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I 

ABSTRACT 

The Sa lado  Formation, a member of t h e  Ochoa S e r i e s ,  i s  a bedded 

salt d e p o s i t  which is found i n  t h e  Delaware Basin of s o u t h e a s t e r n  

New Mexico and wes t  Texas. It i s  comprised p r i m a r i l y  of h a l i t e  and 

s y l v i t e  w i t h  minor amounts of s u l f a t e  minera l s .  Rubidium-strontium 

age  d e t e r m i n a t i o n s  of t h e  e v a p o r i t e  minera l s  i n  t h e  Salado i n d i c a t e  

an age  o f  f i n a l  e q u i l i b r a t i o n  of 214 f 15 m.y. This age i s  f a i r l y  

c o n s i s t e n t  w i t h  t h e  geo log ic  age of t h e  format ion,  p rec lud ing  sub- 

s t a n t i a l  a l k a l i - a l k a l i n e  e a r t h  migra t ion  s i n c e  d e p o s i t i o n .  P o l y h a l i t e  

86 
and a n h y d r i t e  samples from t h e  Salado g ive  8 7 ~ r /  S r  va lues  o i  about 

.7078, which a r e  c o n s i s t e n t  w i t h  r e p o r t e d  v a l u e s  f o r  Permian seawater .  

The REE and t r a c e  element c o n c e n t r a t i o n s  of t h e  p o l y h a l i t e  and a n h y d r i t e  

samples a r e  ve ry  low, r e f l e c t i n g  t h e  composit ion of seawater .  

Rubidium-strontium age  de te rmina t ions  of t h e  c l a y  minera l s  s x t r a c t e d  

from t h e  sa l t  s u g g e s t  a minimum age of 390 f 77 m.y. Th is  age probably 

r e p r e s e n t s  t h e  minimum age o f  t h e  provenance o f  t h e  c l a y  minera l s .  The 

REE and t r a c e  element c o n c e n t r a t i o n s  as w e l l  a s  t h e  mineralogy o f  t h e  

c l a y  m i n e r a l s  i n d i c a t e  a d e t r i t a l  o r i g i n  f o r  t h e  c l a y  minera l s  w i t h  

some c lay-br ine  i n t e r a c t i o n .  Clay minera l s  seem g e n e r a l l y  dep le ted  i n  

t h e  l i g h t  REE ( r e l a t i v e  t o  NAS) which most l i k e l y  were rep laced  by Ca 
2+ 

+ 
and Na from t h e  e v a p o r i t i c  b r i n e s .  
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INTRODUCTION 

Purpose of Study 

The bedded sa l t  d e p o s i t s  l o c a t e d  i n  southwestern New Mexico, 

which comprise nea r l y  a l l  t h e  Salado Formation, a r e  c u r r e n t l y  under 

i n v e s t i g a t i o n  by Sandia Labo ra to r i e s ,  Albuquerque, a s  a pos s ib l e  

s i t e  f o r  r a d i o a c t i v e  waste  d i s p o s a l .  Bedded sa l t  d e p o s i t s  have many 

c h a r a c t e r i s t i c s  which make them a t t r a c t i v e  as t e n t a t i v e  waste  d i s p o s a l  

s i t e s .  These c h a r a c t e r i s t i c s  i nc lude  t h e i r  anhydrous na tu r e ,  a b i l i t y  

t o  f low r a t h e r  than  f r a c t u r e  when f a u l t i n g  occurs  and flowage due t o  

p o s s i b l e  h e a t  from r a d i o a c t i v e  waste.  

However, i t  i s  no t  a t  a l l  documented t h a t  a l l  a l k a l i ,  a17kaline 

e a r t h  and r a r e  e a r t h  e lements  p r e sen t  i n  t h e s e  bedded s a l t s  have 

remained i n  p l ace  s i n c e  d e p o s i t i o n  occurred dur ing  Permian time. I n  

a d d i t i o n ,  i f  movement of t h e s e  e lements  has  taken p l ace ,  i t  is imperat ive  

t o  determine whether such mig ra t i on  i s  a t t r i b u t a b l e  t o  d i s s o l u t i o n  wi th  

subsequent r e p r e c i p i t a t i o n ,  d i f f u s i o n  o r  desorp t ion .  Th is  s tudy  was 

conducted i n  o rde r  t o  e v a l u a t e  more complete ly  t h e  bedded s a l t  depos i t s  

of t h e  Salado Forination a s  a p o s s i b l e  containment of r a d i o a c t i v e  

wastes  . 

