t e ,  a n h y d r i t e  o f  

t h e  Tamarisk Member as much as 37 m (120 f t )  t h i c k  separates t h e  Culehra 

and Magenta Do lomi te  Members of t he  R u s t l e r  Format ion.  I n  t h e  southern 

p a r t  o f  Nash Draw and near  Malaga Bend b r e c c i a t e d  Magenta may be 

separated f r om b r e c c i a t e d  Culebra by no more t han  1 m o f  i n s o l u b l e  cla,yey 

r es i due .  A t  p l aces  t h e  Magenta and Culebra a re  i n  d i r e c t  con tac t .  The 

i n t e r v e n i n g  s u l f a t e s  have been removed by  d i s s o l u t i o n .  

T h i s  r e l a t i o n s h i p  between t h e  Magenta and Cu lebra  i s  po r t r ayed  bv 

isopachs drawn on t h e  Tamarisk Member between t h e  two u n i t s  ( f i g .  12, i n  

pocke t ) .  T h i s  map shows a  maximum th i ckness  f o r  t h i s  i n t e r v a l  i n  t h e  

v i c i n i t y  o f  t h e  WIPP s i t e  where t h e  i n t e r v a l  i s  composed m o s t l y  o f  

a n h y d r i t e  and minor  amounts o f  h a l i t e .  D i s s o l u t i o n  o f  t h e  Tamarisk has 

occu r red  west o f  t h e  s i t e  where t he  i n t e r v a l  t h i n s .  A long t h e  eas te rn  

edge o f  Nash Draw t h e r e  i s  a  t h i c k e n i n g  of t h e  Tamarisk which may be 

a t t r i b u t e d  t o  expansion o f  t h e  s u l f a t e s  b y  h y d r a t i o n  o f  a n h y d r i t e  t o  

gypsum. Sou thwes te r l y ,  t h e  i n t e r v a l  t h i n s  a b r u p t l y  b y  d i s s o l u t i o n ,  and 

i n  t h e  v i c i n i t y  o f  Malaga Bend t h e  Magenta and Culebra a r e  e s s e n t i a l l y  i n  

c o n t a c t .  

The n e t  r e s u l t  o f  t h i s  r e g i o n a l  d i s s o l u t i o n  i s  t h e  subsidence o f  beds 

o v e r l y i n g  t h e  evapo r i t os .  D i s s o l u t i o n  of gypsum i n  t h e  R u s t l e r  Format ion 

by t h i s  process accounts f o r  some of t h e  k a r s t  topography and r o l l i n g  

r e l i e f  i n  Nash Draw and southward t o  t h e  New Mexico S t a t e  l i n e  along t h e  

Pecos R i v e r  . 



S o l u t i o n  b recc ias  t h a t  r e s u l t  f rom r e g i o n a l  d i s s o l u t i o n  may be 

d i s t i n g u i s h e d  f rom products  o f  sol: t i o n - a n d - f i l l  by t h e  absence o f  e x o t i c  f i l l  

d e b r i s  i n  assoc ia t i on  w i t h  t h e  b recc ia .  A t  p laces  where t he  Magenta r e s t s  

d i r e c t l y  on t h e  Culebra, eroded s u r f i c i a l  depos i t s  do no t  rep lace  t he  m i s s i n g  

gypsum. T h i s  i n d i c a t e s  t h a t  t he  pa th  o f  d i s s o l u t i o n  was subterranean and was 

n o t  open t o  t h e  su r face  i n  t h e  immediate v i c i n i t y .  

The d i s s o l u t i o n  t h a t  removed gypsum f rom t h e  R u s t l e r  Format ion i s  presumed 

t o  be a  c o n t i n u i n g  process i n  t h e  subsurface b u t  i t  can be observed on l y  

i n d i r e c t l y .  Chemical analyses o f  ground water i n d i c a t e s  t h a t  water i n  t h e  

Magenta may c a r r y  as much as 3,600 mg/L d i sso l ved  s u l f a t e  and 15,000 mg/L 

d i sso l ved  c h l o r i d e .  The water i n  t h e  Culebra c a r r i e s  as much as !1,000 mg/L 

d i s s o l v e d  s u l f a t e  and 49,000 mg/L d i sso l ved  c h l o r i d e  (Mercer and Orr, 1979, 

t a b l e  2 ) .  S t r a t i g r a p h i c  r e l a t i o n s  i n  t he  southern p a r t  o f  Nash Draw i n d i c a t e  

t h a t  r e g i o n a l  d i s s o l u t i o n  occurred t h e r e  b e f o r e  N i d d l e  P le is tocene  t ime. The 

Gatuna Format ion o f  m idd le  P le i s t ocene  age ( a t  l e a s t  500,000 years  o l d )  r e s t s  

und i s t u rbed  i n  p laces on c h a o t i c  s o l u t i o n  b recc i as  o f  t he  Magenta and Culebra . 

Anderson and o thers  (1978) have proposed t h a t  r eg iona l  b recc ias  have 

formed i n  t h e  C a s t i l e  Format ion i n  t h e  subsurface a t  s t r a t i g r a p h i c  hor izons 

cor respond ing  t o  major h a l i t e  beds. They propose t h a t  d i s s o l u t i o n  i s  an 

a c t i v e  process i n  t h e  Delaware Bas in  beneath t h e  main body of t h e  Salado 

Format ion .  According t o  t h i s  hypo thes is  unsaturated ground water moves 

t h rough  t h e  Capitan r e e f  system o r  along "predisposed hor izons w i t h i n  t h e  

e v a p o r i t e  body" (Anderson and o thers ,  la78, p. 49) t o  d i sso l ve  the  h a l i t e  

in te rbedded  w i t h  anhydr i  t e .  



An open hydraulic system through which unsaturated water moves t o  

dissolve soluble  rock and t o  carry the  so lu te  away i s  a p r e r e q u i s i t e  f o r  

the  formation of regional breccias.  Such a hydraulic system does not 

appear t o  be in contact  with the  h a l i t e  beds in t h e  C a s t i l e  Formation. 

Study of numerous geophysical logs of the  C a s t i l e  Formation in t h e  

Delaware Basin ind ica tes  t h a t  major beds of h a l i t e  i n  t h e  C a s t i l e  have 

never been in c lose  proximity t o  the Capitan reef system ( f i g .  22). 

Instead t h e  h a l i t e  beds i n  t he  Cas t i l e  have been deposited in individual 

and d i s c r e t e  subbasins w i t h i n  the  l a rge r  Delaware Basin. These h a l i t e  

beds are  well preserved in the  subsurface and have been protected from 

dissolu t ion  s ince  t h e i r  deposition by r e l a t i v e l y  impermeable enclosing 

beds of anhydri t e .  The hydraul i c  conductivi ty of t h e  Delaware Mountain 

Group underlying the  C a s t i l e  i s  only 4.3 mm (0.016 f t )  per day (Hiss,  

1975) which i s  not conducive t o  the  removal of a la rge  volume of 

so lu tes .  In addi t ion ,  t h e  h a l i t e  beds in the  Cas t i l e  a re  a l s o  protected 

from t h e  underlying Delaware Mountain Group b y  a basal anhydrite i n  t he  

C a s t i l e .  

A t  outcrops of the  C a s t i l e  Formation along the  western edge of the  

Delaware Basin, minor intraformational breccias are  commonly present  a t  

the  approximate s t r a t i g r a p h i c  horizon of h a l i t e  beds in the  subsurface. 

These C a s t i l e  breccias  are  not comparable w i t h  t he  1 arge-scale,  chaot ic  

breccias common a t  the  outcrop of the  Salado Formation where major h a l i t e  

beds have been dissolved.  I t  i s  here proposed t h a t  some dissolu t ion  of 

h a l i t e  in both the C a s t i l e  and Salado Formations occurred along the  

western and southwestern margins of t h e  Delware Basin soon a f t e r  the  

d e p o s i t i ~ n  of these  formations. Removal of moderate amounts of 

58 



ha1 i t e  could have occurred while the region was nearer t o  sea level and 

before i t  was loaded by deposits of sediments in Greta,. ~ e o u s  seas 

( f ig .  4 ) .  The time during which dissolution has occurred i n  the nelaware 

Basin i s  discussed in more detail  l a te r  in th is  report. 



Deep-seated Dissolution 

Deep-seated dissolution in the phreatic zone forms some types of 

caverns. These caverns are-dissolved in soluble rock below the water 

table by an open system of circulating fresh water. I t  has been 

postulated that  Carlsbad Caverns in the Capitan and Tansill Formations 

southwest of Carlsbad was dissolved in the phreatic zone (Bretz, 1949, p. 

451). The s t a l ac t i t e s ,  stalagmites,and other cave formations were not 

deposited until a f te r  the cave complex was uplifted above the water 

table.  Cave formations are deposited from saturated solutions by 

evaporation in the vadose zone above the water table. 

Other karst features in southeastern New Mexico have been formed by 

deep-seated disso!ution. Some of these features were f i r s t  described as 

"structural domes" (Vine, 1960). However, there are great variations in 

the characteristics of so-called structural domes and in t h i s  report the,y 

are divided into three types as follows: 

1. Breccia chimneys, or breccia pipes, are characterized by 

brecciated cores of rock that  have collapsed into the chimney. 

Relatively younger rocks are collapsed into a chimney, or 

f issure,  in older rocks. 

2. Karst domes are true structural domes. Relatively older rocks 

form the center of the dome and s t ra ta  are progressively younger 

outward from the center of the dome. 
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3. B recc i a  mcunds a r?  p o s i t i v e  topographic  f e a t u r e s  t h a t  r e s u l t  

f rom d i f f e r e n t i a l  e ros ion  o f  r eg iona l  b recc i a .  Res i s t an t  

p o r t i o n s  o f  s o l u t i o n  b recc ias  su r v i ve  as mounds. These fea tu res  

are no t  deep seated and ma.y o r  may n o t  be engu l fed  by ca l i che .  

Brecc ia  Chimneys 

B recc i a  chimneys, o r  b r e c c i a  pipes, are v e r t i c a l  c y l i n d r i c a l  f i s s u r e s  

which are f i l l e d  w i t h  c o l l a p s e  b recc ia .  Col lapse o f  these f ea tu res  

appears t o  have Seen i n i t i a t e d  i n  a  deep-seated a q u i f e r  system. I n  

a d d i t i o n  t o  f r e s h  water,  b r e c c i a  chimneys appear t o  r e q u i r e  a  h y d r o s t a t i c  

hzsd which f o r c e s  water up through f r a c t u r e s .  S u p e r f i c i a l l y  these 

chimneys resemble c o l ?  apse s i nks  b u t  t h e i r  v e r t i c a l  dimensions are 

d i s t i n c t i v e .  They may pene t ra te  downward from t h e  sur face  through 

severa l  hundred n e t e r s  o f  va r ious  rock types.  Known b r e c c i a  chimneys i n  

t h e  Delaware Bas in  a re  columnar bodies no more than 245 m (800 f t )  i n  

d iameter  a t  t he  su r face .  

