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SWROSION I N  AND ABOUT THS FOUR-TOWIJSHIP STUDY A R U  

NEAR CARLSBAD, NDi MEXICO 

By Arthur M. Piper 

SCOPE AND ACKNOKGEDGmNTS 

This paper concerns one aspect  of the  f e a s i b i l i t y  of s tor ing wastes from 

the  nuclear-fired power industry i n  bedded salt of the  Salado formation nezr 

k r l s b a d ,  New Mexico. The center  of concern is a four-township stuCy area-- 

Ts. 21 and 22 S., R s .  31 and 32 E.--which has been selected by the  Oak Ridge 

N a t i o ~ l  Laboratory as a candidate l o c a l i t y  f o r  a p i l o t  repository. The 

paper is based wholly on p r io r  invest igat ions  by others,  and so, is  no more 

than an  appra i sa l  of information a t  hand. Figures 1 and 2 ( i n  pocket) 

i l l u s t r a t e  se lected f ea tu re s  i n  the  v i c i n i t y  of the  study area. 

The one aspect  here considered is the vulnerabi l i ty  of t he  candidate 

a r ea  and storage horizon t o  f u t u r e  subrosion--specifically, t o  dissolut ion 

and removal of common salt and other evaporites by c i rcu la t ing  ground water, 

z l s o  t o  other  agents  by which thickness, composition, texture ,  and s t ruc ture  

of rock un i t s  ,my be modified i n  place. Pr incipal  among these other  agents 

are: (1) subsidence o r  col lapse  of strata overlying a zone of. d issolut ion ; 

(2) volume expansion of anhydri te  as it converts t o  gypsum i n  t he  presence 

sf water, such expansion commonly sha t te r ing  t he  tex ture  of enclosing s t r a t a  

that a r e  l i g h t l y  loaded o r  merely inflating' those strata if they a r e  heavily 

loaded; (3) p l a s t i c  flow of common salt under unequal load,  tending t o  

c lose  voids created by d i sso lu t ion ;  and (4) up-doming of strata a s  underlying 

Q 

anhydrite-beariw beds i n f l a t e  o r  as '&lt flows. 



Principles of dissolution a r e  examined i n  another paper (piper ,  1973). 

Only the  three general requirements a r e  restated here, because they a r e  

misunderstood commonly, These are :  (1) a continual source of unsaturated 

water, generally of land origin,  e i the r  physically above o r  under a 

hydraulic head higher than s t r a t a  of soluble evaporite; (2) an aquFfer 

system passing from the water source t o  the  soluble evaporite, and beyond 

t o  (3) a discharge area a t  the  1and.surface; e i ther  loca l  o r  remote, and 

e i the r  physically lower than, o r  under a hydraulic head below, the  

part icular  evaporite zone. 

Published sources of information a r e  ident if ied under "referenc:;~" and 

by c i t a t ions  i n  the tex t ,  Further, the  wri ter  acknor~leddes a considerable 

indebtedness t o  A ,  L. Brokaw and C. L. Jones of the U. S, ~ e a l o ~ i c a l  Survey, 

who have discussed f r ee ly  t h e i r  current investigation i n  the area ,  and who 

have furnished advance copies of i l l u s t r a t i o n s  from t h e i r  pending report ,  

Most comprehensive of the published sources is  t h a t  by Brokaw, Jones, Cooley, 

and Hays (1972) , which summarizes the  topography, s t rat igraphy,  s t ruc ture ,  

and hydrology of the western half of t h e  area represented by f igure  1. 

That  summary affords a necessary background f o r  t h i s  grea t ly  condensed paper. 

STRATIGRAPHIC, STRUCTURAL, GEOKORPHIC, AND HYDROLOGIC SETTING 

The strat igraphic uni t s  relevant t o  the subject matter of t h i s  paper 

are shown i n  the following sumnary by Jones (written communication, 1973). 



S r n q  of rock u n i t s  of l a t e s t  ?erniar!(~choa)and younger age, 

Los Nedanos area, Eddy and Lee  Counties, New Mexico 

Description 

Y 
I f I 

? 

E : H e s ~ l e r o  ' 0-15 Sand, eolian,  f ine-  t o  meciflm-mined, i 
i I 

@ [ sand miforinly reddish brown. 1 
i 
I 

Ckliche 

t 
i i 

O g a l l a l a  
formation 

j Santa Rosa 
sandstone 

? r .  

t Sa~d tone ,  f ine-  t o  medium-grained, tan,  I 
I 

pink and gray, l oca l l y  conglomeratic, 

i i n d m t e d  cal iehe,  
+ + + + +  f i + + - ! + 9 + + 9  U N C O ~ R ~ ~ ~ + + * * * * * *  i 1 I 

I 

Shale, reddish-brown, interbedded lenses  of 
300-800 gray and reddish-brown ' sandstone and 

greenish-gray shale. 

Sandstone, fine- t o  medium-grCrined,co~nmonly 

205-245 cross-strat if  ied,  gray, yellowish-brown 
and reddish-brown, contains pebble 

I conglomerate and sha le  beds. 

I 
L 

' Dewey Lake 
redbeds 

1 Rustler  

Sandstone, very-fine- t o  fine-grained, 

470-560 reddish-orange t o  reddish-brown, contains 
inter-bedded reddish-brown shale ,  small 
sca l e  lamination and cross  s t r a t i f i c a t i on .  
common. 

I 

300-490 
Anhydrite and rock salt with subordha te  

dolorcite, sandstone, shale  and polyhali te.  
1 

-- - -- 

I Rock salt with subordinate anhydrite,  
1160-2310 polyhsl i te ,  potash ores ,  sandstone, and 

magnesite. i 
I 

T 
E Cast i l e  Anhydrite and rock s a l t  with subominate 
1 f ~J-raation 30-1w l b e s t c n e  . I 



Late Permian ( ~ c h o a )  t o  mid-Cretaceous time 
J 

I n  l a t e  Permian ( ~ c h o a )  time, sedimentation i n  the  a rea  of concern 

change2. progressively from t h e  g rea t  accumulation of evaporites during the  

Cas t i le ,  Salado, and Rust ler  epochs t o  the  f l u v i a l  sandstone and sha le  of 1 I 

the  Dewey k k e  epoch. Dissolution i n  t he  Salado formation occurred l o & l l y ,  1 

as evidenced by thinning of t h a t  formation and compensatory thickening of the  I 

Rustler fornat ion i n  a t  l e a s t  one small basin (Maley and Huff ington, 1953, 

p. 541). Fluvial  deposit ion resumed i n  l a t e  T r i a s s i c  time, during the  

Santa Rosa and Chinle epochs. However, i n  ear ly  T r i a s s i c  time, a l s o  through ~ 
I 

a l l  the  Ju ra s s i c  period and the rea f t e r ,  t he  a r ea  w a s  land and was subject  t o  
I 

ex-osf on and f l u v i a l  deposi t ion,  Also, the. a r ea  being t ec ton ica l ly  s t a b l e ,  I 

presucably (1) t h e  Permian and T r i a s s i c  rocks could have defoimed only 

locz l ly ,  by d i f f e r e n t i a l  compaction o r  by p l a s t i c  flow, and (2) the  

evilporites of t h e  Rust ler ,  Salado, and Cas t i l e  formations remained under a 

progressively thickening cover of insoluble  rocks. I n  these  circumstances 

it seems unl ikely t h a t  t h e  theee requirements f o r  in -s i tu  d i s so lu t ion  could 

have been s a t i s f i e d  widely; they might have been s a t i s f i e d  l o c a l l y  and 

tmns ien t ly .  No d e f i n i t i v e  evidence of d i sso lu t ion  in the  Rust ler  o r  t h e  

Salzdo during t h i s  time i n t e r v a l  (post-Triassic , pre-middle-Cretaceous) has 

been reported. 