Locat ion 

The Salado Formation which i s  p a r t  of t h e  e v a p o r i t e  sequence of 

t h e  Delaware Basin,  is l oca t ed  i n  sou thea s t e rn  Eddy and southern 

Lea Count ies ,  New Mexico, and i n  nor thern  and Eas t e rn  Culberson, Reeves, 

Loving, western Ward, western Winkler, and nor thwestern Pecos Count ies ,  



Texas (Fig. 1). The basin area is generally elliptical in outline 

with the major axis running northwest-southeast about 160 miles from 

northwest of Carlsbad, New Mexico, toward Pecos and Fort Stockton, 

Texas. 

Geologic Setting 

The Delaware Basin, which contains the Salado Formation is a 

tectonic and lithologic province of the Permian Basin, an area within 

the mid-continental United States containing Permian sediments, which 

extends from Kansas in the north to the Texas-Mexico boundary in the 

south. The southern end of the Permian Basin has been subdivided into 

geological provinces based upon tectonic and lithologic differences. 

The Delaware, Midland, Val Verde, Marfa and Tatum basins are areas 

which contain relatively thick sections of Paleozoic strata compared 

to the shelf, uplift and platform areas (Fig. 2). 

The Delaware Basin is outlined to the south by the limestone- 

dolomite rocks of Upper Permian age in the Glass, Davis and Apache 

Mountains and to the west by the limestone-dolomite rocks of Upper 

Permian age in the Guadalupe Mountains and Sierra Diablo. The 

subsurface basin margin to the north and east consists of limestone- 

dolomite rocks of the Carlsbad shelf and the Central Basin platform 

(Fig. 2). The limestone-dolomite rocks which constitute the basin 

margin are collectively known as the Capitan Reef. 

The Salado Formation, a bedded salt deposit, is a member of the 

Ochoa Series, in the Upper Permian section of the Delaware Basin. 
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Figure 1 .  Index map showing the location of the Delaware Basin. 
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Figure 2 .  Map showing the regional geologic features near the 
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 he d e t a i l e d  geology of  t h e  b a s i n  and t h e  Salado Formation w i l l  be 

d e s c r i b e d  l a t e r .  

P rev ious  Work 

The mineralogy and s t r a t i g r a p h y  of t h e  Delaware Basin as w e l l  

as t h e  Salado Formation have been s t u d i e d  i n  some d e t a i l  by many 

workers .  General  d e s c r i p t i o n s  of t h e  b a s i n  and i t s  s t r a t i g r a p h y  

have been g iven  by Udden (1924),  Baker (1929),  Bybee (1931), and 

Lang (1935).  Ex tens ive  l i t h o l o g i c  l o g s  were compiled and i n t e r p r e t e d  

by S c h a l l e r  and Henderson i n  1932. A v e r y  complete d e s c r i p t i o n  of t h e  

Delaware Basin  and surrounding a r e a s  can b e  found i n  King (1942). A 

condensed v e r s i o n  of t h i s  d e s c r i p t i o n  w i t h  some d e t a i l e d  work on t h e  

Castile Formation was pub l i shed  by King (1947). More r e c e n t l y ,  

s t u d i e s  by H i l l s  (1972),  Anderson and o t h e r s  (1972),  Anderson and 

Kirkland (1966) ' and Dean and Anderson (1973) have added in format ion  

p e r t a i n i n g  t o  t h e  g e n e s i s  and e v o l u t i o n  of t h e  b a s i n .  