Landes (1945) descr ibed  b r e c c i a  chimneys i n  t he  no r t he rn  p a r t  o f  the  

Mich igan s a l t  bas in .  These b r e c c i a  bodies range from a  few f e e t  t o  

severa l  hundred f e e t  i n  diameter and are est imated t o  pene t ra te  425 m t o  

457 m (1,400-1,500 f t )  o f  l imestone, do lomi te ,  and d o l o m i t i c  sandstcne o f  

Devonian and S i l u r i a n  age. They are be1 ieved t o  have formed du r i ng  

Devon i an t ime . 



Mio t ke  (1971) descr ibed  b r e c c i a t e d  p ipes  i n  Keuper gypsum ( T r i a s s i c )  

southwest o f  Hannover i n  West Germany. These f ea tu res  a re  l ess  than  50 m 

(160 f t )  i n  d iameter  and estimated t o  be about 140 m (455 f t )  deep. The.y 

are r e c e n t  f e a t u r e s  and are a c t i v e  a t  p resen t .  Other b r e c c i a t e d  p ipes ,  

some o f  which are a c t i v e l y  subs id ing ,  have been descr ibed  i n  West Germany 

by P r i n z  (1973) and G r i m m  and Lepper (1973).  

C ra te r  Lake i n  sou theas te rn  Saskatchewan i s  w e l l  documented as a  

chimney-shaped c o l l a p s e  s t r u c t u r e  (Ch r i s t i ansen ,  1971). The f e a t u r e  i s  

t h e  r e s u l t  o f  down fau l t i ng  o f  two c o n c e n t r i c  f a u l t  zones which f o rm  an 

i n n e r  and o u t e r  c y l i n d e r  o f  cc!:apse beneath t h e  lake.  The i nne r  

c y l i n d e r  i s  about 100 m (300 f t )  i n  d iameter  and co l l apsed  about 43 m 

(140 f t )  b e f o r e  l a t e  P l e i s t m e n e  t ime.  The o u t e r  c y l i n d e r  i s  about 213 m 

(700 f t )  i n  d iameter  and co l l apsed  15-30 m  (50-100 f t )  d u r i n g  t h e  l a s t  

d e g l a c i a t i o n  about 13,600 yea rs  ago. Th i s  s t r u c t u r e  i s  b e l i e v e d  t o  be 

t h e  r e s u l t  o f  d i s s o l u t i o n  o f  s a l t  i n  t h e  subsurface. 

H i l l  A 

H i 1  1  A of t h i s  r e p o r t  was des ignated "Dome A"  by  V ine (1960, 

p. 1905). I t  i s  i n  Eddy County about 38 km (18.5 m i )  eas t  o f  Car lsbad on 

U. S Yighway 62-180 (SW1/4 sec. 35, T .  20 S., R. 30 E.) .  I t  i s  about 

0.4 km (0.25 m i )  n o r t h  o f  t h e  highway and i s  t ransec ted  by a  spur o f  t h e  

Atch inson,  Topeka and Santa Fe Ra i l r oad .  I t  i s  expressed as a  low, 

c i r c u l a r  breached h i l l  w i t h  r e l i e f  o f  about 12-15 m (40-50 f t )  and about 



370 m  (1,200 f t )  i n  d iameter .  Dur ing  t h e  present  study, H i l l  A was 

mapped a t  a  sca le  o f  30 m t o  25 mm (100 f t  equals ! inch )  and t h e  map was 

reduced f o r  p resen ta t i on  i n  t h i s  r e p o r t  ( f i g .  12, i n  pocke t ) .  

The c e n t r a l  p a r t  o f  H i 1  1  A has been eroded t o  form a  sha l low bas io  

w i t h  an o u t l e t  t o  t he  west. The r i m  o f  the h i l l  i s  capped b y  Mescalero 

c a l  i c h e  which engu l f s  s lopes d i p p i n g  r a t h e r  u n i f o r m l y  about 15' away 

f r om t h e  r im .  

Dewey Lake Red Beds a re  exposed i n  t h e  east ,  no r th ,  and west s ides o f  

t h e  sha l low basin.  These beds a re  l i t h o l o g i c a l l y  t y p i c a l  o f  t h e  

f o r m a t i o n  and d i p  away f r om the  cen te r  o f  t h e  h i l l .  These d i ps  average 

about 15' b u t  1ocal l .y steepen t o  20"-22'. Rocks  o f  t h e  

T r i a s s i c  Dockum Group a re  w e l l  exposed a lcng t h e  eas t  and south s i de  o f  

t h e  b a s i n  w i t h  d i ps  approx imate ly  p a r a l l e l  t o  t h e  unde r l y i ng  Dewey Lake 

Red Beds. 

S u p e r f i c i a l l y  H i l l  A has some o f  the  c h a r a c t e r i s t i c s  o f  a  co l l apse  

s i n k .  W i t h i n  t he  bas in ,  b recc i a ted  deb r i s  composed o f  angular b locks  o f  

T r i a s s i c  c laystone,  sandstone, and conglomerate a;ne conf ined w i t h i n  a  

c i r c u l a r  area about 245 m  (800 f t )  i n  diameter.  The c i r c u l a r  con tac t  

su r round ing  t he  c e n t r a l  b r z c c i a t e d  core  i s  a  f r a c t u r e  and was termed a  

" p e r i p h e r a l  f a u l t  o r  r i n g - f a u l t "  by  Vine (1960, p. 1905). He s ta ted  t h a t  

t h e  b recc i a ted  core i s  composed o f  b locks  s i m i l a r  t o  t he  T r i a s s i c  beds 

exposed around the  f l a n k s  o f  t h e  h i 1  1 b u t  w i t h  g rea te r  range i n  

l i t h o l o g i c  charac te r .  HZ i n d i c a t 2 d  t h a t  some b recc i a  was d ~ r i v e d  f rom 
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r ocks  s t r a t i g r a p h i c a l l y  h i g h e r  than  any now exposed around t h e  f l a n k s .  

Mapping completed d u r i n g  t h e  p resen t  s t udy  i s  i n  agreement w i t h  V i n e ' s  

observa t ions  b u t  some d e t a i l s  can now kte added. The c o l l a p s e  b r e c c i a  a t  

t h e  su r f ace  i n  H i l l  A  i s  composed l a r g e l y  o f  c l ay ,  coarse sandstone, and 

conglomerate d e r i v e d  f r om T r i a s s i c  rocks .  A l l  f ragments o f  t h e  b r e c c i a  

had been l i t h i f i e d  b e f o r e  co l l apse .  The b r e c c i a  d e b r i s  ranges i n  s i z e  

f r om  smal l  f ragments t o  l a r g e  angu la r  b l ocks  4 t o  5 m i n  d iameter .  

An exposure o f  g rave l  i n  t h e  Gatuna Formation no more t han  0.5 m (1 .5  

f t )  t h i c k  f i l l s  a  minor  channel on t h e  n o r t h  s i d e  of H i l l  A. T h i s  g rave l  

c u t s  across t h e  p e r i p h e r a l  f a u l t s  and r e s t s  unconformably on t h e  

b r e c c i a t e d  c e n t r a l  co re .  C las t s  i n  t h a t  g rave l  a re  as much as 5 cm i n  

d iameter  2nd i n c l u d e  abundant f ragments o f  p i s o l i t i c  c a l i c h e  s i m i l a r  t o  

t h e  O g a l l a l a  caprock c a l i c h e  exposed a long Mescalero Ridge t o  t h e  eas t .  

I n  a d d i t i o n  t h e r e  are c l a s t s  o f  q u a r t z i t e  and c h e r t  pebbles s i m i l a r  t o  

those  i n  T r i a s s i c  r ocks  and presumably a re  r e c y c l e d  f r om those o l d e r  

conglomerates. 

O v e r l y i n g  t h e  Gatuna g rave l  i s  a  s t r u c t u r e l e s s  c a l i c h e  w i t h  abundant 

r o o t  cas ts .  The Mescalero c a l  i c h e  i s  u s u a l l y  a  pedogenic depos i t  t h a t  

accumulated on phys iograph ic  su r faces  a f t e r  Gatuna t ime; whereas t h e  

s t r u c t u r e l e s s  c a l i c h e  a t  H i l l  A appears t o  have been depos i ted i n  a  

sma l l ,  r e l a t i v e l y  mo i s t ,  c losed  bas in .  T h i s  c a l i c h e  i s  l a t e r a l l y  

con t inous  w i t h  t h e  Mescalero c a l i c h e  and i s  presumed t o  have Seen 

depos i ted  contemporaneously. 



Both the Gatuna gravel and the structureless caliche overlying the 

Gatuna were deposited in a basin that formed after the central portion of 

Hill A had collapsed. This interpretation of Hill A as a depositional 
- 

basin requires topographic conditions to have been much different in the 

past. The Gatuna gravel is now at a higher elevation than the 

surrounding terrain which indicates substantial differential movement 

since Gatuna time. 

The locus of this movement was around the rim of Hill A where the 

structure of the Mescalero caliche indicates that the adjacent terrain 

has subsided relative to the rim. Columnar structures at the base of the 

Mescalero on the east side of Hill A are tilted about 15' from 

vertical. This indicates that tilting occurred after deposition of the 

caliche because columnar soil structures are normally oriented 

vertically. The subsidence of the surrounding terrain is believed to 

result from regional dissolution of soluble rocks from the underlying 

Rustler Formation after collapse of the chimney. 

Normally in this region the Mescalero caliche has a distinctive 

morphology with nodular carbonate at the base grading upward in turn into 

columnar, massive and 1 aminar cal iche. Around Hi 1 7  A ,  this morphology 

has been disrupted by repeated dissolution and recementation. At places 

on the south flank of Hill A the Mescalero is a network of pipes and 

fracture fillings. This suggests dissoiution of the caliche on a ;lope 

after its formation. 



I t  i s  a l s o  s i g n i f i c a n t  .to t h e  i n t e r p r e t a t i o n  of geologic h i s to r "  tblat 

a t  Hi l l  A n e i t h e r  Gatuna gravel nor Mescalero i a l i c h e  a r e  intermingled 

with the  c o l l a p s e  brecc ia .  Instead,both t h e  gravel and t h e  ca ' iche  r e s t  

undisturbed on t h e  co l lapse  brecc ia  which ind ica t e s  t h a t  t h e  major 

c o l l a p s e  occurred before e i t h e r  gravel o r  c a l i c h e  were deposi ted.  

Mapping ind ica t e s  t h a t  t h e  f r a c t u r e  along which co l l apse  occurred i s  

c i r c u l a r  i n  plan and e s s e n t i a l l y  v e r t i c a l .  The depth t o  which co l l apse  

has occurred i s  notable .  A hole (WIPP 31) has been d r i l l e d  in Hi l l  A 

from t h e  su r face  t o  a  t o t a l  depth of 258 rn (820 f t ) .  Nearby explora t ion  

holes  f o r  potash ind ica t e  t h a t  t he  Salado Formation should be no more 

than 215 t o  221 m (700-720 f t )  below t h e  su r face .  The Salado Formation 

was not encountered i n  t h e  d r i l l i n g  a t  Hi l l  A. Ins tead ,  t h e  e n t i r e  

i n t e r v a l  from the  su r face  t o  t o t a l  depth was composed of co l l apse  Srecc ia  

of Dockum, Dewey Lake, and Rust le r .  