Ogallala formation and Yigh P la ins  

About in t h e  l a t e r  half of t he  Cretaceous period, t h e  rocks were 

def~rmed by extensive upwarping centered l oca l l y  i n  t h e  v i c i n i t y  of t h e  

Cuadalupe Mountains west of Carlsbad ( f i g .  1) and of the  Sacramento Kountains 

f a r t h e r  north. I n  and near t h e  study a rea ,  t he  r e su l t an t  present  d ip  of 

Permian and T r i a s s i c  rock u n i t s  i s  general ly  no more than 2O, toward t he  

e a s t  o r  southeast .  Owing t o  t h i s  upwarping, erosion was rejuvenated 

wideiy and culminated l o c a l l y  i n  a rock-cut surface  of l i t t l e  r e l i e f ;  

subsequently, t h e  f l u v i a l  Ogallala formation was deposited widely. Tne 

upper su r f sce  of t h a t  formation was a f ea tu r e l e s s  p la in  f lanking t he  present 

Cuadalupe and Sacramento Mountains ; v i r t u a l y  unmodified ' remnants cons t i tu te  

t h e  present  High Pla ins .  

One extensive remnant of t h e  High P la ins  extends i n t o  t he  northeastern 

corner of t he  a r e a  represented by f i g u r e  1, and t he r e  terminates i n  Kescalero 

Ridge, a southwestward-facing escarpment about 60 f e e t  high (fig. 2, sect ion 

B-Be). Hat Mesa, near t h e  nor theas t  corner of t he  four-township study a rea ,  

is  d e f i n i t e l y  an  o u t l i e r ,  as a r e  c e r t a i n  of t h e  highest  summits of G r a m  Ridge 

t o  t h e  eas t .  Here t he  reconstructed ~ i g h - p l a i n s  surface  descends 1 8  t o  22 

feet t o  t h e  mile, S. 60' t o  70' E. ; its a l t i t u d e  is about 3,950 f e e t '  abo-re 

sea l e v e l  a t  t h e  nor theas t  corner of t h e  study area. Projected westward, 

t h e  reconstructed surface would be about 4,300 f e e t  above sea l e v e l  at t h e  

head of preserl$ Nash D r a w  and 4,425 f e e t  a t  present  Clayton Basin. 

About 4 miles south-southwest of Hat Mesa, another i so l a t ed  topographic 

hi&, The Divide,. is capped by t he  Ogallala formation and i n  form suggests 

another  High-Plains o u t l i e r ;  however, its summit a l t i t u d e  is about 120 f e e t  
_. . 

lower than t h e  o r i g ina l  High-Plains surface  as reconstructed by t h e  miter. 
This  lohe pos i t ion  of t h e  Divide i s  in fe r red  t en t a t i ve ly  t o  be an  e f fec t  of 
subrosion i n  the  underlyinz Rust ler  formation. 



The a l t i t u d e  and slope of the  High-Plains surface,  a l s o  the  thickness of 

t h e  very permeable Ogallala formation a r e  d e f i n i t i v e  f ac to r s  i n  r e t r ac ing  

the  ear ly  subrosion h i s to ry  of t h e  study a rea  and i ts surroundings. Thus, 

l e t  it be assumed t h a t ,  within t he  a r ea  represented on f igu re  I: (1) t h e  

Kigh-Plains surface can be projected southward and westward a t  tHe a l t i t u d e  

and slope of i ts present remnants, as summarized above; (2)  t h e  Ogallala 

formation ranges i n  thickness from 0 t o  300 f e e t ;  and (3)  t h e  Rust ler  and 

Salado formations can be projected westward from t h e  study a r e a  i n  constant  

thicknesses of 400 f e e t  and 1,930 f e e t ,  respectively.  Then, t he  projected 

base of t he  Ogallala would, i n  pr inc ip le ,  have truncated t h e  projected 

Rust ler  formation within a b e l t  some 5 to.10 miles wide, trending somewhat , 

west of south, and about spanning present Clayton Basin. We3tward, t h e  

sub-Ogallala surface would l ikewise have truncated t h e  Salado formation, 

beginning some 6 t o  10  miles beyond the  a x i s  of present Clayton Basin--that 

is, about 5 miles east of t h e  present western edge of salt i n  t h e  Salado 

(see f i g .  1 and f i g .  2, sec t ion  A-A') . The b e l t  of implied Salado t runcat ion 

would b v e  been tens  of miles wide. 

However, t runcat ion in t h e  sense of Rust ler  o r  Salado evapori tes  

exposed on a land surface seems highly unlikely.  Rather, as erosive 

douncutting approached t runcat ion i n  pr inc ip le ,  t h e  requirements f o r  d i s so lu t ion  

probably would have been s a t i s f i e d  and evaporites would have been removed from 

the  Rust ler  f a r m t i o n ,  and possibly from t h e  Salado formation, t o  a depth 

s u f f i c i e n t  t h a t ,  ac ross  t h e  hypothetical  b e l t s  of t runcat ion,  land sur face  

~ould l  have r emined  continuously on subrosional res idue u n t i l  t h e  onset  of 

Ogallala deposit ion.  



Having been d e p o s i t e d ,  presumably i n  an  environment cons iderably  

w e t t e r  than  t h e  r e c e n t  and p r e s e n t ,  t h e  coarse  t ex tu red  Oga l l a l a  formation 

would have been both  a p r o l i f i c  source  of unsa tura ted  water  and a n  a q u i f e r  

f system c o n t a c t i n g  t h e  s o l u b l e  e v a p o r i t e s  a c r o s s  t h e  two b e l t s  o:f hypo the t i ca l  

t r u n c a t i o n ,  Numerous c e l l s  of unconfined ground-water c i r c u l a t i & ,  r e t u r n i n g  

b r i n e  t o  t h e  l a n d  s u r f a c e ,  seem s e l f  ev ident ,  Thus, d i s s o l u t i o n  of t h e  

e v a p o r i t e s  must have been r a t h e r  r a p i d ,  f is tward from t h e  b e l t s  of hypo the t i ca l  

t r u n c a t i o n ,  confined ground-water c i r c u l a t i o n  presumably would have supported 

d i s s o l u t i o n  f o r  some moderate d i s t a n c e  down d i p ,  On t h e  o t h e r  hand, 

i n c r e a s i n g  down-dip d i s t a n c e  would have increased  t h e  l i k e l i h o d  of hydraul ic  

t r a p s  beneath rock u n i t s  of  small p e r m a b i - l i t y  ( ~ e w e y  Lake and ~ h i n l e ) ,  t h u s  
I 

r e sLwic t ing  b r i n e  d i s c h a r g e  and s o  f i n a l l y  i n h i b i t i n g  f u r t h e z  d i s s o l u t i o n .  

It seems ev iden t  t h a t ,  w i t h i n  about  t h e  western t h i r d  of t h e  area 

rep resen ted  by f i g u r e  1, r e g i o n a l  d i s s o l u t i o n  of e v a p o r i t e s  from t h e  Rus t l e r ,  

and p o s s i b l y  from t h e  Sa lado ,  probably began abou t  w i th  depos i t i on  of t h e  

O g a l l a l a .  F'rye (1970) and o t h e r s  d e s c r i b e  t h e  Ogallala 2s of l a t e .  Miocene 

and P l iocene  a g e ;  g r a n t i n g  such a n  age ,  t h e  d i s s o l u t i o n  h e r e  pos tu l a t ed  

wodd have begun some 1 2  m i l l i o n  y e a r s  ago. It would have been t h e  earliest 

d i s s o l u t i o n  t o  bea r  on t h e  purp6ses of t h i s  paper ,  

T h i s  re t racement  of e a r l y  d i s s o l u t i o n  h i s t o r y  assumes t h g t  t h e  Ogallala 

format ion  i s  wholly a pediment mantle ,  and  t h a t  t h e  arPa h e r e  of  concern was 

of  low re1 ie f ;p r io r  t o  Ogallala d e p o s i t i o n ,  Such has  been t h e  p o s i t i o n  

taken o r  accepted  by most p r i o r  i n v e s t i g a t o r s .  