S t u d i e s  more s p e c i f i c a l l y  concerning t h e  Salado Formation have 

been conducted by Kroen le in  (1939) and Lang (1939, 1942).  The 

geochemistry of t h e  Salado Formation has  been s t u d i e d  by some 

workers.  Holse r  (1966) examined t h e  B r  c o n t e n t  of t h e  sal ts  of t h e  

fo rmat ion  f o r  t h e  purpose  of de te rmin ing  whether t h e  s a l t s  were 

pr imary o r  recyc led .  Due t o  t h e  low c o n c e n t r a t i o n  of B r  i n  t h e  s a l t s ,  

h e  judged them t o  b e  second o r  t h i r d  c y c l e  e v a p o r i t e s  ( c . f . ,  B r a i t s c h ,  

1962) .  Adams (1967) a l s o  s t u d i e d  t h e  B r  c o n c e n t r a t i o n  i n  h a l i t e  from 

t h e  Salado t o  a s c e r t a i n  t h e  s a l i n i t y  of t h e  wa te r  from which t h e  

salt  p r e c i p i t a t e d .  



The one s tudy conducted on t h e  Rb-Sr sys temat ics  of t h e  Salado 

Formation (Tremba, 1973) is very l imi t ed  i n  i t s  scope. I n  a l l  cases ,  4 

t h e  number of samples used on which conclusions were drawn was too 

s m a l l  f o r  meaningful s t a t i s t i c s  t o  be  appl ied ,  due t o  t h e  l a r g e  

va r i ance  present  i n  t he  da ta .  Rb-Sr i sochron  ages from 120 t o  320 

m.y. were obtained f o r  f i v e  sets of samples. 

Methods of I n v e s t i g a t i o n  

Por t ions  of evapor i t e  cores  were obtained from co re  holes  AEC-8, 

ERDA-9 and ERDA-6 from Sandia Labora tor ies  and a d d i t i o n a l  samples 

were c o l l e c t e d  from the  walls of t h e  Duval and M i s s i s s i p p i  Chemical 

Company potash mines and analyzed f o r  Rb and Sr  concent ra t ion  a s  w e l l  

a s  S r  i s o t o p i c  r a t i o .  I n i t i a l l y ,  samples were analyzed a s  whole 

rocks; whole rocks a r e  samples taken i n  which the  sma l l e s t  dimension 

of t h e  sample is a t  l e a s t  1 0  t imes t h e  size of  t h e  l a r g e s t  minera l  

g ra in .  However, i t  was found t o  be more informat ive  t o  cons ider  

each sample as two d i s t i n c t  e n t i t i e s ,  a water  s o l u b l e  (i.e., evapor i t e  

mineral)  f r a c t i o n  and a c l a y  minera l  f r a c t i o n  (from t h e  non-evaporite 

sample m a t e r i a l ) .  It was hoped t h a t  t h e  Rb-Sr ana lyses  would d e l i n e a t e  

an isochron. Also, Rb-Sr ana lyses  of t he  c l a y  minera ls  present  i n  t he  

rock were used t o  determine i f  t h e  c l a y  had ac ted  a s  a s i n k  f o r  p o s s i b l e  

Rb o r  S r  migrat ion and t o  address  problems of provenance and d i agene t i c  

e f f e c t s  of c l ay  minerals .  

Some of the  samples analyzed f o r  Rb and Sr  were a l s o  analyzed f o r  

o the r  t r a c e  elements such as C s ,  Ba and e i g h t  r a r e  e a r t h  elements (REE). 
L 



These ana ly se s  were performed a t  Los Alamos S c i e n t i f i c  Labora tor ies  

by i n s t rumen ta l  neu t ron  a c t i v a t i o n  methods. Data from the se  ana lyses  

were a l s o  used t o  i n v e s t i g a t e  p o s s i b l e  e lemental  migra t ion  through 

t h e  sa l t .  

X-ray d i f f r a c t i o n  w a s  used t o  determine t h e  mineralogy of t he  

samples.  I n  some ca se s ,  t h e  r e s u l t a n t  minera log ica l  d a t a  were v e r i f i e d  

through major element a n a l y s i s  of  t h e  sample. k%en deemed e s s e n t i a l ,  

t h i n  s e c i i o n s  were prepared i n  o rde r  t o  examine t h e  t e x t u r a l  and 

c r y s t a l l o g r a p h i c  c h a r a c t e r i s t i c s  of t h e  samples more f u l l y .  