A t  231 t o  232 rn (751-754 f t )  below t h e  su r face  a  block of anhydri te  

was encountered. I t  i s  presumed t h a t  t h i s  block was derived from t h e  

Rus t le r  Formation which would normally be a t  l e a s t  7.7 t o  15 m (25-50 f t )  

above t h i s  l e v e l .  There i s  no evidence t h a t  t he  anhydri te  had been even 

p a r t i a l l y  hydrated t o  gypsum, This  suggests  t h a t  t he  co l l apse  was 

abrupt .  A t  p laces  in t h e  subsurface s e l e n i t e  v e i n l e t s  c u t  across  brecc ia  

fragments ind ica t ing  t h a t  su l fa te -bear ing  so lu t ions  were present  a f t e r  

b recc ia t ion  and co l l apse .  



The history o f  Hi 1 1  A may be summarized as follows: 

1. Major collapse dropped Triassic rocks stratigrahically below the 

surrounding terrain during early Gatuna time. Col lapse breccia 

of Triassic rocks are in contact with Dewey Lake Red Beds of 

Permian age. No sediments are present representing the time 

from Triassic to Gatuna. This collapse occurred while Triassic 

rocks were thicker in the vicinity of Hill A. The nearest 

continuous exposures of Triassic rocks at present are along the 

western edge of Nimenim Ridge about 1.6 km (1 mi) north of Yi 1 1  

A.  

2 .  The area surrounding the collapse was eroded and the Gatuna 

gravel was deposited in a closed depression which formed as a 

result of the coi lapse. 

3. Following Gatuna time the region was relatively stable and the 

Mescalero caliche formed as part of a soil profile over an 

extensive area. .4 shallow pond was present periodically over 

the collapse feature indicating it was still a local basin. 

4. The area surrounding Hill A subsided, probably as a result of 

regional dissolution. During this subsidence the Mescalero 

caliche was tilted as much as 15'. 

5. Hi1 1 A was breached by erosion which is a ccntinuing process. 



H i l l  a 

Hill B i s  adjacent t o  Hill A ( f i g .  1 2 ) .  I t  i s  a dome-shaped 

prominence with about 15 m (50 f t )  r e l i e f .  I t  i s  mostly engulfed by 

Mescalero caliche b u t  i t  i s  breached on the west and south s ides  where 

underlying rocks are exposed. I t s  internal s t ructure  i s  not apparent b u t  

some pre-caliche rocks are brecciated. 

Rocks exposed in the breached par t  of Hill B include Dewey Lake 8ed 

Beds, undifferent ia ted Tr iass ic  rocks,and the Gatuna Formation. Some 

Tr iass ic  rocks in the center of the h i l l  and Gatuna rocks along the 

northern edge of the  h i l l  are extensively brecciated; whereas a t  other 

l o c a l i t i e s  these rocks appear to  be folded b u t  unbroken. A collapse 

f rac ture  system s imilar  to the  c i rcular  system in Hill  A was not detected. 

H i l l  C 

HI11 C i s  a dome-shaped feature  about 0.5 km (0.3 mi) west of the  

Maroon C l i f f s  ( f i g .  13).  I t  has re l i e f  of about 30 m (100 f t )  and i s  

deeply breached a t  several places. I t  i s  flanked by the  Mescalero 

cal iche which engulfs the Gatuna Formation and hrecciated Tr iass ic  rocks 

with angular blocks of conglomeratic sandstone 3 or more meters (10 f t . 1  

across.  

The T r i a s s i c  rocks are brecciated wherever they are exposed on Hill  C. 

In an arroyo on the western edge of the h i l l ,  Tr iass ic  rocks have 

collapsed against the Dewey Lake Red Beds. This i s  the only 1ocalit.y a t  

the  surface where a t  leas t  a segment of a possible r ing f rac ture  may be 



observed. Other minor fractures offset the Mescalero caliche, but these 

do not follow a ring-like pattern. Locally on the south and west sides 

of Hill C, the Mescalero caliche has been displaced as much as 3 to 4 m 

(10-13 ft). 

Underground workings at the Mississippi Chemical mine are in the 

potash ore zone beneath Hi1 1 C. At a point underlying the hill, a 

well-cemented breccia occupies a cylindrical, chimney-shaped body. This 

breccia consists of angular blocks of anhydrite and halite which have 

collapsed from overlying beds. It is assumed that this body of breccia 

is continuous from the mine workings to the surface. 

The history of Hill C is similar to Hill A: 

1. Rocks of Triassic age collapsed into a circular chimney. 

Neither the Gatuna Formation nor the Mescalero caliche were 

involved in this major event. 

2. The Gatuna Formation was deposited in depressions overlying the 

area of collapse. 

3. The Mescalero caliche was deposited across the entire area about 

500,000 years ago. 

4.  The area surrounding Hill C subsided as a result of regional 

dissolution. 
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5 .  The Mescalero c a l i c h e  has been f r a c t u r e d  over p a r t s  o f  t h e  area 

o f  c o l l a p s e  as a  r e s u l t  o f  read justment  o f  t h e  b r e c c i a t e d  mass. 

O r i g i n  o f  B recc i a  Chimneys 

The o n l y  f e a t u r e s  i n  t h e  - v i c i n i t y  o f  t h e  WIPP s i t e  which c a n  be 

proved t o  be b r e c c i a  chimneys are H i  11s A and C. Both t hese  f e a t u r e s  a re  

expressed a t  t h e  su r f ace  and have co l l apsed  through more than  one 

fo rmat jon .  I t  i s  presumed t h a t  bo th  f e a t u r e s  bot tom beneath t h e  Salado 

Format ion and t h a t  t h e  chimney pene t ra tes  t h e  e n t i r e  f o rma t i on .  

I t  has been proposed t h a t  many and va r i ed  f e a t u r e s  i n  t h e  Delaware 

Bas in  have been formed by b r i n e  d e n s i t y  f l o w  (R .  Y .  Anderson, w r i t t e n  

commun., 1978). Accord ing t o  t h i s  hypothes is ,  unsa tu ra t7d  water  f rom 

u n d e r l y i n g  a q u i f e r s  (Be1 i Cafiyon Format i o n  and Capi t a n  Limestone! r i s e s  

through f r a c t u r e s  i n  t he  C a s t i l e  and Salado Formations f r o m  a  h y d r o s t a t i c  

head. D i s s o l u t i o n  o f  s a l t  increases t h e  water d e n s i t y  w h i c l  causes t h e  

downward f l o w  o f  b r i n e ,  T h i s  i n i t i a t e s  a  f l o w  c y c l e  which d i s s o l v e s  

chambers i n  t he  s a l t .  Col lapse o f  these  chambers r e s u l t s  i n  t h e  

f o r m a t i o n  o f  b r e c c i a  chimneys. 

T h i s  hypothes is  o u t l i n e s  a f e a s i b l e  mechanism f o r  e x p l a i n i n g  t h e  

o r i g i n  o f  H i l l s  A  and C. Both o f  these f ea tu res  are superimposed on t h e  

Capi tan a q u i f e r  system. I n  the area o f  these f ea tu res ,  t h e  Salado 

Format ion r e s t s  on t h e  Cap i tan  Limestone o r  i t s  hackreef  e q u i v a l e n t s .  

Ground water f l o w s  e a s t e r l y  i n  t h i s  a q u i f e r ,  b u t  t he  e a s t e r l y  f l o w  i s  

r e t a r d e d  by  f i n e - g r a i n e d  sediments f i ! 1  i n q  the  submarine canyon complex 

a t  Laguna ( f i g .  3 ) .  



Dur ing  P le is tocene  t ime  t he  r e g i o n a l  dra inage system was a t  h jgher  

e l e v a t i o n s  than a t  p resen t .  About 2 m i l es  n o r t h  o f  Carlsbad (NE1/4 sec. 

19, T. 21 S., R. 27 E.) c o l  japsed b l ocks  o f  cross-bedded Gatuna sandstone 

and conglomerate are a t  l e a s t  15 m (50 f t )  above t h e  present  l e v e l  o f  t h e  

Pecos R i ve r .  I n  P ie rce  Canyon Gatuna channel g rave ls  are more than 30 m 

(100 f t )  above t h e  Pecoi .  These r e l a t i o n s h i p s  i n d i c a t e  t h e  minimum 

a l t i t u d e  o f  t h e  dra inage system d u r i n g  P le is tocene  t ime.  I t  a l so  

i n d i c a t e s  an increased h y d r o s t a t i c  head as compared w i t h  t h e  present 

dra inage system. 

It i s  here suggested t h a t  t h e  h y d r a u l i c  head i n  t h e  Capitan aqu i fe r  

system was h i g h e r  d u r i n g  Gatuna t i m e  which caused e a s t e r l y  movement o f  

f l u i d s  i n  t h e  system. The r e s t r i c t i o n  o f  t h i s  f l o w  by t h e  submarine 

canyon complex a t  Laguna ( f i g .  3)  r e s u l t e d  i n  upward m i g r a t i o n  o f  

unsa tu ra ted  ground wate r  i n  f r a c t u r e s  a t  t h e  p o i n t s  now represented by  

H i  11s A and C. . These f l u i d s  d i s s o l  ved ha1 i t e  and a1 lowed c o l l  apse a t  

these p o i n t s .  

The re1 a t i  ve l y  l o w  t r a n s m i s s i v i t y  of t h e  Capitan a q u i f e r  system i n  t he  

v i  c i  n i  ty  o f  t h e  submari ne canyon complex a t  Lagma has been documented 

(H iss ,  1975, p. 181-199). Observat ion w e l l s  i n  t he  Capitan a q u i f e r  

system which s t r a d d l e  t h i s  submarine csnyon complex (Hiss ,  1973) i n d i c a t e  

t h a t  t h e  h y d r a u l i c  head i n  t h e  Capi tan a q u i f e r  system has been reduced i n  

t h e  v i c i n i t y  o f  t he  Laguna submarine canyon and t h e  t r ansm iss i v i  ty i s  t h e  

l owes t  known i n  t h e  system. 



Since Gatuna t ime,  t h e  Pecos R i ve r  system has eroded downward t o  t h e  

Capi tan a q u i f e r  system i n  the  v i c i n i t y  o f  Carlsbad. Al though h y d r a u l i c  

heads i n  t h i s  a q u i f e r  system are  n e a r l y  h o r i z o n t a l  eas t  o f  t he  Pecos as f a r  

as the  Laguna Canyons, t h e r e - i s  now i n t e r m i t t e n t  f l o w  t o  t h e  west. T h i s  

system i s  now a t  t he  su r f ace  near Carlsbad Springs a long t h e  Pecos, and 

these sp r i ngs  p rov ide  a mechanism fo r  r e l e a s i n g  the  pressure o f  t h e  

h y d r a u l i c  head. So long  as t h i s  p resen t  n a t u r a l  balance i s  maintained, i t  

i s  improbable t h a t  o the r  b r e c c i a  chimneys w i  11 form over t h e  r e e f  a q u i f e r .  