Deeply f i l l e d  c l l s so lu t~on  ~ s i t ~ s  t,o the  south 

Maley and Huf f lne ton  (1953) desc r ibe  " c i l  ts, c;andc, and ~ r a v c l s "  as 

much as 1,700 f e e t  th ick ,  which f i l l  very extensive  d i s so lu t i on  bas ins  

south of t he  a r e a  represented by f i g u r e  1. They conclude that:"al though 

most of t h e  f i l l  is  probably 2uaternary p l e i s t o c e n d  i n  age,  i t*is l i k e l y  

t h a t  some of t h e  o lder  depos i t s  a r e  Ter t iary ."  According t o  t h i s  age  

assignment, t h e  o lde r  bas in  f i l l  may be about contemporaneous with t h e  

Ogallala formation as described previously,  

A nor theas tern  lobe  of t h e  bas in  f i l l  is  mapped as extending i n t o  

T. 25 S., R .  36 E., about 15 miles south-southeast of San Simon s i nk  and 

t he r e  underlying San Simon Swale. Th is  lobe  may have ac ted ,  o r  now my a c t ,  I 

as one component of an a q u i f e r  system sus ta in ing  dissolut ion 'beneath  t h e  

Swale. However, no s p e c i f i c  evidence t o  t h a t  e f f e c t  is a t  hand. To t h e  

west ano ther  lobe  of t h e  bas in  fill is shown extending i n t o  T. 25 S. ,  

R .  30 E.,  about 8 miles southeas t  of  Phlaga Bend of t h e  Pecos River. 

Fiapplng by Erokaw and o the r s  (1972, f i g .  8) ind i ca t e s  t h a t  t h i s  p a r t i c u l a r  

lobe  of t h e  deep basin extends even f a r t h e r  nor th ,  i n t o  T. 24 S. (see  fig. 1) ; 

however, ne i t he r  presence nor absence of f i l l  is repor ted f o r  t h a t  

northward extension. 

No counterpar t  t h i ck  and ex tens ive  bodies of bas in  f i l l  have been 

r e p r t e d  i n  t h e  a r e a  of f i gu re  1 of t h i s  paper. Conceivably, ho~rever,  t h e  

Catuna formatian i n  t h e  head of Nash D r a w  ( t he  Drati w i l l  be descr ibed)  is a 

st=tie;raphic equivalent  of t h e  younger part of t h e  bas in  f i l l  t o  t h e  south.  

Ir! Nrsh D r a w ,  t h e  Gatuna may se rve  as a conduit  by which ground water  can 

reach t h e  Rus t l e r  formation (fig. 2, s ec t i on  A-A') . 



The d e e p b a s i n  f i l l  t o  t h e  south may have another  counterpar t  i n  

c e r t a i n  sma.11 s c a t t e r e d  d e p o s i t s  of q u a r t z  g rave l  o r  conglomerate low i n  

p resen t  Pecos River  vd l l ey ,  d e p o s i t s  which Bre tz  and Norberg (1949) and 

Thomas (1372) both a s c r i b e  t o  basal Ogal la la .  One such depos i t  is  a l o x  

Black River ,  about  i n  sec .  9, T. 24 S., R .  28 E. ( see  f i g .  1 ) .  Thomas 

"suggests  1 ,300 f e e t  of Oga l l a l a  v a l l e y  f i l l "  i n  a n  a n c e s t r a l  Pecos River 

v a l l e y ,  now exhumed i n  t h e  v i c i n i t y  of Carlsbad and Roswell. On t h e  o t h e r  

hand, Frye ( i n  Thomas, 1972, p. 2 ,  foo tno te  2)  chal lenges t h e  ev ident  

presumption by Thomas t h a t  t h e  q u a r t z  g rave l  i n  ques t ion  is.,"Ogallala i n  

s i t u , "  Fur the r ,  Faley and Huff ing ton  (op. c i t .  ) c i t e  persuas ive  e'vidence 

that t h e  bas in  f i l l  occupies  n e i t h e r  a n  a n c e s t r a l  Peccs River  v a l l e y  nor  

any  o t h e r  p r e h i s t o r i c  v a l l e y  va l l eys .  

Evidence a t  hand is  n o t  competent t o  c o r r e l a t e  any p a r t  of  t h e  deep- 

bas in  fill with p a r t i c u l a r  g l a c i a l  o r  i n t e r g l a c i a l  s t ages .  Some of t h e  

younger f i l l  m y  have post-dated t h e  High-Plains epoch and may be a t ime 

equ iva len t  of f e a t u r e s  nex t  t o  be  described.  

Querecho P l a i n s  and r e l a t e d  land  forms 

Local ly ,  d i s s e c t i o n  of t h e  High P l a i n s  began l a t e  in t h e  Pl iocene  epoch, 

probably about  4 n i l l i o n  y e a r s  ago (~achman and Johnson, 1973, p. 8) and 

p s s i b l y  due t o  f u r t h e r  s l i g h t  upwarping (Smith, 1 9 0 ,  Pa 941.. The region 

:?as been t e c t o n i c a l l y  s t a b l e  s ince .  

The most  conspicuous land-foqn element next  below t h e  High P l a i n s  is a 

5-to-15-mile-wide zpron, t h e  Querecho P l a i n s  (biescalero pediment), which 

s l o p e s  sou thmrd  t o  southwestward from t h e  base of  Mescalero Ridge escarpment 

i n t o  t h e  nor thern  t h i r d  of t h e  a r e a  he re  descr ibed  (figs. 1 and 2) .  A 
-. . 

coun te rpa r t ,  northward-'sloping s u r f a c e  descends l o c a l l y  from Hat i<esa in' 
t h e  northeasternmost  p a r t  of t h e  s tudy  a r e a  ( f ig .  2 ,  p r o f i l e  C-C1). 



Eastward from Hat Mesa and The Divide, t h e  Querecho P l a i n s  merge i n t o  , 

a s e r i e s  of shallow, vague dra inage ways, p r i nc ipa l l y  t h e  heads, of San Simon 

Swale and of Monument D r a w  ( f i g .  1 ) .  Locally these  d r a i n s  t r end  eas t -southeas t ,  

n o m l  t o  t he  cons t ruc t iona l  s lope  of t h e  High Pla ins .  They a c e  i n t e rp r e t ed  

by t h e  w r i t e r  as ba s i ca l l y  i n f a n t  eros ion forms consequent on t h6  o r i g i n a l  

High-Plains surface.  Regiora l ly ,  San Simon Swale and Monument D r a w  extend 

far t o  t h e  south ,  as ephemeral t r i b u t a r i e s  of t h e  Pecos River i n  Texas. 

Westward from The Divide, t h e  Querecho P l a in s  merge l o c a l l y  i n t o  a 

broad, gen t l e  sag with nominal westward drainage toward the ,Pecos  River. 

A t  Nimenim Ridge t h e  sag i s  in te r rup ted  by Clayton Basin .  ( t o  be  desc r ibed) ,  

but  resumes beyond t h a t  bas in  and extends-near ly  t o  t h e  western edge of 

t h e  area represented by f i g u r e  1, 

I n  regard t o  t h e  subrosion of evapor i tes ,  t h e  s i gn i f i c ance  of t h e  

Querecho P l a in s  is t h a t  they cu t  some 350 t o  800 f e e t  below t h e  reconst ructed 

High-Plains surface  wi thin  t h e  area here  of concern. Thus, they would have 

i n t e r s ec t ed  t h e  projected i n i t i a l  t o p  of t h e  Rus t l e r  f o r m t i o n  about  a long  

t h e  a x i s  of  present  Nash D r a w ,  and t h e  northward p ro jec t ion  of t h a t  a x i s .  

Fur ther ,  they would have i n t e r s ec t ed  t h e  projected i n i t i a l  t o p  of t h e  

Salado formation (base of t h e  ~ u s t l e r )  somewhat east of Nimenim ~ i d $ e  and 

In p r inc ip l e  would have t runcated t h e  %lado ac ro s s  p resen t  Clayton Basin 

and beyond, toward t h e  west. 



~ h e  auerecho P l a i n s  appear  t o  be t h e  coun te rpa r t  of a land-form 

element which h y e  Jnd Leonard (1959, 1964) c o r r e l a t e  with t h e  Kansan 

glacial s t a g e ;  t h e  ove r ly ing  Mescalero sands then  may be t h e  coun te rpa r t  

of e x t e n s i v e  "Kansan d e p o s i t s  t h a t  con ta in  a s t r o n g  c a l i c h e  s o i l  profi le--  , 

Yamouth b n t e r g l a c i a g  Soi l-- in  t h e  top" (op. c i t . ) .  Grant ing these  

c o r r e l a t i o n s ,  t h e  shaping of t h e  Querecho P l a i n s  and c o u n t e r p r t s  spanned 

a t  least t h e  Nebraskan g l a c i a l  stage, t h e  Aftonian i n t e r g l a c i a l  s t a g e ,  

and t h e  Kansan g l a c i a l  stage--an aggrega te  t ime l a p s e  of about  1 mi l l i on  

yea r s .  