Sample Locat ions  

Core samples were taken from t h r e e  d r i l l i n g  s i t e s ,  AEC-8, ERDA-9, 

and ERDA-6; t h e  s p a t i a l  r e l a t i o n s h i p  of t h e s e  co r e  ho les  i s  shown i n  

Fig.  3 .  The co re  foo tages  noted i n  t h e  t e x t  a r e  t h e  d i s t a n c e s  i n  f e e t  

from t h e  s u r f a c e  t o  t h e  dep th  from which t he  sample w a s  taken. A l l  DV 

p r e f i xed  samples were ob ta ined  from t h e  t e n t h  o r e  zone of t he  Duval 

po tash  mine; MC p r e f i xed  samples were c o l l e c t e d  from t h e  seventh 

and t e n t h  o r e  zones of t h e  M i s s i s s i p p i  Chemical potash mine. The 

l o c a t i o n s  of bo th  mines w i th  t h e i r  s p a t i a l  r e l a t i o n s h i p  t o  t he  d r i l l  

ho les  a r e  a l s o  i n d i c a t e d  i n  Fig.  3 .  The seven th  and t e n t h  o r e  zones 

were i n t e r c e p t e d  by t h e  ERDA-9 core  a t  1555 f e e t  and 1475 f e e t ,  

r e s p e c t i v e l y .  

The r e l a t i o n s h i p  of t h e  known marker beds i n  t h e  Salado Formation 

t o  t h e  ERDA-9 c o r e  foo tages  is shown i n  Fig.  4. 
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GEOLOGY OF THE DELAWARE BASIN 

General Descript ion 

The Delaware Basin i s  an i r r e g u l a r ,  pear-shaped s t r u c t u r a l  

depression 160 mi les  long by 95 miles  wide covering an a r e a  of about 

10,000 square miles  (Fig. 1 and 2).  The bas in  has long been a major 

provtnce f o r  petroleum exp lo ra t ion  and production and most knowledge 

of t h e  geology of the  bas in  has r e s u l t e d  from t h i s  a c t i v i t y .  

S t r a t ig raphy  

Paleozoic rocks i n  the  Delaware Basin have a t o t a l  th ickness  of 

a t  l e a s t  33,000 f e e t ,  wi th  every system in the  Paleozoic probably 

represented (Table 1 ) .  Rocks of t h e  Permian System have a maximum 

th ickness  of about 19,500 f e e t ,  o r  about 60 percent  of t he  t o t a l  

Paleozoic s e c t i o n  thickness.  

The Permian rocks i n  t h e  Delaware Basin have been divided i n t o  

fou r  s e r i e s ,  which a r e  ( i n  ascending order )  t h e  Wolfcamp, Leonard, 

Guadalupe and Ochoa S e r i e s  (Adams and o the r s ,  1939). The Wolfcamp 

Se r i e s ,  considered t o  be p a r t  of t he  Lower Permian, is  represented  

he re  a s  a black, s l i g h t l y  sha ly ,  thinly-bedded l imestone which 

grades i n t o  t h e  massive Hueco Limestone of t h e  reef  f a c i e s  surrounding 

the  bas in  margin. The thickness of t he  Wolfcamp S e r i e s  i n  t h i s  a r e a  

ranges from about 1000 f e e t  i n  the  deepest p a r t  of t he  bas in  t o  

approximately 450 f e e t  along i t s  margins (King, 1942). 

The Leonard S e r i e s ,  a l s o  p a r t  of t he  Lower Permian, conformably b 

o v e r l i e s  t he  l imestones of t h e  Wolfcamp. The Bone Spring Limestone, 
L 



Table  1. S t r a t i g r a p h i c  t a b l e  of  P a l e o z o i c  rocks  of  t h e  Delaware Basin ,  
west  Texas and s o u t h e a s t  New Mexico (modif ied  from V e r t r e e s  
and o t h e r s ,  1959) .  