The hypo thes is  o f  b r i n e  d e n s i t y  f l o w  i s  n o t  adequate t o  e x p l a i n  o t h e r  

domal f e a t u r e s  w i t h i n  the  Delaware Basin.  As noted elsewhere i n  t h i s  

r e p o r t ,  t h e  B e l l  Canyon Format ion u n d e r l y i n g  t h e  C a s t i l e  Format ion i s  of low 

p e r m e a b i l i t y .  Owing t o  t h i s  low pe rmeab i l i t y ,  i t  i s  improbable t h a t  

p o r o s i t y  and p e r m e a b i l i t y  o f  t h e  B e l l  Canyon has ever  been adequate t o  

i n i t i a t e  b r i n e  d e n s i t y  f l ow .  I n  a d d i t i o n ,  t h i s  hypothes is  does n o t  p r o v i d e  

f o r  t h e  d i s p o s i t i o n  o f  l a rge  q u a n t i t i e s  o f  b r i n e  i n  t h e  subsurface w i t h i n  

t h e  bas in .  I n  the  v i c i n i t y  o f  H i l l s  A and C b r i n e  cou ld  pass through t h e  

Capi tan a q u i f e r  i n  p laces and move u l t i m a t e l y  ou t s i de  t h e  Delaware Basin;  

whereas b r i n e  w i t h i n  the bas in  would become trapped and immobile. 

The Bottomless Lakes near Roswell , New Mexico, about 120 km (75 m i  ) n o r t h  

of Carlsbad, have some c h a r a c t e r i s t i c s  analogous t o  H i l l s  A and C.  These 

lakes  occupy a  c l u s t e r  of co l l apse  s i nks  i n  gypsum i n  t h e  A r t e s i a  Group, a  

back-reef  f a c i e s  o f  the  Capi tan Limestone ( f i g .  5 ) .  The A r t e s i a  Group i s  

u n d e r l a i n  by t h e  San Andres Limestone o f  Leonardian age which i s  a ma jo r  

a r t e s i a n  a q u i f e r  i n  t h a t  area. 



One of the lakes, Lea Lake, flows a t  the surface w i t h  an artesian 

head. This lake i s  a b o u t  150 m (500 f t )  wide, 290 m (950 f t )  long, and 27 

m (90 f t )  deep (Barker and Navarre, 1959). The depth t o  the San Andres 

Limestone a t  Lea Lake i s  abou t  260 m (850 f t )  . Structure contour maDs 

indicate several closed basins on the upper surface of the San Andres 

(Welder, 1980, p.  25, f ig .  3 ) .  Some of these basins underlie similar 

features i n  valley f i l l  and Lea Lake coincides with the eastern margin of 

such a closed basin. Welder (1980) at t r ibutes  these basins t o  solution 

and subsidence. 

I t  i s  improbable that ground water a t  Hills A or C ever came t o  the 

surface as springs similar t o  those a t  Bottomless Lakes. Anhydrite i s  

preserved in the breccia a t  Hill A and was observed in the d r i l l  core. 

Blocks of ha l i te  are preserved in the brecciated core of Hill C in the 

underground workings of the Mississippi Chemical mine. The presence of 

these rocks indicates that sufficient water was never available t o  

hydrate the anhydrite t o  gypsum or to dissolve the halite.  

Karst Domes 

Domes may be defined as roughly symmetrical structural features whose 

beds dip away in a l l  directions from a central p o i n t .  The s t ra ta  in the 

central core of the dome are older than those on i t s  flanks. In plan, 

domes may raqge from circular t o  elongate. The term "karst dome" i s  

introduced in this  report t o  designate unique structural domes which 

develop in a karst terrain as a result of dissolation and subsidence in 

s a l t  and associated highly soluble rocks. 
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As here def ined,  k a r s t  domes a re  b e s t  developed i n  an area a l ong  t h e  

west s i d e  of t h e  Pecos R i v e r  near  Malaga Bend ( f i g .  15, i n  pocke t ) .  

A l though much o f  t h i s  area i s  u n d e r l a i n  by c h a o t i c  b r e c c i a  o f  t h e  R u s t l e r  

Format ion,  some domes a re  symmetr ica l  and n e a r l y  c i r c u l a r  i n  p l an .  They 

a re  conspicuous features viewed f r om t h e  a i r .  At  o t h e r  p laces  i n  t h i s  

area, t h e  domal s t r u c t u r e  i s  d i s r u p t e d  and i n d i s t i n c t .  The presence o f  

o l d e r  r ocks  surrounded by younger s t r a t a  can be observed o n l y  by t r a c i n g  

and mapping rock  types on t h e  ground. 

An example of a symmetr ical  k a r s t  dome i s  about 1.4 km (0.8 m i  1 west 

o f  t h e  Pecos R i ve r  near Malaga Bend. (The southwest co rner  o f  sec. 19, 

T. 24 S., R. 29 E. i s  near t h e  c e n t e r  of t b i s  dome.) T h i s  i s  a h c ~ t  200 m 

(650 f t )  i n  diameter and n e a r l y  c i r c u l a r  i n  p lan .  It r i s e s  about 10 m 

(35 f t )  above t h e  sur rounding t e r r a i n .  P ink t o  dark r e d  gypsum and 

assoc ia ted  i n s o l u b l e  r es i dues  o f  t h e  Salado Format ion are exposed i n  t + e  

core .  Chaot ic  b r e c c i a  o f  t h e  R u s t l e r  Format ion  caps t h e  Salado c o r e  and 

t h e  Culebra Dolomi te  Mercber o f  t h e  R u s t l e r  i s  draped around t h e  r i m  o f  

t h e  dome. V a r i a t i o n s  o f  these r e l a t i o n s h i p s  a re  displa-yed on seve ra l  

dozen f e a t u r e s  i n  t h e  v i c S n i t y  o f  Malaga and Malaga Bend. 

A search o f  t he  l i t e r a t u r e  has f a i l e d  t o  l o c a t e  p rev ious  d e s c r i p t i o n s  

o f  k a r s t  domes elsewhere i n  t h e  wor ld .  The domes near Malaga Bend have 

been i nc l uded  w i t h  b r e c c i a  chimneys and k a r s t  mo~lnds as " s t r u c t u r a l  

domes" (Vine, 1960). A1 though a1 1 t hese  f e a t u r e s  are s u p e r f i c i a l l y  

s i m i l a r ,  t h e  s t r u c t u r e ,  geo log i c  s e t t i n g ,  and o r i g i n  o f  k a r s t  domes a r e  

d i s t i n c t i v e .  



O r i g i n  o f  k a r s t  domes: Although t h e  na tu re  and o r i g i n  o f  k a r s t  domes 

are unique, t h e y  can be compared w i t h  so -ca l led  " towers"  which develop by 

d i s s o l u t i o n  on l imestone t e r r a i n s  i n  t r o p i c a l  reg ions .  5uch t e r r a i n  has 

been c a l  l e d  " tower ka rs t " ,  " cockp i t  k a r s t n  o r  "Kegel k a r s t " .  Tower k a r s t  

has been descr ibed i n  Puer to  Rico (Monroe, 1976), 3 r a z i l  ( T r i c a r t  and da 

S i l v a ,  196O), Malays ia  ( M i l f o r d ,  1964) and China I S i l a r ,  1.965). Towers 

i n  these  reg ions  va ry  cons iderab ly  i n  form, and t he  types o f  r e ?  i e f  

encountered have been summarized by Balazs (1973). 

Tower k a r s t  i s  charac te r i zed  b.y s teep-s ided d i s c r e t e  l imestone h i l l s  

which r i s e  f rom 100 m t o  more than 300 m above t he  sur rounding t e r r a i n .  

They may be 200 t o  300 m i n  diameter a t  the  base and r i s e  t o  s h a r ~  cones 

a t  t h e i r  peaks. Towers a re  o f  many shapes and forms which have g iven  

r i s e  t o  many l o c a l  terms f o r  these f ea tu res .  Other names f o r  assoc ia ted 

tower-1 i k e  f e a t u r e s  i nc l ude  pepinos and mogotes (Monroe, 1976; Miotke,  

1973) ( f i g .  16 ) .  

Towers may be as c l o s e l y  spaced as 5  t o  ?O f u l l  tower forms Der 

square k i l o m e t e r  (Balazs, 1973, p. 21). I n  some reg ions ,  towers are so 

c l o s e l y  spaced t h a t  c o l l u v i a l  d e b r i s  chokes t he  v a l l e y s  between them t o  

fo rm an impenetrab le  mass o f  broken rock .  

Towers fo rm i n  r e l a t i v e l y  pure l imestone i n  t r o p i c a l  reg ions  o f  h i g h  

r a i n f a l l .  K a r s t  domes are here compared w i t h  towers. A1 though these 

domes a re  i n  a  temperate r eg ion  o f  moderate r a i n f a l l ,  t hey  are formed i n  

much more s o l u b l e  rock s a l t .  The k a r s t  domes are cons idered t o  have 
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formed in the subsurface near the dissolution front of the Salado 

Formation. Near th i s  front the upper surface of t h p  Salado i s  highly 

irregular and dissected by dissolution channels. Insoluble residues of 

the Sal ado Forniation and overlying Rustler Format ion  subside into these 

channels t o  bury and protect the core of the karst dome as i t  develops. 

Some workers have considered that towers in the tropics develop along 

faul t s  and joints where dissolution forms deep trenches or grikes. 

However, in many areas there i s  no evidence that dissolution i s  related 

t o  a joint system (Sweeting, 1973, p. 276).  In the vicinity of Malaga 

Bend the distribution of karst domes appears t o  be random and they are 

presumed t o  have been ini t ia ted on an irregular dissolution surface. 

Karst Mounds 

Both  karst domes and karst mounds form in areas where regional 

dissolution breccias are extensive. I t  i s  presumed t h a t  karst domes have 

been modified somewhat by erosion, b u t  erosion i s  a secondary process i n  

the i r  origin. However, karst mounds are primarily erosional features. 

They are residual h i l l s  of dissolution breccia which have been carved 

ainiost entirely by erosion. 

Many karst mounds are present along the Pecos Valle.y, particularly on 

the east side of the Pecos River (fig.  17 in pocket) from Malaga Bend 



southward t o  near 2ed B l u f f .  They are rough l y  c i r c u l a r  t o  e longa te  and 

h i g h l y  i r r e g u l a r  i n  p lan .  Many are capped by Mescalero c a l i c h e  o r  

Culebra Dolomi te  Member, some are no more than mounds o f  b r e c c i a t e d  

d e b r i s  de r i ved  l a r g e l y  from i n s o l u b l e  residuum o f  t h e  R u s t l e r  Format ion. 

They vary  f rom c i r c u l a r  f e a t u r e s  l ess  than 100 m i n  d iameter  t o  

d iscon t inuous  masses more than  a  k i l ome te r  i n  leng th .  T h e i r  r e l i e f  

v a r i e s  f rom about 3 m t o  as much as 10 m. 