It seems ev iden t  t h a t ,  du r ing  d i s s e c t i o n  of t h e  High P l a i n s  t o  t h e  

Querecho P l a i n s  s t a g e ,  subros ion  immediately west  of the ' four- township 

s tudy  area must have cont inued wi thout  i n t e r r u p t i o n  because:. (1) The t ime 

i n t e r v a l  i nc ludes  two g l a c i a l  stages dur ing  which ra infa l l - -and  s o  a 

sou rce  of unsa tura ted  water f o r  dissolution--may be  presumed t o  have been 

s e v e r a l  f o l d  greater than  du r ing  h i s t o r i c  t ime. (2) The hypo the t i ca l  b e l t s  

of t r u n c a t i o n  a c r o s s  t h e  R u s t l e r  and Salado would h2ve s h i f t e d  progressively 

eastward as t h e  d i s s e c t i o n  deepened. (3) The presumptive hyclrologic 

s e t t i n g  d o u b t l e s s  would have cont inued t o  f a v o r  d i s s o l u t i o n  both by l o c a l  

unconfined c i r c u l a t i o n  and  by wider-reaching conf ined  c i r c u l a t i o n .  



Clayton Basin and Hash D r a w  

Clayton Basin, t h e  most extens ive  and deepes t  undrained depress ion i n  

t h e  area h e r e  descr ibed,  c e n t e r s  about 10  miles northwest from t h e  northwest 

corner  of t h e  four-township s tudy a r e a  and has a "closure" aboot  11 miles 

long,  5 miles a c r o s s ,  and 130 f e e t  deep. Its long dimension t r e h d s  about 

N. 35' E.--that is, about parallel t o  t h e  hypo the t i ca l  b e l t  of t r u n c a t i o n  

a c r o s s  t h e  R u s t l e r  formation (described previously) .  It i n t e r r u p t s  a 

Querecho P l a i n s  counterpar t  which is extens ive  both t o  t h e  e a s t  and t o  t h e  

w e s t ,  and s o  is i n f e r r e d  t o  be l a r g e l y  a product of post-Yarmouth time-- 

t h a t  is, of about t h e  p a s t  350,000 y e a r s ;  if  so ,  its formation has  spanned 

t h e  I l l i n o i a n  and Wisconsin g l a c i a l  s t ageq ,  dur ing which ' r a i n f a l l  

presumably was s e v e r a l  times greater than i n  t h e  in tervening-  &ngamon 

i n t e r g l a c i a l  s t a g e  and t h e  subsequent post-Uisoncsin "recent" s t a g e .  

Clayton Basin is c l e a r l y  a feature of land-surface subsidence,  probably 

i n t e r m i t t e n t  subsidence and presumably a n  e f f e c t  of subrosion i n  t h e  

underlying R u s t l e r  and Salado f o r m a t i o n s . ,  Its f l o o r  is about  325 feet 

above t h e  l o c a l  base  of such subrosion ( f i g .  2, s e c t i o n  A-A ' ) . 
Nash Draw heads a b r u p t l y  below t h e  Maroon C l i f f s  t o  t h e  w e s t  o f ,  and 

wi th in '  t h e  northwesternmost p a r t  o f ,  t h e  four-township s tudy  a r e a .  Thence 

it t r e n d s  about S. 35' W e  about 16 miles t o  S a l t  Lake and t h e r e  opens onto  

t h e  Pecos River v a l l e y .  Being about 300 feet deep below Liv ings ton  Ridge 

t o  t h e  east and having pseudo-terraced walls, t h e  D r a w  is anomalous among 

l o c a l  l and  forms. I n  major features it suggests  a n  e ros ion  form; d o u b t l e s s ,  

however, i ts o r i g i n  was i n  considerable  part by subsidence owing t o  subros ion 

i n  t h e  R u s t l e r  and Salado. Its f l o o r ,  undrained i n  d e t a i l ,  is 250 t o  400 

. - .  f e e t  above t h e  l o c a l  base  o f  subrosion (fig. 2, s e c t i o n  B-B' ) . b 



Nash Draw presumably was formed about simultaneously with Clayton Basin 

t o  t h e  nor th  and west--that is ,  l a r g e l y  a f t e r  t h e  Yarmouth i n t e r g l a c i a l  s tage .  

With Clayton Basin it has afforded,  during t h e  post-Yarmouth i n t e r v a l  of 

about350,OOO years ,  a moderately extensive catchment f o r  unsaturated water 

(from r a i n f a l l )  and so  has  cons t i tu ted  a p r inc ipa l  l o c a l  source f o r  

s u s t a i n i n g  subrosion,  During t h e  two g l a c i a l  s t ages  of post-Yarmouth time 

i ts competence as a water source doubt less  has been several-fold g r e a t e r  

than i n  h i s t o r i c  time. 

P resen t ly ,  t h e  potentiometric  su r face  f o r  a q u i f e r s  i n  t h e  Rust ler  and 

overlying formations has been trough-shaped beneath tile Draw and, ' s epa ra te ly , .  

beneath Clayton Basin ( ~ o o l e  y ,  M. E., i n  Brokaw and others ,  1972, f i g .  8) ; I 

presumably it has been somewhat so  shaped dur ing a considerable part of 

post-Yarmouth time. Thus, ground-water c i r c u l a t i o n  beneath t h e  Draw is ,  and 

presumably f o r  some time has been, genera l ly  toward t h e  a x i s  of  t h e  potentiometric  

trough then southward toward S a l t  Lake and Malaga Bend of t h e  Pecos River. 

C i rcu la t ion  beneath Clayton Basin is toward and a long  t h e  a x i s  of its separa te  

t rough;  f a r t h e r  south t h e  d i r e c t i o n  is poorly defined.  This  c i r c u l a t i o n  is 

confined, a t  l e a s t  I n  wrt. 

Underlying much of o r  a l l  Nash D r a w  is a so-cal led b r ine  a q u i f e r ,  a 

solu t ion-breccia  zone a t  t h e  contac t  between t h e  Rus t l e r  and Salado formations, 

about  5 miles i n  average width and having a t r ansmiss iv i ty  of about  60,000 

gpd/f t  (gallons pe r  day p e r  f o o t  of width) ( k l e ,  Hughes, and Cox, 1994, 

p. 22-24). From it, a n e a r l y  s a t u r a t e d  sodium-chloride b r ine  (260,000 ppm) 

d i scharges  n a t u r a l l y  i n t o  t h e  Pecos River a t  and near  Malap Send ( f ig .  1 ) .  

Theis  and o t h e r s  (19422, p. 69) estimated t h e  amount of t h i s  d ischarge  t o  be 

. . about  200 gpm (gal lons  p e r  minute); t h i s  would be equivalent  t o  420 tons  of 
sodium ch lo r ide  d a i l y  o r  160,000 tons  yaarly.  s 



From da t a  by t he  U.  S. Geological Survey, publish& under "Qua l i ty  of 

su r face  waters of t h e  United S t a t e s , "  t h e  w r i t e r  has computed t h e  mean 

year ly  d issolved-sol ids  load of t h e  Pecos River t o  include 310,000 tons  of 

N a C l  (common s a l t )  and 170,000 tons  of CaS04 (gypsun) a t  t h e  sqmpling 

s t a t i o n  about 6 a i r - l i n e  miles downstream from t h e  a r e a  represented by 
* 

f i gu re  1. Much of t h i s  load en t e r s  t h e  r i v e r  wi thin  a few miles beginning ' 

a t  Mala@ Send. A considerable p a r t  of  t h e  &SO4 nay o r i c i n a t e  as leacha te  

from i r r i g a t e d  lands  upstream, a l s o ,  some of t h e  N a C l  load is d iver ted  

from t h e  r i v e r  onto i r r i g a t e d  land   wens son, i n  Bachman and,Johnson, 1973, 

p. 50) but  i n  l a r g e  part, a f t e r  some time l ag ,  probably r e e n t e r s  t h e  

r i v e r  as i r r i g a t i o n  tail water. Thus, t h e  mean N a C l  load may be taken as an , 

approximate measure of cu r r en t  d i s so lu t i on  from t h e  Salado and' RurtAer 

formations upstream. 