System Serf  es 

Quaternary t o  
T r i a e s i  c 

1 Black s h a l e  

I 1 Eunton Group 1 0-18002 

S t r a t i g r a p h i c  u n i t s  

Dewey Laka aedbeds 
Rus t l e r  Formation 
Salado Formation 
C a s t i l e  Formation 
Delaware Hountain Group 

Be l l  Canyon Fm. 
Cherry C.anyon Ru. 
Brushy Canyon Fm. 

Bone Spr ing Limestone 

0-ZOO? 

Pennsylvanian 

.Uss i s s ipp ian  

Devonian- 
S i l u r i a n  

0-5002 

Ordovician 100-22505 

Lower El lenburger  Formation 500-16001 

Thickness 
( i n  f e e t )  

0-60e  
0-5% 
0-2OOOt 
0-ZOOM 

700-12002 
100& 
0-10002 

a00-36002 

1000-75002 

Ochoa 

Guadalupe 

Leonard 

Petmian 

Ordovician- 
Camb r I a n  

2 wolfcamp 

a 
a, 
0 
P 
a 
- 

"* 
3 

Atoka 

Morrow 

Chester  
Rfnderhook 

I 
1 Bliss Formation 

Precambrian 1 

0-11002 

i , 0 - 1 2 0 0 ~  

I 0-31002 

I I 
I 

Tota l  maximm th ickness  33,050 

Cherty l imestone 
(Niss.?) 

- - - - 

%om Cohec (1960). 
Note: S ing le  l i n e s  ac ros s  column of s t r a t i g r a p h i c  u n i t s  r ep re sen t  probable 

r eg iona l  unconformities.  

0-5002 



which comprises the  Leonard i n  t h i s  a rea ,  c o n s i s t s  p r imar i ly  of bedded 

l imestones,  interbedded and in t e r f inge red  wi th  calcareous sha le s .  The 

Bone Spring th ickens  t o  3600 f e e t  i n  t h e  Delaware Basin, but  t h i n s  t o  

a th ickness  of 750 f e e t  along t h e  bas in  margin. 

Overlying the  rocks of t h e  Leonard S e r i e s  i s  t h e  somewhat t h i c k e r ,  

more complex s t r a t a  of t he  Guadalupe Se r i e s .  The rocks of t h e  Guzda- 

lupe  Se r i e s  deposi ted i n  t h e  Delaware Basin c o n s t i t u t e  the  Delaware 

Mountain Group, composed pr imar i ly  of sandstone, and having a th ickness  

of about 3500 f e e t .  Along the  margin of t h e  bas in ,  t h e  sandstone t h i n s  

considerably,  and t h e  upper p a r t  is  replaced by t h i c k  reef  masses. The 

Delaware Mountain Group was subdivided by Beede (1924) i n t o  th ree  

formations, named, i n  ascending o rde r ,  t h e  Brushy Canyon, t h e  Cherry 

Canyon and t h e  Be l l  Canyon. This  subdiv is ion  was based pr imar i ly  on 

s u b t l e  l i t h o l o g i c  changes i n  t h e  sandstones. 

The Ochoa S e r i e s  o v e r l i e s  t h e  Guadalupe S e r i e s  i n  the  Delaware 

Basin and c o n s i s t s  l a r g e l y  of evapor i tes .  The Upper Permian Ochoa 

S e r i e s  inc ludes ,  i n  ascending order ,  t he  C a s t i l e ,  Salado, Rus t l e r  and 

Dewey Lake Formations. 

The C a s t i l e  Formation c o n s i s t s  p r imar i ly  of anhydr i te ,  marked 

throughout by t h i n ,  l i g h t  and dark  laminae. I r r e g u l a r l y  interbedded 

throughout t h e  anhydr i te  a r e  t h i n  l imestones and t h i c k  salt  beds. 

The C a s t i l e  a t t a i n s  i t s  maximum th ickness  of about 2000 f e e t  i n  the  

eas t - cen t r a l  and nor theas t e rn  p a r t  of t he  Delaware Basin and t h i n s  

t o  an eroded edge i n  t h e  western p a r t .  