K a r s t  mounds appear n o t  t o  have r o o t s  below t h e  s u r f i c i a l  d i s s o l u t i o n  

b r e c c i a  of t he  R u s t l e r  Formation, whereas bo th  k a r s t  {domes and b r e c c i a  

chimneys a re  deepiy  roo ted  i n  t he  Salado o r  o l d e r  fo rmat ions .  A k a r s t  

mound i n  Nash Draw ( f i g .  18) was d r i l l e d  t o  determine t h e  n a t u r e  o f  i t s  

lower  l i m i t s  (WIPP 32, SE 1/4 sec. 33, T. 22 S., R. 29 E.). T h i s  d r i l l  

h o l e  (WIPP 32) may he compared w i t h  a  d r i l l  ho le  about 1,000 rn t o  t h e  eas t  

(WIPP 29, SE 1/4 sec. 34, T. 22 S., R. 29 E . ) .  NIPP 29 was d r i l l e d  t o  determine 

r u b s u r f  ace s t r a t i g r a p h y  and examine evidence f o r  d i s s o l u t i o n  above 

und i s tu rbed  s a l t  i n  t h e  S3lado Formation. A t  t h a t  p l a c e  markers i n  t h e  

Salado Format ion f r o m  the  101 marker bed downward th rough i t s  Uaca T r i s t e  

Sandstone Member (Adams, 1944) and i n c l u d i n g  t he  I18 marker bed a re  

p resen t .  These beds a re  p resen t  l i k e w i s e  i q  NIP? 32. T h i s  proves t h a t  

t he  h i l l  where WIPP 32 was d r i l l e d  i s  no t  a deep-seated d i s s o l u t i o n  

f e a t u r e .  A t  WIPP 32, beds a re  b recc ia ted  i n  t he  R u s t l e r  Format ion k , t  

t h i s  r e s u l t s  fieom b l a n k e t ,  near-sur face d isso7u t ion .  Many o f  t h e  

prominent h i  11 s and mounds t h a t  have s u r f  i c i  a1 resemhl ance t o  b r e c c i a  

chimneys and k a r s t  domes are only mounds o f  s u r f i c i a l  b recc ia .  



Age o f  B recc ia ted  Topographic Features 

As i n d i c a t e d  above, t h e  major  c o l l a p s e  o f  b r e c c i a  chimneys occurred 

d u r i n g  o r  near t h e  end -of Gatuna t ime  and be fo re  t h e  fo rmat ion  o f  t h e  

Mescalero ca l i che .  Ka rs t  domes and k a r s t  mounds appear t o  have formed 

about t h e  same t ime. Al though t h e  Mescalero c a l i c h e  commonly caps bo th  

k a r s t  domes and k a r s t  mounds, t h e  Mescalero i s  n o t  b recc ia ted  a t  any o f  

these l o c a l i t i e s ,  nor  a re  fragments o f  t he  Mescalero mixed w i t h  t h e  

b recc i a .  A t  a l l  l o c a l i t i e s  where t h e  Mescalero i s  observed around t h e  

f ea tu res ,  i t  engu l f s  t he  u n d e r l y i n g  b recc ia .  

A t  two l o c a l i t i e s  near Malaga Bend, t h e  Gatuna Formation i s  

i n t e rm ixed  w i t h  some b r e c c i a  and may i t s e l f  be b recc i a ted  i n  k a r s t  

domes. A t  bo th  l o c a l i t i e s ,  t h e  Mescalero engu l f s  t h e  Gatuna Format ion 

and i t s  b recc ia .  For  these reasons, b r e c c i a  chimneys, k a r s t  domes, and 

k a r s t  mounds are b e l i e v e d  t o  have formed du r i ng  Gatuna t ime b u t  be fo re  

t h e  beg inn ing  o f  d e p o s i t i o n  o f  t h e  Mescalero ca l i che .  

Misce l laneous K a r s t  Features 

Other topographic  prominences i n  southeastern New Mexico have been 

shown as s t r u c t u r a l  domes o r  r e l a t e d  features on index maps of o t he r  

workers (V ine,  1960). Al though a l l  these f ea tu res  a re  conspicuous on 



a e r i a l  photographs and a re  e a s i l y  l oca ted  on t h e  ground, f i e l d  

examinat ion i n d i c a t e s  t h a t  some are  no more than cal iche-capped h i l l s  

which were carved be fo re  Mescalero t ime.  

One o f  these h i l l s  i s  i n  t h e  nor thwestern p a r t  o f  Nash Draw 

( f i g .  19) .  There c a l  i che  covers Dewey Lake Red Beds which a re  g e n t l y  

f o l d e d  b u t  n o t  b recc ia ted .  Dips as much as 19" were measured b u t  

t h e r e  i s  no r e g u l a r  p a t t e r n  t o  t h e  f o l d i n g .  These f o l d s  a re  presumed t o  

r e s u l t  f rom d i s s o l u t i o n  and h y d r a t i o n  o f  evapo r i t es  i n  t h e  u n d e r l y i n g  

R u s t l e r  Format ion r a t h e r  than  be ing  r e l a t e d  t o  l o c a l  p i p e  fo rmat ion .  

Some c a l  iche-capped h i l l s  southeast  o f  Malaga Bend ( f i g .  17) are s i m i l a r  

f ea tu res ,  a l though many o f  these are k a r s t  mounds. 

I n  t h e  southern p a r t  o f  Nash Draw a prominent h i l l  has been i n d i c a t e d  

as a " s t r u c t u r a l  dome" (Vine, 1960). Complex f o l d i n g  and b r e c c i a t i o n  a t  

t h i s  l o c a l i t y  i s  t h e  r e s u l t  o f  c o l l a p s e  i n t o  l o c a l  caverns which have 

s i nce  been exhumed ( f i g .  20).  T h i s  i s  an example o f  anc ien t  " s o l u t i o n  

and f i l l "  which occurred du r i ng  Gatuna t ime. The Gatuna Format ion i s  

b r e c c i a t e d  and o v e r l a i n  i n  p laces by  remnants o f  co l l apsed  Magenta 

Do lomi te  Member of t h e  Rus t l e r .  T h i s  prominence i s  somewhat unusual 

because it i s  no t  now capped by c a l i c h e .  



D i s s o l u t i o n  Dur ing  Geolog ic  H i s t o r y  

Major  d i s s o l u t i o n  occurs  w h i l e  l a n d  masses a re  above sea l e v e l .  
- 

Regiona l  u p l i f t s  have occurred i n  southeastern  New Mexico f o l l o w i n g  b o t h  

Permian and Cretaceous t imes.  Consequently, t h e r e  i s  a  long h i s t o r y  o f  

d i s s o l u t i o n  i n  t h e  Delaware Bas i  -. Al though C a s t i l e  and Salado r o c k s  are  

t r a n s i t i o n a l  i n  t h e  c e n t r a l  p a r t  o f  t h e  bas in ,  some d i s s o l u t i o n  occurred 

l o c a l l y  a f t e r  C a s t i l e  and b e f o r e  Salado t i m e  (Adams, 1944, p. 

1622-1624). D i s s o l u t i o n  occurred aga in  a long t h e  western edge of t h e  

b a s i n  a f t e r  Salado and b e f o r e  R u s t l e r  t i m e  and d u r i n g  T r i a s s i c  t ime  

(Adams, 1944, p.  1622-1624). I n  a d d i t i o n  t o  be ing  above sea l e v e l  

t h r o u g h o u t ~ T r i a s s i c  t i m e  t h e  r e g i o n  was above sea l e v e l  through J u r a s s i c  

and aga in  f r o m  t h e  beg inn ing  o f  T e r t i a r y  t i m e  t o  t h e  present.  I n  

summary, t h e  r e g i o n  has been above sea l e v e l  f o r  a  minimum o f  154 m i  11 i o n  

y e a r s  and below sea l e v e l  l e s s  than  71 m i l l i o n  years  s i n c e  t h e  end o f  

Permian t i m e  (see t a b l e  1). 

Adams (1929, p. 1050) b e l i e v e d  t h a t  as much as 123 m (400 f t )  o f  

upper  Permian beds may have been removed f rom t h e  Delaware Basin by 

e r o s i o n  d u r i n g  T r i a s s i c  t ime .  McGowen and o thers  (1977, f i g .  3.42) 

i n d i c a t e  t h e  d e p o s i t i o n a l  wedge-edge o f  t h e  Dockum Group along a  l i n e  

t r e n d i n g  n o r t h e a s t e r l y  through Eddy County, New Mexico, near t h e  p resen t  

westernmost outcrops o f  t h e  Dockum. They a l s o  i n d i c a t e  stream d e p o s i t s  

t r e n d i n g  e a s t e r l y  across t h e  Delaware Bas in  f rom a  h igh land  i n  t h e  

v i c i n i t y  of t, 2 present  Sacramento u p l i f t .  These stream systems would 

have eroded and d i s s o l v e d  p a r t s  o f  t h e  Permian e v a p o r i t e  sequence a long 

t h e  western margin o f  t h e  bas in .  
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S t r a t i g r a p h i c  r e 1  a t i o n s  o f  T r i a s s i c  r ocks  preserved i n  t h e  western 

p a r t  of t h e  Delaware Basin a l so  i n d i c a t e  t h a t  e ros ion  and r e g i o n a l  

d i s s o l u t i o n  i n  t he  area o f  t he  present  Pecos dra inage occurred be fo re  and 

d u r i n g  T r i a s s i c  t ime.  ~ r i a s s y c  rocks  r e s t  on t he  Permian Culebra 

Dolomi te  Member o f  the  R u s t l e r  i n  an area o f  co l l apse  b r e c c i a  about 8 km 

( 5  m i )  no r t heas t  o f  Car lsbad (secs. 12 and 13, T. 21  S., R. 27 E.). 

Along t he  eas t  s i de  o f  t h e  Pecos R i ve r  near Red B l u f f  Reservo i r  (NE 1/4 

NW 1/4 sec. 21, T. 26 S., R. 29 E.) b l ocks  o f  T r i a s s i c  conglomerate about 

150 t o  180 m (500-600 f t )  across r e s t  on, o r  ad jacent  t o ,  t h e  Culebra. 

The Magenta Dolomi te  Member of t h e  R u s t l e r  i s  absent. 

These r e l a t i o n s  suggest t h a t  T r i a s s i c  rocks  were depos i ted  on an 

e ros ion  sur face  which c u t  across t he  R u s t l e r  Formation. I t  i s  assumed 

t h a t  d i s s o l u t i o n  accompanied t h i s  e ros ion  ( f i g .  10).  Some o f  t h e  

d i s s o l u t i o n  b recc ias  descr ibed  i n  t h e  C a s t i l e  and Salado i n  t h e  western 

and southwestern p a r t  o f  t h e  Delaware Basin (Anderson and o thers ,  1978) 

may have formed a t  t h i s  t ime.  The areas where T r i a s s i c  rocks  anpear t o  

have lapped across t h e  R u s t l e r  co inc ide  remarkably w i t h  t h e  areas o f  

h a l i t e  d i s s o l u t i o n  i n  t h e  s u b s u r f a c ~ .  

Dur ing  t h e  Ju rass i c  Pe r i od  t h a t  f o l  lowed, southeastern New Mexico 

con t inued  t o  be above sea l e v e l  and was an area o f  nondeposi t ion.  

A l though e ros ion  was a dominant process, t he re  i s  no ev idence f o r  

mountain b u i l d i n g  i n  t he  r e g i o n  d u r i n g  t h i s  t ime. 