*Mean of t h e  26 years  ending September 30, 1938-1965, omit t ing 1941-1943 
i n  which years  peak flow was uncommonly l a r g e  and t h e  record of t o t a l  
s o l u t e  load was weak. S t a t i on  a t  Red Bluff, New Nexico, 5.5 miles upstream 
from t h c  Delaware River. Data from annual  volumes of t h e  Uater-Supply 
Paper s e r i e s .  



These hydrologic f e a t u r e s  suggest  t h a t  l a s h  Draw and Clayton Basin 

o v e r l i e  the  p r i n c i p l  a r e a  of cu r ren t  d i s s o l u t i o n  and subrosion i n  t h e  

Rus t l e r  and Salado formations,  i n  the  western part  of t h e  area represented 

on f i g u r e  1. That f i g u r e  shows t h e  t r a c e s  of a r t e r i e s  of r ecen t  d i s so lu t ion  

a t  t h e  t o p  of t h e  Salado formation as in fe r red  by t h e  wr i t e r .  Two sub-system 

of t h e s e  a r t e r i e s  a r e  indica ted:  (1) A r a t h e r  s t rong ly  defined "main stem" 

which heads near  t h e  cen te r  of t h e  four-township s tudy a r e a ,  t r e n c s  genera l ly  

west-northnestuard t o  t h e  nor theas t  lobe  of Nash D r a w  a t  its head, thence 

genera l ly  somewhat west of south about  a long t h e  a x i s  of t h e  D r a w ,  t o  and 

beyond S a l t  Lake. (2) A second ramifying system, i n  p a r t  vaguely def ined,  

appears  t o  d r a i n  Clayton Basin and t h e  arep t o  t h e  west,  'nearly t o  O i l  City. I 

However, cu r ren t  d ischarge  from t h i s  second in fe r red  sub-system has not  . 
been discr iminated  a long t h e  Pecos River near  Carlsbad. A s  j u s t  ou t l ined ,  

t h i s  hydrologic s e t t i n g  f o r  r e c e n t  d i s s o l u t i o n  and subrosion probably has 

p e r s i s t e d  i n  much t h e  same form s i n c e  t h e  Querecho P l a i n s  s t age ,  a t  least. 

Smaller  areas of subsidence 

Undrained depress ions  and "sinks", from a few yards t o  a few miles 

ac ross ,  and from a few f e e t  t o  a few t e n s  of f e e t  deep, are commonplace 

in s e v e r a l  parts of t h e  area. Those more than about  a mile i n  longes t  

dimension a r e  shown on f i g u r e  1, Among t h e s e  two groups a r e  noteworthy: 

(1). To t h e  nor th  of t h e  four-township s tudy  area, a c l u s t e r  of f i v e  

Including Yilliams Sink, Laguna Plata, Laguna Toston, Laguna Tonto, and 

La,- Gatuna. (2)  About 1 0  t o  15 miles  east of t h e  s tudy area, San Simon 

Sink i n  T. 23 S, , R. 35 E., and f i v e  unnamed depress ions  t o  t h e  north. 



San Simon Sink i s  d e f i n i t e l y  a f e a t u r e  of subsidence, having a s e r i e s  

of r i n g  f r ac tu r eu  denoting succeseive co l lapse  events.  One such event is 

repor ted  t o  have occurred i n  1922 ( ~ a c h r a n  and Johnson, 1973, p. 29). 

Exploratory d r i l l i n g  is repor ted t o  have penetrated 400 f e e t  i n t o  t h e  s i nk  

without encountering T r i a s s i c  rocks  (03. c i t e ,  a f t e r  Nicholson and Clebsch, 

1961, p. 46).  Evidently t h e  mate r ia l  penetra ted by t h e  drill is " f i l l ,  " 

l a r g e l y  subrosional  res idue,  i nd i ca t i ng  d i s so lu t i on  of underlying evapor i t es  

i n  a th ickness  equivalent  t o  t h a t  of t h e  res idue.  This  l e ads  t o  two 

conclusions r e l evan t  t o  t h e  purposes of t h i s  paper: (1) The, deep-basin 

"fill" of Maley and Kuffington (op. c i t e )  extends northward t o  and beyond 

San Simon Sink, and s o  invades t h e  a r e a  represented by f i g u r e  1; (2) I 

accep t ing  t h e  res idue  i n  t h e  Sink t o  be a t  least 400 f e e t  t h i ck ,  d i s s o l u t i o n  
* 

t h e r e  may have down-reached through t h e  Rus t l e r  formation i n t o  t h e  t o p  of t h e  

Salado formdtion. Presumably, t h e  p a r t i c u l a r  zone of d i s s o l u t i o n  is 

r e l a t i v e l y  extensive--the named Sink l i e s  wi th in  a n  undrained depress ion 

about  7 miles long (northwest t o  sou theas t )  and 4 miles wide ( f i g .  1). 
* .  

Equally d e f i n i t i v e  information is no t  a t  hand i n  regard  t o  t h e  o the r  

depress ions  of t h e  San Simon c l u s t e r .  The i r  form,as d i sc losed  by topographic 

map, suggests  subsidence as t h e  p r i n c i p a l  agen t  al though c u t t i n g  and, 

depos i t ion  by t h e  wind may have had a pa r t .  



To t h e  north of t h e  four-township study a rea ,  Williams Sink and t h e  

adjacent  f o u r  "lagunas" a r e  depressions i n  a counterpart  of t h e  Querecho 

P l a i n s  ( f i g  . 2, sec t ion  B-B I.) . Presumably, theref  ore ,  they a r e  post- 

Yarmouth i n  age, The w r i t e r  presumes t h a t  subsidecce above zoves of 

d i s s o l u t i o n  is one probable agent  of t h e i r  formation; Jones (o ra l  

communication, 1973) r e p o r t s  evidence of s u b s t a n t i a l  eol ian  cu t t ing  and 

deposi t ion  i n  t h e i r  v i c i n i t y .  Def in i t ive  evidence measuring downward 

reach of d i s so lu t ion ,  if any, is not  a t  hand f o r  t h i s  d i s t r i c t .  

It has  been s t a t e d  t h a t  t h e  summit of The Divide, i n  t h e  eas te rn  half  

of t h e  s tudy area, appears t o  be about 120 f e e t  too  low t o  c o r r e l a t e  

with t h e  reconstructed High-Plains surface .  Local subsidence i n  about 

that amount is suggested by t h e  l o g  of a well--Culbertson & Irwin,  1 

Murray--on t h e  southern lobe  of The Divide i n  sec .  9,  T. 22 S., R .  32 E. 

That l o g   ones, C. L., advance copy of s t m t i g r a p h i c  sec t ion ,  1973) shows 

t h e  upper t h r e e  f o u r t h s  of t h e  Rust ler  formation t o  be about €50 f e e t  th inner  

than i n  a second,wel l  8.6 miles t o  t h e  north-northwest, and about 170 f e e t  

th inner  t h a n  i n  a t h i r d  wel l  9.0 miles t o  t h e  south-southeast. However, 

a 60-foot bed of common sal t  with a p a r t i n g  of anhydr i t e  near t h e  botton 

of t h e  Rus t l e r  appears not  t o  be thinned. Thus it appears t h a t  su t ros ion 

here  during a l l  post-Pliocene time has  not  reached t h e  top  of t h e  Salado 

formation. 



Regional c l i n n t i c  an? geonorphic h i s t o r y  

The w r i t e r  be l i eves  that, l i k e  t h e  development of land forms, d i s s o l u t i o n  

of evapor i t e s  proceeds by success ive  s t a g e s ,  each re juvenated s t a g e  

proceeding a t  a pace which slows progress ively;  f u r t h e r ,  that t o  a 

considerable  degree  t h e  two processes respond concurrent ly  t o  common agen t s .  

A s  has been shown, d i s s o l u t i o n  i n  t h e  a r e a  he re  of concern probably began 

i n  l a t e  Miocene time, about s imultaneously with Ogal la la  depos i t ion ,  an3  

has p e r s i s t e d  through Pliocene t ime and t h e  s e v e r a l  g l a c i a l  and i n t e r g l a d i a l  

. s t a g e s  of P l e i s t o c e n e  and Holocene t ime.  There is s t r o n g  evidence t h a t  

r a i n f a l l  dur ing t h e  s e v e r a l  g l a c i a l  epochs was severa l - fo ld  g r e a t e r  than  

dur ing h i s t o r i c  time, and l ikewise  g r e a t e q  t h a n  dur ing i n t e r g l a c i a l  i n t e r v a l s .  