The Salado Formation, which o v e r l i e s  t h e  C a s t i l e ,  c o n s i s t s  almost 

e n t i r e l y  of c h l o r i d e  ( s a l t )  rocks .  Layers  of a n h y d r i t e ,  do lomi t i c  

l imes tone  and c l a s t i c  rocks  a r e  in te rbedded  w i t h  t h e  massive  salt s t r a t a .  

The t h i c k n e s s  o f  t h e  Salado ranges  from an  eroded wes te rn  margin t o  about 

1000 f e e t  n e a r  t h e  e a s t e r n  b a s i n  margin t o  a maximum of n e a r l y  2500 f e e t  

i n  t h e  e a s t - c e n t r a l  p a r t  o f  t h e  b a s i n .  The d e t a i l e d  geology and 

mineralogy of t h e  Salado is d i s c u s s e d  i n  a l a t e r  s e c t i o n .  

Over lying t h e  Salado Formation, sometimes unconformably, i s  t h e  

R u s t l e r  Formation, t h e  youngest  u n i t  i n  t h e  e v a p o r i t e  sequence.  The 

R u s t l e r  c o n s i s t s  p r i m a r i l y  of sands tone  and conglomerates a t  i t s  base  

and a n h y d r i t e ,  do lomi te  and h a l i t e  i n  t h e  upper p a r t  of t h e  s e c t i o n .  

The t h i c k n e s s  of t h e  R u s t l e r  Formation ranges  from 250 f e e t  t o  about 

600 f e e t  i n  t h e  n o r t h e r n ,  c e n t r a l  and e a s t e r n  p a r t s  of t h e  Delaware 

Bas i n .  

The youngest  fo rmat ion  of t h e  Ochoa S e r i e s  is t h e  Dewey Lake. 

The Dewey Lake is a redbed fo rmat ion  i n  sharp  c o n t r a s t  t o  t h e  e v a p o r i t e s  

of t h e  o t h e r  members of t h e  Ochoa S e r i e s .  Gypsum p r e s e n t  i n  t h e  pre- 

dominantly orange sands  occurs  o n l y  as cement and secondary c r y s t a l s .  

The Dewey Lake does  a t t a i n  a maximum t h i c k n e s s  of n e a r l y  350 f e e t  i n  

some a r e a s ;  however, i t  has  been s t r i p p e d  e n t i r e l y  from t h e  under lying 

R u s t l e r  Formation i n  p l a c e s ,  a p p a r e n t l y  by p re -Tr iass ic  e r o s i o n  

(Adams, 1944).  

S t r u c t u r e  

The Delaware Bas in  evolved by downwarp of Precambrian basement 

t e r r a n e  of t h e  Texas f o r e l a n d ,  a g r a n i t i c  c r a t o n  (Adams, 1965).  



Subsidence of the basin was accomplished mainly by downwarping without 

major marginal faulting and without subsequent folding or compressive 

tectonic deformation. However, buried normal faults of large displace- 

ment are present along the eastern edge of the basin (Adams, 1965). 

The major structural features present in the pre-evaporite strata 

consist of minor faults and secondary warping. Most of the faults tend 

to trend north-northeast and are typically upthrown to the east. Small 

dome-like features and complimentary saddles (resulting from secondary 

warping) with amplitudes of several hundred feet occur at widely spaced 

intervals (Brokaw and others, 1972). 

The only persistent structural feature present in the evaporite 

section is a general, uniform homoclinal dip of 1 to 3 degrees to the 

southeast. A rather complex system of salt flowage features is super- 

imposed on this homocline, which vary in development from location to 

location (Jones, 1973). The Capitan Reef front seems to have played a 

major role in the development of large deformational features in the 

salt. Just basinward of the eastern buried reef mass is a southeast 

plunging structural trough paralleling the base of the reef. The 

most intense deformation of the evaporite sequence occurs near this 

trough. This deformation is characterized by buckling and downwarping 

in the evaporites as well as gentle arching of the basin strata 

(Jones, 1973). 