Much evidence f o r  Ju rass i c  paleogeography l i e s  o u t s i d e  sout$eastern 

New Mexico. The nearest  depos i t s  o f  Ju rass ic  age a re  i n  t h e  U p ~ e r  

Ju rass i c  Malone Format ion i n  t h e  Malone Mountains, Yudspeth County, 

Texas, about 177 km (110 m i )  southwest o f  Carlshad. These rocks  were 

depos i ted  i n  a near-shore marine environment ( A l b r i t t o n ,  1938, p. 1764) 

i n  a sea t h a t  extended f a r  t o  the  south i n  Mexico. Con t inen ta l  depos i ts ,  

i n c l u d i n g  windblown sand, o f  Ju rass ic  age a re  present  about 282 km (175 

m i )  n o r t h  o f  Carlsbad i n  eas t - cen t ra l  New Mexico. These sediments were 

de r i ved  f rom the  south.  These paleogeographic r e l a t i o n s  i n d i c a t e  t h a t  

southeastern New Mexico was above sea l e v e l  du r i ng  a l l  o f  Ju rass ic  t ime  

( a t  l e a s t  54 m.y.). 

Lang (1947) imp l i ed  t h a t  Cretaceous s t r a t a  south o f  Whites City 

r e s t e d  on Dewey Lake Red Beds ( f i g .  9). However, r eg i ona l  geo log ic  

r e l a t i o n s  do no t  suppor t  h i s  i n t e r p r e t a t i o n .  Lang 's  diagram (1947, f i g .  

1) i s  drawn along a n o r t h  south l i n e  b u t  h i s  i n t e r p r e t a t i o n  o f  t he  

s t r a t i g r a p h i c  r e l a t i o n s  may be compared w i t h  f i g u r e  30 o f  t h i s  r e p o r t .  

A t  Lang 's  l o c a l i t y ,  r e s i s t a n t  deb r i s  f r ow  t h e  Rus t le r ,  Dewey Lake, o r  

T r i a s s i c  u n i t s  i s  n o t  observed. The grave l  he descr ibed aopears t o  be 

d e r i v e d  e n t i r e l y  f rom conglomerat ic  Cretaceous rocks.  About 2 km south 

o f  Lang 's  l o c a l i t y  angular  b l ocks  o f  Culebra Dolomite Member a re  mingled 

w i t h  Cretaceous d e b r i s  and t h e r e  i s  an exposure of Culebra apparen t l y  

r e s t i n g  on C a s t i l e  gypsum, nearby. A ca re fu l  search was made i n  t h i s  

immediate area f o r  o t h e r  rock types bu t  they  were no t  observed. 



These field relations suggest the following conditions along the 

western edge of the Delaware Basin in New Mexico: 

1. The Salado Formation has been removed completely from this area 

allowing the Culebra Dolomite Member of the Rustler Formation to 

rest on the Castile Formation. 

2. Rocks above the Culebra Dolomite Mernber and below Cretaceous 

strata were never deposited or were removed before Cretaceous 

deposition. 

3. Cretaceous rocks lap westward across the Culebra Dolomite Member 

to rest on earlier Permian rocks in the Cornudas Mountains to 

the west. 

The abcve evidence is presented to show that major dissolution and 

erosion occurred in the Delaware Basin before Cretaceous time (fig. 10). 

However, erosion and dissolution did not cease with the advance and 

withdrawal of Cretaceous seas. The coll apse sink occupied by Cretaceous 

debris at Lang' s locality formed after 1 itbif ication of the Cretaceous 

sediments, presumably during Cenozoic time. 

The many active, shallow karst features in the Delaware Basin 

indicate that dissolution is continuing in the region today, but there is 

no positive evidence that deep-seated dissolution is an active process 

within the basio. However, owing to the long history of dissolution in 



t h i s  reg ion ,  i t  appears imp rac t i ca l  t o  es t imate  a  r a t e  o f  d i s s o l u t i o n  D r  

a  r a t e  o f  w i thdrawal  o f  h a l i t e  along a  h y p o t h e t i c a l  f r o n t .  The r a t e s  o f  

d i s s o l u t i o n  proposed p r e v i o u s l y  b y  Bachman and Johnson (1973, p .  21) and 

Bachman (1974, p. 68-71] were based on t h e  assumption t h a t  a l l  measurable 

d i s s o l u t i o n  occurred d u r i n g  Cenozoic and Quate rnary  t ime.  Those 

est imates a re  now cons idered t o  be i n v a l i d  because a  cons ide ra t i on  o f  t h e  

amount o f  d i s s o l u t i o n  which probably  occurred d u r i n g  T r i a s s i c  and 

Ju rass i c  t ime  would d e r i v e  a  much slower r a t e  o f  d i s s o l u t i o n  f o r  t h e  

r eg ion .  

The es t imates  f o r  t h e  age o f  Nash Draw proposed by  Bachman 1,974, p. 

68-71) a re  a lso  t o o  young. More recen t  work i n d i c a t e s  t h a t  much o f  Nash 

Draw formed by s o l u t i o n - a n d - f i l l  be fo re  Mescalero, and even Gatuna, 

t ime.  A l though t h e r e  are places i n  Nash Draw where t h e  Mescalero c a l  i che  

has slumped s ince  i t s  depos i t i on ,  t he re  are many l o c a l i t i e s  along t h e  

eas t  s i de  o f  Nash Draw where t h e  c a l i c h e  was depos i ted  on t he  slopes and 

i n  t he  bot tom o f  an anc ien t  topographic  bas in .  T h i s  c a l i c h e  has been 

weathered and eroded b u t  remnants of depos i t i ona l  morphology a re  

p resen t .  



PALEOCL IMATE 

Over long  i n t e r v a l s  o f  geolog ic  t ime c l ima te ,  p a r t i c u l a r l y  r a i n f a l l  

and evapora t ion ,  in f luences <he ground-water regime which i n  t u r n  i s  t h e  

major  f a c t o r  i n  evapo r i t e  d i s s o l u t i o n .  The present  c l i m a t e  i n  

southeastern New Mexico i s  warm semiar ia  t o  a r i d .  Records over t h e  ~ a s t  

60 years  a t  Lake Avalon near Carlsbad i n d i c a t e  t h a t  average annual 

r a i n f a l l  i s  about 280 mm (11  i n . ) .  Dur ing  t h e  past  20-30 years t h e  

annual mean temperature has been about 1 7 ' ~  (62.8'~) and annual pan 

evapo ra t i on  has been about 2,500 mm (98 i n . )  (Gabin and Lesperance, 1977, 

p. 123) .  

C l imate  f l u c t u a t e s  from year  t o  ,year, b u t  cumulz t i ve  e f f e c t s  o f  

long-range v a r i a t i o n s  are impe rcep t i b l e  because they  span longer  t ime  

t han  recorded  h is to r3y .  For t h i s  reason t h e  s tudy o f  pa leoc l imate  i s  

dependent on observa t ions  i n  many d i s c i p l i n e s .  These i nc l ude  t h e  s tudy  

o f  i so topes  such as rad iocarbon and uranium ser ies ,  paleobotany and 

p o l  1  en records,  geomorphology and s o i  1  s  (Lamb, 1977) . 

C l ima te  d u r i n g  T r i a s s i c  t ime f l u c t u a t e d  f rom a r i d  t o  humid, 

t r o p i c a l .  Dur ing a r i d  i n t e r v a l s  Dockum lakes  were reduced i n  s i z e  and 

t h e i r  sediments c o n t a i n  gypsum c r y s t a l  s  and s a l t  hoppers (McGowen and 

o thers ,  1977, p. 39) .  During humid phases streams meandered across t h e  

t e r r a i n  which supported a t r o p i c a l  t o  s u b t r o p i c a l  f l o r a  (Ash, 1972, p .  

127). The humid t r o p i c a l  c l ima te  would have been p a r t i c u l a r l y  conducive 

t o  t h e  d i s s o l u t i o n  o f  evapor i tes.  



Hal lman (1975, p. 178) b e l i e v e s  t h a t  d u r i n g  J u r a s s i c  t i m e  w o r l d - a i d e  

c l i m a t e  was more equable  t h a n  c l i m a t e  today.  There were no p o l a r  i c e  

caps and t h e r e  was a  more modest d e c l i n e  o f  a i r  and sea temperatures  w i t h  

i n c r e a s i n g  l a t i t u d e .  d idespread  d e p o s i t s  o f  Lower and Y i d d l o  J u r a s s i c  

e o l i a n  sand and M i d d l e  and Upper J u r a s s i c  gypsum i n  n o r t h e r n  New Mexico 

i n d i c a t e  a  warm a r i d  c l i m a t e  i n  t h a t  area. J u r a s s i c  t i m e  may have ended 

w i t h  an inc rease  i n  h u m i d i t y  because s t ream depos i t s  w i t h  some i n t e r b e d s  

o f  carbonaceous s h a l e  f rom l a t e  i n  t h e  J u r a s s i c  P e r i o d  t r e n d  n o r t h e r l y  

f r o m  c e n t r a l  New Mexico.  

I n  b o t h  Europe and N o r t h  America c l i m a t e  d e t e r i o r a t e d  th rough  t h e  

T e r t i a r y .  There was a  c o o l i n g  t r e n d  th roughou t  t h e  p e r i o d  (West, 1977, 

p. 212-213; Wolfe, 1378)) and near t h e  end o f  T e r t i a r y  t i m e  p o l a r  i c e  caps 

formed. The f i r s t  appearance o f  i c e - r a f t e d  d e b r i s  i n  t h e  N o r t h  A t l a n t i c  

was about 3  m i l  1  i o n  y e a r s  ago, b u t  t h i s  may n o t  have marked t h e  f i r s t  

expans ion o f  i c e  sheets  o v e r  Europe and N o r t h  America (Berggren and Van 

Couver ing,  1974, p. 150-151). However, t h i s  T e r t i a r y  i c e - r a f t e d  d e b r i s  

i n d i c a t e s  t h a t  i c e  caps began t o  fo rm b e f o r e  P l e i s t o c e n e  t ime.  I n  t h e  

southwestern  U n i t e d  S t a t e s  t h e r e  was p r o g r e s s i v e  d e t e r i o r a t i o n  d u r i n g  

Miocene and P l i o c e n e  t i m e  f rom m i l d  c l i ~ n a t e  w i t h  a r b o r e a l  f l o r a  th rougn  

l u s h  grass lands which were i n  t u r n  d e s s i c a t e d  by extreme l o w e r i n g  o f  t h e  

wa te r  t a b l e .  Windblown sand w i t h  i n te rbedded  carbon..:e pans i s  a  major  

f a c i e s  o f  O g a l l a l a  sed imen ta t ion  i n  southeastern  New Mexico. 



Quaternary Climate - 

The Quaternary Period includes the Pleistocene and Holocene Epochs. 
- 

Pleistocene time began about 1.8 mil 1 ion years before the present (BP) . 
It was a time of world-wide lowering of temperatures, accumulation of 

massive ice sheets, and advance and retreat of glaciers on the 

continents. Distribution of plants and animals changed with the wide 

fluctuations in climate. 

The time-stratigraphjc classification of the Quaternary general ly 

accepted in the glaciated regions of the central United States is shown 

on Table 4. Each glaciation stage was accompanied by multiple 

glaciations (Frye and Wil lman, 1965, p. 86; Frye and others, 1965). Some 

of these individual glaciations are marked by the formation of 

interglacial soils. All the major glaciation stages are marked by long 

interstad i al interval s of cl imate moderation and soi 1 format ion. 