One major event  of geonorphic h i s t o r y  i n  southeas tern  New Hexico may 

have a f f e c t e d  t h e  r a t e  of  evapor i t e  d i s s o l u t i o n .  Thus,   he is (1932, p. 113) 

has  concluded that i n  e a r l y  P le i s tocene  time t h e  a r e a  nor th  of F o r t  Sumner 

w i n e d ,  no t  i n t o  an  a n c e s t r a l  Pecos River b u t  southeastward v i a  t h e  

P o r t a l e s  Valley i n t o  a n  antecedent  Brazos River, Frye and Leonard (1959, 

l9&) a s s i g n  Kansan age  t o  c e r t a i n  extens ive  stream d e p o s i t s  i n  t h e  P o r t a l e s  

I Valley; thus ,  t h e  capture  of  its present  headwater a r e a  by t h e  Pecos River 

1 occurred somewhat l a t e r  than  t h e  Kansan g l a c i a l  s t a g e ,  and s o  somewhat 
1 

later than  t h e  Querecho P l a i n s  s t a g e  i n  t h e  a r e a  of  t h i s  paper. By t h i s  

~ cap tu re ,  t he  Pecos River would have gained t h e  dra inage from t h e  high and 

water-productive Sangre d e  C h r i s t c  blountains and t h e  Pedernales  H i l l s ;  it 
I 

I would have increased only s l i g h t l y  its a r e a  of exposed Permian rocks .  
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. . "-:? - ' s?'...: .?,; ilt '". . - uG,. ----A XLS .I;: ,'1Lgii 1.1357 znd only within a ~ o i z t i v e l y  

- - 
nTeyz@-: 3.;,." a? om5' c' + b. - - r < ;. c; i-: q c" - rr  Awl.Gi clL-, - ..- -.-A I n  tlie p r t i c u l a r  reach 

* - 
bic;a,: e;,- .*-,,.,, - - L.:,&, - -- the i n t e n c L s  o l  nigh net-1 flow present ly  are . 
c . . -~  !. %:, c . y  ....,. k . . :-+ "-ecuezcy an& ktzztl:n by d i ~ r e r s i o n  and s to r sge  of water ----*.W..rl,- --- -- 

. , 
---L .' . -. r .. ,,.,, - , l u - r i ~ i  (glz.c~z,) ~;r ,ek=, cf Fieis tocene time, t h e  sntecedent  

- 
=ex,; X.;*EL 3 ~ c s w b i j r  i ~ d . 6  ~ T B  h&C a greater mean flow and a i y  b v e  

. - -  , .~ scz.;r,izz.-a.. Lcre  t o  ,gxtxd.-xz-Le- c: izzulat f~n ,  but not  s u f f i c i e n t l y  more 

. . - ,;i -. cz.,v: e:":.r jeen the r ~ j ~ r  s c ~ - 3  or" x a t e r  d i s so lv ing  e=porites. Also, 

<.,:-.: ri f- T z  ,,; -7. p l u v k l  e-,ocl:s sone presentLy ephemeral drainage ways of t h e  

cyG c*--L<dT,, - ,-.L.ll~ *..- - Szr. S b a n  Skale ,  Wonument Dmu, and o the rs  t o  t h e  east 

. ,. - -  * .  ,, a t s ; , ~  :.c I?i;sh Drau t o  t he  wes-i--czy have bean occupied by perennial  

a t r ~ z s .  D e p x d w  on iocai coiiiig.zration a? the  wzter t a b l e  at  t h e  

& 4 -  ,iL,,, -, L..-Z;., ~I~~thot:c-al s-kre;ns z o ~ d d  havs f-zrnFshed a conponerit of t h e  

, . 
LC;.J~EF ~ : r i ? i l ~ b e  eszporftes,  a c-ozponent which presently is zero. 



-..- -.--'-: 
. - 

--;-c..;;ii~, if i; ;?Z~~=~Z:-ZI; ; ,~C, . . ; .  :p.:s~n occupied San Simon Suale 

. c .. . * . < - . '  
r , - - z y  ;:+~i..-~, (&,.laciz.i) :,;,:,,r::.,z, cL;-c-,2c..a-;kcn my sell k v e  heen .-.& -: .2 

C o D ~ ~ ~ ~ ~ l c L t - z - ~ c  ?:it;, t;?;, t i . . ~ . . l  mb.-;--. - i c . , . z - .  . *rL-. ? - > - =  bir;z of deep-basin f i l l  t o  the 

m s o ~ k h ,  ~::~\*La~c3.y iclscrlt.,o-,, i k t  volume of f i l l  oeems incongruously 

- -! .c ,  .-. -.. - ?.. - .-*..,, :..? 6 ' .- 5c- ution 
*b-b - .  ::. , La.. ,..- . c . s u ~ p ~ c ~ . - : ~  2 :;.-:J - .,- .,. -.-- L L ~mder  the pre?ent (and 

. . bf,Lzi;-zC.:s-L?) sezizyii e ~ - , ~ ~ ~ . ; : ~  efi;, 

F.- . , : ,.. .. .- I '. . ' . ~ . . 2 ~  @ Y  3 1 * - ' . '  , . . .  
-L-w a-AdV ,- .r6._%~-;--<.i. c-T- : ' s . - . .~~~~cz  39' the  Pecos River and the  

k~fi~tit,c.-LL.c.~: perennial. strains is and has been indi rec t  in l a rge  pu-t,  

m,*. ,,.,, . :., * . Ll,c- ... 2 crcsiu.e d o ~ ~ c u - ~ - ' ~ ~ : : g  3-y ~ej - . . - - ;~  GL*clated streams, bodies of 

b- .. - ~ < ;  ;-. evt;a--i.ze cczbt less  ~E.T;E b~:';:: ' A.,,;-t iri.thfn reach of c i rcula t ing  ground 

-- 
L C  ?~~~-;her, bc;sL@:: o h t - , . c r n  ckcrrsls has steepened ground-water I 

rCLis:;';s 3enezth Interstreim t z c t s ,  and so accelerated ground-water . 
cke.La-.,;c.,, Ccnl~erse;y, r s  do~r-ilsc';tir3 has slowed and stream gradients 

I z v o  rZ~.-i-krnd, so k v e  g r o ~ ~ l - ~ r n t e z  grzzdients f la t tened and c i rcula t ion  

2, C-z~~&id-~~:zter rcchrge  on interstream t r a c t s ,  na tura l ly  by 

=>,G-c1: 226 a r t i f i c i a l l y  >y krLga-t;form, doubtless the major source of 

?;~ iz r  To- ~ ~ l e p o r i t e  dissciution, q-an t i t a t ive ly ,  t h i s  source is the  amount 

exceeds t h e  land surface. 

- Ar the ~ . z % s e ~ l t  s e ~ k r i d  environment and over much of the -a rea ,  such 

exc:sss ~ r o - s b l y  is zero Fn the &isst years,  nominal most years,  and 

ple't'tLfir''- s d y  211 t he  t;et-tes.t; jlezrs a t  hte,rvais possibly as long as 

sevezz2 deades .  Locallyp t i e  nmerous undmined depressions and t h e i r  

s=btc;.~z~-Ls 2 3 7  so  concen-i;=ze i d i l t r a t i o n  t h a t  some recharge occt;rs i n  

nos-: pears. I n  tRe nore hunk! environment of pluvial  epochs i n  the  past, 
_. . . ppohtnct-axter recharge presuzbz: ,~  rrould have been several-f old grea ter  in 

EIW 2momL, and possibly P ~ Y G I E X ~ .  r a the r  t h n  in termi t ten t ,  



7.q n ~ . ? e ; - ; I ,  ~ ; l ' ~ . ' i i d - i ; ~ t ~ r  y~:.:~~:rse p r o k b l y  1; f l i l ly ~o~ i ipc tc l l t ,  - 4 .  0 "' 

, - . ,  
O:IP_I. tlf 11 not  211 ;;-,? zrec, to ;us&fn t h e  s ; . ~11  r d t e  cf 