Correlation of these classic units within parts of the central United 

States as we71 as to events in the Southwest is tentative except for 

localities where absolute ages are comparabl :. "Some classic concepts of 

Quaternary stratigraphy developed elsewhere are not applicable to the 

arid regions of the southwestern United States" (Hawley and others, 1976, 

p. 243) ,  and "interpretation of Quaternary history in much of the lower 

Fecos Valley.. . is complicated by the long history of subsidence 
resulting from dissolution of evaporites" (Hawley and others, 1976, D. 

2 4 6 ) .  



T a b l e  4.--Quaternary g e o l o g i c - c l i m a t e  and t i m e - s t r a t i g r a p h i c  u n i t s  i n  t h e  

c e n t r a l  U n i t e d  S t a t e s  and c o r r e l a t i o n s  t o  southeastern  New Mexico 

( m o d i f i e d  f r o m  Hawley and o t h e r s ,  1976, t a b l e  3) 

CENTRAL LINITED STATES SE NEW MEXICO AGE 
( y r s  B P I  

Holocene P layas,  windblown sand 10,000 

Wisconsinan (G) Streams, spr ings,  l akes  75,000 

Sangamon ( I )  ? 

I l l i n o i a n  (G) ? 

Yarmouth ( I )  B e r i n o  s o i l  

Mesca lero  c a l  i c h e  

Kansan (G) Gatuna Format ion 

A f t o n i a n  ( I )  ? 

Nebraskan (G)  ? 

G-Gl a c i a l ;  I - I n t e r s t a d i a l  



There i s  a  major  h i a t u s  between P l iocene  and P le i s t ocene  depos i t s  i n  

sou theas te rn  New Mexico and e a r l y  P le i s t ocene  t i m e  appa ren t l y  i s  n o t  

represented.  The Gatuna Format ion may rep resen t  p a r t ,  o r  a l l ,  o f  e a r l y  

and m idd le  P le i s t ocene  t i m e  b u t  t h e r e  i s  no d i r e c t  ev idence f o r  t h i s  

range i n  age. The presence of P e a r l e t t e  t y p e  "0" v o l c a n i c  ash i n  t h e  

upper p a r t  o f  t h e  Gatuna i n d i c a t e s  o n l y  t h a t  t h e  upper Gatuna i s  

e q u i v a l e n t  t o  m idd le  P le is tocene ,  l a t e  Kansan, t ime. 

Kansan t ime  i n  t h e  Great P l a i n s  r e g i o n  of western Texas, Oklahoma, 

and Kansa- was marked b y  deep stream i n c i s i o n ,  and Kansan a l l u v i a t i o n  i n  

t h a t  a rea  d i s p l a y s  a  coarse t e x t u r e  (F rye  and Leonard, 1957, p. 6 ) .  I n  

sou theas te rn  New Mexico t h e  Mescalero scarp eas t  of t h e  Pecos R i v e r  was 

carved (Frye, 1972). Mo i s t  c l i m a t e  which suppor ted p r a i r i e  grasses and 

b e l t s  o f  t r e e s  and shrub; a long  v a l l e y s  c h a r a c t e r i z e d  t h i s  t ime  (F r ye  and 

Leonard, 1957, p. 9 ) .  

Coarse g r a v e l s  i n  t?. Gatuna Format ion suggest t h a t  du r i ng  i t s  

d e p o s i t i o n  streams had more c a r r y i n g  c a p a c i t y  than  a t  any t ime  s ince.  

Overbank and f l o o d  p l a i n  depos i t s  i n  t h e  Gatuna commonly have abundant 

molds o f  grasses 2nd reeds which i n d i c a t e  more widespread bodies o f  water 

than  a t  p resen t .  Co l lapse  s i n k s  i n  t he  Gatuna i n d i c a t e  t h a t  d i s s o l u t i o n  

was an a c t i v e  process i n  Nash Draw and elsewhere i n  southeastern New 

Mexico. 

On t h e  Great P l a i n s  t o  t h e  eas t  " t he  b u r i e d  Yarmouth s o i l  p r o f i l e  

r e f l e c t s  development under grass lands cover "  (F rye  and Leonard, 1957, p. 

10) .  The Mesca1er.o c a l i c h e  and Ber i l i o  s o i  1  r e f l e c t  s i m i l a r  c o n d i t i o n s  on 



t he  geomorphic su r face  across t h e  WIPF s i t e .  The p h y s i c a l  

c h a r a c t e r i s t i c s  o f  these two s o i l s  i n d i c a t e  cont inuous semiar id  c l ima te  

d u r i n g  t h e  p a s t  300,000 t o  500,000 years .  There has Seen adequate 

r a i n f a l l  t o  leach a l l  carbonates through t he  Ber ino  s o i l  and i n t o  t he  

u n d e r l y i n g  Mescalero c a l i c h e .  There has n o t  been enough r a i n f a l l  t o  

leach  away t h e  Mescalero. The p rese rva t i on  o f  these two s o i l s  suggests 

annual r a i n f a l l  o f  no t  l e ss  than 75 t o  100 mm (3  t o  4  i n )  nor  more than 

about 750 mm (30 i n )  over extended per iods.  Extreme hum id i t y  would have 

served t o  d i s s o l v e  t h e  ca l i che ;  extreme a r i d i t y  would have dess icated t he  

Be r i no  s o i l .  

Wisconsin c l i m a t e  has been s tud ied  e x t e n s i v e l y  through var ious 

d i s c i p l i n e s ,  and t h e r e  i s  an overwhelming mass o f  l i t e r a t u r e  on t h i s  t ime 

i n t e r v a l .  Even w i t h  a l l  these s tud ies  t h e r e  i s  n o t  a  unanimous op in ion  

on t h e  na tu re  of t h a t  c l i m a t i c  regime. Berggren and Van Couvering (1974, 

p. 148) s t a t e  t h a t  "past  c l ima tes  a re  beyond our  grasp.. . ." A f t e r  

s t udy ing  anc ien t  p l a n t  communities Van Devender and o thers  (1979, p. 28) 

suggest t h a t  i t i s  t he  present  c l i m a t e  which i s  unusual. They s t a t e  t h a t  

most b i o t a  have l i v e d - l o n g e r  under P le is tocene  g l a c i o - p l u v i a l  c l ima tes  

than  under t h e  p resen t  i n t e r g l a c i a l  cond i t i ons .  

Many a t tempts  t o  dez ipher  P le is tocene  c l imates  have concentrated 00 

t h e  l a s t  f u l l - g l a c i a l  i n t e r v a l  about 25,000 t o  13,000 years  BP. It has 

been commonly accepted t h a t  g l a c i a t i o n  stages i n  t h e  nor thern  and cen t ra l  

U n i t e d  S ta tes  have been accompanied by  per iods  o f  h igher  r a i n f a l l ,  o r  



" p l u v i a l "  per iods  (Leopold, 1951; Antevs, 1954; Reeves, 1966, 1973) ; b u t  

t h i s  concept o f  " p l u v i a l "  per iods  has r e c e n t l y  been challenged. Gal loway 

(1970) be l i eved  t h a t  p r e c i p i t a t i o n  d u r i n g  t he  l a s t  f u l l - g l a c i a t i o n  i n  t h e  

southwestern Un i t ed  States was f rom 80 t o  90 percent  o f  present  amounts. 

Brackenr idge (1978) c a l c u l a t e d  water budgets and recorded lowest  

e l e v a t i o n s  o f  downs lope movements o f  sa tu ra ted  reg01 i t h  (permaf r o s t  o r  

cryogenic  depos i ts )  and concluded t h a t  t h e  l a s t  f u l l - g l a c i a l  c l i m a t e  was 

c o l d  and dry.  However, Reeves (1973) s tud ied  p laya  depressions on t h e  

High P l a i n s  and be l ieves  t h a t  d u r i n g  l a t e  Ple is tocene t ime increased 

r u n o f f  was necessary t o  m a i n t a i n  l a k e  l eve l s .  Dury i1973) r econs t ruc ted  

t h e  paleohydro logy o f  c losed  l a k e  bas ins  i n  New South Wales, A u s t r a l i a ,  

and r e j e c t e d  any hypothes is  t h a t  former lakes were associated w i t h  

reduced p r e c i p i t a t i o n .  

Two recen t  symposia on b i o t i c  communities i n  t h e  Chihuahuan Deser t  

and t h e  Guadalupe Mountains p rov ide  bas i c  data f o r  i n t e r p r 2 t i n g  t h e  

Wisconsin and Holocene c l i m a t i c  f l u c t u a t i o n s  i n  southeastern New Mexico. 

Only  t h e  genera l  i n t e r p r e t a t i o n s  presented i n  those sjmposia are o u t l i n e d  

here. 

From a fauna i n  Dry Cave about 25 km (15 m i )  west o f  Carlsbad,Harris 

(1977, p. 38) deduced t h a t  be fo re  t h e  l a s t  f u l l  g l a c i a l  (more than 25,000 

years  BP) temperatures were l e s s  extreme, surnmer temperatures coo le r ,  and 

mo is tu re  was more e f f e c t i v e .  The peak o f  t h e  l a t e  Wisconsin p l u v i a l  may 

be represented by another fauna i n  Dry Cave (about 15,030 - + 210 3P). 



From this fauna Harris (1977, p. 38-46) suggests sout$eastward migration 

of species from the Great Basin region and a different seasonality of 

precipitation. He believes that a low precipitation was uniformly 

distributed throughout the year. 

Elsewhere Harris (1970) has compared the fauna and flora of Dry Cave 

with the present Transitional Life Zone of central Wyoming. He believes 

the biotic cornmuni ty included sagebrush (Artemesia tri 'entata) 

intermingled with grasses on gentle north-facing slopes. South-facing 

slopes carried a well developed grassland with occasional Ponderosa 

pine. The presence of prairie dog bones indicates deeper soil mantle 

than found today in that area (Harris, p. 2970, p. 17). 

Logan and Black (1979, p. 156) postulate that approximately 11,000 

years ago climatic conditions in the southern Guadalupe Mountains may 

have been similar to present climatic conditions in the Black hills of 

South Dakota. Van Devender and others (1979, p. 26) reject the concept 

of extreme Pleistocene timberline depression of 1300 to 1400 m proposed 

by Gal loway (1970). 

In east-central New Mexico Leonard and Frye (1975) studied late 

Pleistocene molluscan faunas and concluded that they indicate a pluvial 

period from 18,000 to 13,000 BP. At that time numerous small lakes and 

ponds dotted that region. They observe that the volume of present lakes 

in that region fluctuates with seasonal precipitation, temperature and 

air movements but that the lakes seem to be in equilibrium with runoff 



and evaporat ion.  They s t a t e  t h a t  t h i s  d e l i c a t e  balance can be d i s t u r b e d  

by  changes i n  p r e c i p i t a t i o n ,  f l u c t u a t i o n s  i n  r a tes  o f  evapo ra t i ve  l o s s  o r  

a  combinat ion of these two fac to rs .  'Loss from a l a k e  su r f ace  i s . . .no t  

c l o s e l y  r e l a t e d  t o  mear. annual temperature,  b u t  responds t o  extremes." 

They conclude t h a t  t h e  smal l  p l u v i a l  1  akes of t he  18,000 t o  13,000 BP 

p e r i o d  mainta ined t h e i r  l e v e l s  by  decreased evaporat ion du r i ng  lowered 

summer extreme temperatures and by  increased p r e c i p i t a t i o n  (Leonard and 

Frye, 1975, p. 30). 

We l l s  (1966, 1977, 1979; Wel ls  and Berger, 1967) has developed a 

r e g i o n a l  approach t o  l a t e  Quate rnary  c l i m a t e  through t h e  s tudy  o f  pack 

r a t  (Neotoma) middens. These middens a re  compacted r e f u s e  heaps o f  p l a n t  

food  debr is ,  f x a l  p e l l e t s  and d r i e d  u r i ne .  Older depos i ts  a re  dark 

brown o r  amber-colored masses veneered by wood r a t  u r i ne .  Tfiey a re  

amenable t o  s tudy by  rad iocarbon  d a t i n g  and ana lys is  o f  p l a n t  

communities. Radiocarbon dates show ages f rom modern, Holocene, th rough  

t h e  l a s t  f u l l  g l a c i a l  t o  more than  40,000 BP. 

Pack r a t  middens have been s t u d i e d  over many p a r t s  o f  t h e  

southwestern Un i ted  S ta tes  from Frenchman F l a t  i n  western Nevada (We1 1s 

and Berger,  1967) t o  t h e  Chisos l lounta ins i n  t he  B ig  Bend reg ion,  Texas 

(Wel ls ,  1966). I n  t h e  Chisos Mauntains t h e r e  was a downward displacement 

o f  woodland vege ta t ion  (p inyon- jun iper -oak)  as much as 800 m (2620 f t )  

du r i ng  t h e  Wisconsin p l uv i a l ,  b u t  t h e r e  was a lack o f  displacement o f  

montane spec ies (Ponderosa pine, Doug1 as f i r  and b road- lea f  deciduous 



t r e e s )  (Wel ls,  1966).  I n  t h e  l a t i t d d e  o f  Frenchman F l a t ,  Nevada, t h e r e  

was a  s i m i l a r  d isp lacement  o f  about 500 m  (1970 f t )  o f  j u n i p e r  woodlands 

as l a t e  as 9000 t o  10,000 BP (We l l s  and Berger, 1967). I n  b o t h  t h e  

Chisos Mountains and a t  Frenchman F l a t  t h e r e  was coex is tence  o f  some 

d e s e r t  o r  semi d e s e r t  spec ies  w i t +  t h e  woodland f l o r a .  

I n  summarizing d a t a  f rom many l o c a l i t i e s  i n  t h e  southwestern U n i t e d  

S t a t e s  Wel ls (1979, p. 324) be1 ieves t h a t  t h e r e  was a  nor thwes t  t o  

southeast  i nc rease  i n  t h e  monsoonal g r a d i e n t  o f  summer r a i n  w i t h  a  

r e l a t i v e l y  c o o l  d r y  Mojave r e g i o n  on t h e  nor thwest  and a  r e l a t i v e l y  warm 

m o i s t  Chihuahuan p r o v i n c e  on t h r  ~ u t h e a s t .  Th is  monsoonal g r a d i e n t  was 

s i m i l a r  t o  t h e  p r e s e n t  g r a d i e n t ,  b u t  t h e  Wisconsinan g r a d i e n t  was 

somewhat steeper.  I n  t h e  n o r t h e r n  Chihuahuan Deser t  t h e r e  was a  

dominance o f  p inyon, j u n i p e r  and scrub oak over t h e  r e g i o n  b u t  t h e r e  was 

no t r a c e  of c reoso te  bush ( L a r r e a  d i v a r i c a t a )  i n  depos i t s  o f  p l u v i a l  age 

(Wel ls ,  1977, p. 79) .  The p r e s e n t  deser t  f l o r a  w i t h  i t s  dominance o f  

c r e o s o t e  bush evo lved  l e s s  than  11,500 years  ago (Wel ls,  1977, p. 82). 

Observat ions d u r i n g  t h e  p r e s e n t  study c o n f i r m  more humid 

c o n d i t i o n s - - a  " p l u v i a l  pe r iodM- -near  t h e  end of P l e i s t o c e n e  t i m e  i n  t h e  

v i c i n i t y  of .he WIPP s i t e .  A p e r e n n i a l  l a k e  i n  C lay ton  Bas in  t o  t h e  

n o r t h  of t h e  s i t e  covered a t  l e a s t  18 sq km ( 7  sq mi ) .  Apparen t l y  t h e  

waters  o f  t h i s  l a k e  were h i g h  i n  s u l f a t e s  and t h e  o n l y  abundant 

i n h a b i t a n t  was a  common s n a i l  (Physa v i r g a t a ) .  The s h e l l s  a re  

th in -wa l led ,  b u t  t h i s  spec ies  i s  hardy and wide spread (A.  L. Fletcal', 

w r i t t e n  commun., J u l y  24, 1980). 



Fossil clans (Megalonaias gigantea) are common in gravels in the bed 

of the Pecos River near McMillan Dam (NW1/4 sec. 11, T. 20 S., R. 26 

E.). These shells have been dated 13,620 - + 300 BP (E. Spiker, USGS 

Radiocarbon Determ. 12/7/78, W-4182). They 1 ived in relatively clear, 

running water following an influx of carbonate gravel derived from the 

northern Guadalupe Mountains. The gravels in the river bed are assumed 

to be late Pleistocene and indicate that the Pecos River had incised to 

its present position before the end of Pleistocene time. 

In summary, the concept of pluvial periods in southern regions which 

accompanied glaciations in the north has more basis than the concept of 

cold, dry full glacial periods. During periods of glaciation 

temperatures, although cooler throughout the year, may not have been as 

extreme. Annual rainfall was somewhat higher but distributed throughout 

the year and more effective. Evaporation was lower and runoff 

increased. Sone life zones were considerably depressed in elevation as 

compared with present zones and pinyon-juniper-oak woodland species 

mingled with semi desert species. 

It may be assumed that dissolution of evaporftes was more intense 

during pluvial periods. Ervsion is an effective agent during periods of 

aridity because vegetation which holds soils and promotes infiltration is 

more sparse. Infiltration and dissolution are processes which accompany 

periods of effective moisture. 



SUMMARY AND C9NCLUSIONS 

The purpose o f  t h i s  s tudy has been t o  determine if t h e r e  are 

c o n t i n u i n g  geo log ic  processes i n  t h e  Delaware Bas in  which may pose a  

t h r e a t  t o  t h e  proposed WIPP s i t e .  The preserved geolog ic  record  of 

e ros i on  and d i s s o l u t i o n  have been examined t o  l e a r n  t h e  p a t t e r n  of these 

processes i n  geo log ic  h i s t o r y .  

The s a l t  beds a t  t h e  proposed s i  .e have been preserved f o r  about 225 

m i l l i o n  years.  Some d i s s o l u t i o n ,  i n  p laces  o f  aa jo r  p ropor t ions ,  has 

occur red  i n  t he  Delaware Basin i n t e r m i t t e n t l y  dur ing  t h i s  long  pe r i od  o f  

t ime.  The Salado Form;:ion i t s e l f  has been d issc7ved  and preserved o n l y  

as a  mass o f  chao t i c  b r e c c i a  along i t s  western 1 -  2 o f  outcrop. The 

neares t  exposures of t h i s  b r e c c i a  t o  t h e  WIPP s i t e  a re  i n  k a r s t  domes i n  

t h e  v i c i n i t y  o f  Malaga Bend 19 km (12 mi )  southwest o f  the  proposed WIPP 

s i t e .  The main b e l t  of outcrop o f  Salado b recc i a  i s  24 km (15 m i )  t o  t h e  

west of Malaga Bend. 

Evidence i s  presented here t h a t  d i s s o l u t i o n  o f  t h e  Salado Formation 

a long  i t s  western b e l t  o f  outcrop began a t  l e a s t  as e a r l y  as T r i a s s i c  

t i m e  more than 190 m i l l i o n  years  ago. D i s s o l u t i o n  i n  t h e  subsurface near 

t h i s  b e l t  o f  outcrop i s  presumed t o  be con t inu ing  today. Th is  

d i s s o l u t i o n  has been i n t e r m i t t e n t  throughout  i t s  h i s t o r y ,  and i t  i s  

u n r e a l i s t i c  t o  a t tempt  t o  c a l c u l a t e  an average r a t e  o f  d i s s o l u t i o n  f o r  

t h e  reg ion .  However, i f  d i s s o l u t i o n  cont inues t o  be no more severe than  

d u r i n g  t h e  t i m e  s ince  t h e  fo rmat ion  o f  t h e  Mescalero c a l i c h e  about 



500,000 years  acjo t h e r e  i s  no reason t o  b e l i e v e  t h a t  t h e  r ep0s i t o r . y  

h o r i z o n  w i l l  be t h rea tened  b y  d i s s o l u t i o n  f o r  another 500,000 years.  

Deep-seated b r e c c i a  chimneys co l l apsed  over t h e  Cap i tan  aqu i f e r  

system about 600,000 years  ago. D i s s o l u t i o n  i s  p r e s e n t l y  an a c t i v e  

process over  t h e  Cap i tan  a q u i f e r  system a long San Simon Swale about 32 km 

(20 m i )  eas t  o f  t h e  WIPP s i t e .  However, t h i s  a q u i f e r  s,ystem does n o t  

u n d e r l i e  t h e  s i t e  and t h e r e  i s  no p r e s e n t l y  known a q u i f e r  s,ystem o r  

process of d i s s o l u t i o n  i n  t h i s  area which i s  undermin ing t h e  s i t e .  

Near-surface d i s s o l u t i o n  has been and i s  p r e s e n t l y  a c t i v e  a long Nash Draw 

about 10 km (6  m i )  west o f  t h e  s i t e  b u t  t h i s  d i s s o l u t i o n  has n o t  

pene t ra ted  t h e  major  s a l t  bodies i n  t h e  Salado Format ion.  

F l u c t u a t i o n s  i n  c l i m a t e  have n o t  g r e a t l y  acce le ra ted  t h e  process of 

d i s s o l u t i o n  i n  t e r n s  o f  geo log ic  t i m e  and t h e  l onge r  h i s t o r y  o f  t h e  s a l t  

bodies.  D i s s o l u t i o n  d u r i n g  pas t  g l a c i o - p l u v i a l  i n t e r v a l s  was p robab l y  a t  

a  more r a p i d  r a t e  than  today b u t  t h e  p resen t  s t a t e  o f  t h e  e v a p o r i t e  

depos i t s  i s  a  summation o f  t h e  processes ope ra t i ng  on them throughout  225 

m i l l i o n  years.  I t  i s  improbable t h a t  a  c o n t i n u a t i o n  o f  these 

f l u c t u a t i o n s  on t h e i r  p a s t  s ca le  w i l l  pose a  t h r e a t  t o  t h e  depos i t s  

d u r i n g  t h e  l i f e  o f  t h e  WIPP r e p o s i t o r y .  
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