-?, . c ciz-u i - ;  L,LC + : n reqsirez for er: e-.;l-:.c d i s s o l c t i o n .  For emmple c=rent  

cissol::ien of coinrnoc salt frox t h e  S ~ i a d o  and 3 u s t l e r  formations 

trf'"ir < ;: ..- ,-. ye-. - . . 
- A -  . ,st-wc.a fr~iil t h e  ~ r w  cif '1"-7 L ~ , ; r e  1 has been take:. 50 ke  

z~cL:', ?LC,000 :ens yezrly. Tc: r s m v e  t h i s  anouzt of sal t  as sa tu ra t ed  

-. . b r l n e  r.rc:::z r e q u i r e  5 c i rcv ia t i . on  of o ~ l y  40.3 gpm or  200 a c r e  f e e t  

y e z r l ~ r ~ d i s p e r s e d  over  t h e  e n t i r e  a r e a ,  This  r a t e  of r l i s s o l u t i o ~  would 

be equivalent  to removing 0 n i L f t  ( ~ ~ 1 6  f o o t  th i ck  Over 1 square 

.-i \ rnl-e; or' plrre cannon s a l t  (h ; l l t e , \  3 - ~ a r l y ,  o r  a 160-foot-thick l a y e r  

over 1,3C:G srusre mi les  Iri 1 ri.illlca ,yez;.s. A s  w i l l  be shown, suck a 

rL-Li Is 35 t h e  same order  cf riagnitude zs t h e  i n f e r r e 3  hean rate a t  . 
~ I i i z n  CC-;.;T.~Z slit has  .been remoircd i n  sost-Pl iocene t i n e ,  f r o n  a l l  t h e  

area spstream I r ~ n  ?;alaga Berik. 

-, - ' 

I ,  ,~ar;ege from a q u i f e r s  belo$r t h e  C a s t i l e  !orxztion, p r i m r i l y  

lzor;. t h e  &pi t an  l imestone  and i ts s t m t i g r a p h i c  equivalents ,  t h e  Yates 

an6 Tansill formations. These formations a r e  moderately 2erneable;  e a s t  

of t h e  %cos River t h e  head on t h e i r  water i s  genera l ly  above t h e  land 

sxzfzce, zn5 a t  l eas t  l o c a l l y  t h e i r  water I s  n o t  sa tu ra t ed .  Present ly ,  

A ?  ,ne:-efore, t p o t e n t i a l  hydraul ic  g rad ien t ,  v e r t i c a l l y  upward, c x i s t c  

z c r o s s  the C a s t i l e ,  Salado,  and Rus t l e r  f o r m t i o n s ;  t h e  ex ten t  t o  which 

svlch G grgdient may have e x i s t e d  in t h e  geologic  past is not  known. In 

prinzLple, e x A r e ~ e l y  slow upriard movement o f  water  fro^ t h e  Capitan 

limes?..cnz 2nd its equ iva len t s  5s t o  be expected; i f  t h e r e  are condui ts  

ha.vir,g s e n s l b i e  t r a n s n i s s i v i t y ,  the amount of upward movement nay be 
suffizient t h a t  e v a ~ o r i t e s  a r e  d issoived on t h e  wzy. Cooley ( i n  Brokaw 
an3 ethers, 1972, p. 52) c i t e s  evidence c o n s i s t e n t  with such novemeht, 



... ---.* >. - -- d,ni~L, - ; l~zTY 65' TI.:~ ~ ~ 2 2 -  ici&b. ' -" TO dT7TJRE SUBROSION 

P$- t';ri^, ~.-dLr:~---::.j.lity 03 t h e  west ,. -. - a-- 
- ~ lr-i-,,iza'.,rty G ~ P  the s%dy .::-,L ...I "Lure subrosion can be assessed by 

-,- .-. .. j; - .=-i.i:g 2 5 s r ~ ~ 2  %st rites 02 disso;iution--rates i n  terms of both 

" . -  
c:? Z .  ~ ~ , b ~ ~ . ~ ; o ; r ~ ~  b s e ,  BotkL ;xies I> iozar ly  l a v e  f i u c t u a t d  by stages 

ca2zc:-+~-.r-..~. .-<; b- \. s:::...;: ,~ s->&gs~ ~f ~-C:LO::~~~L:: . % c:eq~elo;faent from a ma-- following 

, ~ ~ C S : - ~ T ; .  Y E  j.tvtrnation t o  a mi-qimum a t  erosive old age. I n  t h e  a r ea  here  of 

corc::=.;1.. -k.:la r;.=i",z infers  th,a-L >zasez"b.tes sf subrosion presumbly a r e  

s...-zs4. AT.. :-- - r c r ~ ~ l y  S L G K ~ ~  tkan t ;~e i r  m:Gmutils oZ tine past. 

, I ;.,s :?zs '2~9a sAat&, -Lh3 ' P ~ I - ~ ~ F  lnfczs that t h e  d i s so lu t i on  2nd subrosion 

trhicl;. E.:* bbe : ~ . - i ~ ~ c e a  with song c e r k i n t y  began with t he  onset  of Ogallala . 
d a ~ a x i t f c t ~  a.kou-c L2 ~ f l i f o n  years ego. A t  t h a t  time, presumably, t h e  south- 

G S S ~ E ~ ~ ~  ?-i?;=b-r~g Salzdo forzrztlori (1) ha? been "truncated" a long the  western 

~ 5 5 ~  of - ;h~  ;.YL. r e p r e s e n i d  by fQrl"e 1; 2nd (2) together  with a presumptive 

mmtle cf ere.s20rizL snd s u b z o s i o x l  rcsLdue, t he re  had been thinned t o  about 

o x  f sC:.i? of I-Ls th ickness  as depcsi.i;&--sp~cif i c a l l y ,  t o  about 500 f e e t  . 
Su3s~~~er . t l~~--cL-;rLng l z t e s t  Pliocene t i ~ e  and a l l  of Ple is tocene and Holocene 

L+':cec-.:,he i.hr .- "fzcnC" 02 subrosion has cdwnced eastwad about from 1 0 .  t o  20 

.. .. - .  zL2icz:.o rr.,-= ,,Gc-... .?27--:'.e.? ,,- L.; t he  prajez-i;eC t o p  of t h e  Salado formation),  and t h e  base  

cC' ~r.':x.~lti: 1.5s lowered zbouC f r a z  500 t o  1,500 f e e t  (average Fn t h e  order  of 

9QQ kc 2 , :  530 fe=t) . Thus, the coccument m z n  xz t e  a t  which t h e  "frontn has 

z23vsz :'...I. ,, c- -- ,. :...rL z?pezrs Lo have been in t h e  orcier of 0.8 t o  1.6 miles per  

u' . ~ y .  -?cz -- . i scek-f  s a p  
-.%- e ., -A<a the ~ e a n  rzts z i  which t h e  base of subrosion has 

I szaa2  ; l~pcz-rs  t o  have been in t he  cr&er  of 80 f e e t  per mi l l i on  years.  



. - 
:,.z;;;;-::. L.Z-GFS -,:esviizxz'cly uo:j.Aa h2vl; 6e;riateCi subs tan tk l ly  from the means 

j.;E++ & -.--. # :- ,.- *- 
G- .A , .:1~,,di.I..G,51y tz zn ~ 2 2 6 2  31 rzignitude nore or less .  Greatest 

- - 
rL~~'.-s :..*.. ..,. .a,L-. - ,,... 1 ..:. -., . .; * i5e0;1 s::?ecte.s "h " ' . ,  

,u,L ,;..-. rc juvenzSion of erosion under which 

&I - - -  
- L A ~  ::.:h 11- LIZ I-:,z~ dissectedl be,-Liskg about 4 million yezrs ago; again 

rl'i..? .,>: ~,3r-;:: id-' c.-sseciion c5 tk.,? Q,-;erachcr Plains and counterpr t  surface 

2d ;z--z i ? )  :-,-:rc;i; t i ne ,  ~y 0.5 z I 2 - i ~ ~ ;  y a r s  ago. L a s t  r a t e s  would have 

2 :. . ' ,c; L X - C C ~ C C  --.; h deve2opmcr,z cr" t n e  Qzerecho P h h s  s-zce i n  

, - G.nszr >:rzoL zho--$ 0.7 million y s r s  ago, 

. . - r srq .;l-,c..,~.rr (I*>(,! p. 41) PGS concll;&cd tha t  ''since the close of Ogaliala 

. . -. *.-. P ,si; L. 'L)~x% L -  ~11,~:cfi ~ : ~ Z Z E  &gos t k e  s ~ 2 t  front  in Permian rocks has 

the 'avenge r a t e  

z:s,-:fkk~2:c ; .L . . s  >.3ez zb~ct from 6 t o  6 ~ i l e s  per million years; H i s  derivation . 
-.ee.p.-d - U C ~ . L . . . Y U  .-.: T LA- .* - :.-2-7.3~-1 01 sit to L k  Fieisiocene znd Holocene epochs and would 

- - 
~XC,;TI& 21::. E Z Z ~  r z c v a l  5y ezosicrh an2 subrosion antecedent t o  Ogallala 

" .  
G~Z;JSBIX;.'IL, I :I-:ever, Bachnan" r a t e  f a l l s  within the range tha t  the writer 

.--- 77. 
., . 

~,~,~-t.1"-~-::zgi~;uCie v e ~ ~ i c a t i o n  of the preceding estimates can be 

* < ,  csx~v . :c  ;'rcx c%r,.xzliza'cians -l arid assw.ytions tkt (1) the area of subrosion 

CTF;.~E.;L :I"DY~ ~ r . i  tz ibutzrg t o  the kine-discharge are n o s  Malaga Bend is 

L , pZ.% ,- ., ,-., ..;.... -. z5 L-ass ( ~ r c ~ i w  and othess, 1972, p. 5 6 ) ;  (2) average thickness 

o,O <.-. . ,. L? - 
4 c.,,: :-, - :<rrstier fornation, as deposited, #as 125 f e e t  over a l l  the 

a& Ci- ~~.:,r.l;r:L:s::.~ - 6nd a l l  t h i s  k s  been dissolved and removed; and (3) the 

. s ~ ~ ~ : ~ ~  ;,r...... ,,..,,,. -. -.. .. #,.c.-,, -. E.S 5eposfteCl -s 75 p r c e n t  common salt, and a l l  t h i s  h a s  

-, *=- . - b ,,&, -I.. - ;,, .-...-- , ,.-. x:-o;i the  zone of subrosion. 



f i c x  tkese generaiiza;laris and fron estimates s tated previously, 

the  valumc of corx;; salt renjved ::auld be about 3 x 10'~ cubic f e e t  o r  

2 x 1G2 tons. Over the i2-mil l ion-y z r  tern cf subrosion derived by tho 

2 k i f t e r ,  this bc.c.;l& sverage 1 .7  x 10 tons yearly and would be equivalent 

Lo L canstzn; iiszsargo of 226 a n  cf s a tu r a t ed  brine. Over theg4-million- 

yezr ' c e z  of siljrosion taker? by B~cizmar, (op. c i t . )  the  above volume of salt 

wad-6 Pbave sus+~fned a 660-~pm d f s c k r g e  of s a t u r a t d  brine. These two 

WEt4 x i e s  of brine discharge a r e  comparable t o  ac tua l  r a t e s , -  s ta ted  

px~vioes1y, of 230 gpn of b r h e  as e s t b a t e d  by Theis and 390 gpm of brine 

eqcZvrzlect as ~ e z i v e i i  by t h e  wxitez Par m a n  NaCl load of the  Pecos River 

Tae 'ifz3~L'6 ~f su3rosioml advance being a near-horizontal fea ther  edge 

=G,her f;?.:.~ L v@r.i;fcz; Somdary, the m i t e r  f e e l s  t h a t  its position on the  

fa? of the Sz2af.o fornation (ur.thf,med) does not indicate vulnerabi l i ty  of 

& ~ z s t s  r e ~ o s i t o q  a t  depth in the  Szlado. Rather, t h a t  an assessment of 

~m.z=Xlify iepends jo in t ly  on the  present s t ra t igraphic  horizon of the 

s u b z ~ s i c ~ l  base and on the  prospective r a t e  a t  which t h a t  base w i l l  lower. 

As z.zs bee;-, cz t lhed ,  the  subirosiomi bzse appears t o  be presently above the  

tcp ;: ';h~; S k Q c  formation Pc three quackaxits of the  four-township study 

c2ei zL-* cqn . -. -+-.- ~~~~- . .h i~%ng northwest quadrant the  base appears t o  have been incised 

i.ct~ the  Se2zdo local ly ,  t o  a mxhum depth of about 150 f e e t .  Thus, anywhere 

.,a A', b~.xi - the stu5g- e r a  and presuming t h a t  in the fu ture  the  subrosional base 

~5h-i; 10r:ez tt -:he greztest credi3le r a t e  previously derived, a waste 

r e 3 ~ s 2 t o r y  i,030 Teet below t h e  top of the  Salado would seem t o  be proof 

winst azktsal sabrosion from the west f o r  somewhat more than  1 million 
. , 

yezrs,  T h i s  estinate appears t o  offer an ample "factor of safety" against  
the eor,t-ency that a pluvial envkonment would resume during the  ef fec t ive  
i c e  of a repcsiiory. 



Ei i tc i ia l  vu lnerzb i l i ty  on t h e  n o r t h ,  e a s t ,  and south 

Lztz ars no-; a t  h n O  f o r  a spec i f i c  assessment, l i k e  t he  preceding, of 

vul3epabl l i ty  of t h e  study arsa on t h e  north, east, and south. General 

~ t ~ ' ~ i - p h i c ,  geomorphic, and hj~6rologic fea tu res  have been s k r i z e d ;  

t he se  suggest biit 60 not denonsirate conclusively, t h a t  t he  s u b ~ o s i o n a l  

k s e  i s  ye t  above t h e  top  of t he  Salado formation t o  the  north and ea s t ,  To 

t h e  scutt,, i n  the erea of t h i ck  f i l l  and its two lobes  which invade t h e  a rea  

of f i g u r e 1 , t h e  subrosional  base could well  be hundreds of f e e t  below t h e  

t op  of t h e  SaSado. 

If a m e t e  reposi tory  i n  t h e  SaLado fornation must remain funct ional  

far n n y  thozsaxlds of years--that is, over a term s u f f i c i e n t l y  long t h a t  

rcot;--SLOE t o  2 p i u v k l  environment would become credible--some spec i f i c  . 
infezmation is i e s i r a b l e  as t o  (1) s t r a t i g m p h i c  horison of t he  subrosional 

basa along aa.9 c a r  a l l  fou r  s i de s  of t h e  study area, r a t h e r  t han  t h e  . 

westezn s2de alone1 and (2) hydrologic s e t t h g  of t h e  th ick f i l l  t o  the  south. 

X iittls "spotw information might prove de f i n i t i ve ,  



Han-caused vulnerability 

The g r e a t e s t  t h r e a t  t o  t h e  fn t eg r f ty  of a n s t e  repos i to ry  In t h e  

%lado formation within t h e  study area night  be from works of m n  i n  

the  surroundings, espec ia l ly  from baaequa t e  o r  de te r io ra ted  c i s ings  In 

o i l  o r  ,ps wel ls ,  o r  from inadequately plugged exploratory holes: 

Extensively if  not universal ly ,  s t a t i c  f l u i d  l e v e l s  of deep aqu i f e r s  f n  

the  Capitan-rates-Tansill zone a r e  considerably higher than t h e  Salado 

formation; po t en t i a l l y ,  therefore ,  a repos i to ry  could be flooded from those 

deep aqui fe rs  if it should cut  an  inadequately plugged deep.wel1. Fur ther ,  

u m z t . ~ l  subrosion may have been, o r  may be, induced wherever unsaturated 

asepi=quifer = t e r  from a n  inadequately cased well  might contact  salt and I 

thez  pss  on t o  a discharge area .  Information f o r  assess ing-  these  hazards . 
spec3ffczUy is not  a t  hand. A s  a first s t e p  touard assessment, t h e  wr i t e r  

suggests a review of f l u i d  l e v e l s  In o i l  and gas f i e l d s  and i n  o ther  deep 

weqlls in the  s-oundings, t o  d i s c lo se  any present anomalies of head 

ind iea t lng  cross-s t ra t igraphic  f l u i d  movement. 
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