Large and small scale flow features are also prevalent elsewhere 

in the evaporite strata, resulting from high shear stress combined 

with sufficient confining pressure. These flow features have caused 



d i f f e r e n t i a l  t h i c k e n i n g  of some e v a p o r i t e  u n i t s  and (on a s m a l l e r  

s c a l e )  boudinage-appearing s t r u c t u r e s  i n  some l o c a t i o n s  (Anderson, 

1978) .  

Anderson (1978) a l s o  d e s c r i b e s  numerous, s h a r p l y  d e f i n e d  l o c a l i z e d  

d e p r e s s i o n s  some of which may be  a t t r i b u t e d  t o  "deep d i s s o l u t i o n "  

p r o c e s s e s  t a k i n g  p l a c e  n e a r  t h e  b a s e  of t h e  C a s t i l e  Formation. Anderson 

(1978) proposes  t h a t  some of t h e s e  d i s s o l u t i o n  f e a t u r e s  may have 

propogatcd  upward forming c y l i n d e r s  of  c o l l a p s e d  and p a r t i a l l y  d i s s o l v e d  

d e b r i s  known i n  much o f  t h e  a r e a .  

Geologic  H i s t o r y  

The Delaware Bas in  i s  g e n e r a l l y  c o n s t r u e d  t o  be a  Permian f e a t u r e ,  

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

o f  t h e  b a s i n  was p robab ly  e s t a b l i s h e d  a s  e a r l y  as L a t e  Pennsy lvan ian  

t i m e ,  as a r e s u l t  of t h e  o r o g e n i c  movements c o i n c i d e n t  w i t h  t h e  c r e a t i o n  

of t h e  Marathon f o l d  b e l t  (New Mexico Geo log ica l  S o c i e t y ,  1954) .  The 

Marathon Orogen p robab ly  marks convergence  and f i n a l  c o l l i s i o n  between 

Afr ica-South  America and North America (Graham and o t h e r s ,  1975) .  

During t h e  Permian t h e  a r e a  was d i v i d e d  i n t o  a number of i r r e g u l a r l y  

shaped p r o v i n c e s  which r e c e i v e d  d i f f e r e n t  t y p e s  of  d e p o s i t s .  These 

p r o v i n c e s  were  b a s i n  areas, l i k e  t h e  Delaware Basin ,  s h e l f  a r e a s  and 

narrow p l a t f o r m s ,  s i m i l a r  t o  t h e  s h e l f  a r e a s ,  l y i n g  between t h e  b a s i n s .  

These p r o v i n c e s  a r e  b e l i e v e d  t o  be o f  t e c t o n i c  o r i g i n ,  t h e  b a s i n s  being 

areas o f  g r e a t e r  s u b s i d e n c e ,  t h e  p l a t f o r m s  and s h e l v e s  of  less subs idence  

(King, 1942) .  



I n  e a r l y  Permian t ime, s e a s  spread  over  a l l  o f  wes te rn  Texas and 

e a s t e r n  New Mexico, but  from middle  Permian t ime onward t hey  became 

p r o g r e s s i v e l y  more r e s t r i c t e d .  F i n a l l y ,  a t  t h e  end of t h e  Hidd le  

Permian, t h e  s e a s  appear  t o  have been n e a r l y  r e s t r i c t e d  t o  t h e  

Delaware Basin. It was dur ing  t h i s  t ime t h a t  t h e  f i r s t  e v a p o r i t e s  

and marine sediments  of t h e  Ochoa S e r i e s  were depos i t ed  (King, 1947) .  

During t h i s  pe r i od  of e v a p o r i t e  d e p o s i t i o n ,  t h e  Delaware Basin  
. . 

probably remained connected t o  t h e  sea by a  channe l  t o  t h e  southwest  

which c o n t i n u a l l y  provided f r e s h  seawate r  t o  t a k e  t h e  p l a c e  o f  t h a t  

l o s t  through evapora t ion .  The b a s i n  cont inued t o  downwarp throughout  

t h e  Permian and a  t h i c k  accumulat ion of e v a p o r i t e  m i n e r a l s  was depos i t ed .  

A t  t h e  c l o s e  of t h e  Permian, a  t h i c k  e l a s t i c  b l anke t  was depos i t ed  i n  

t h e  sha l lowing  sea .  

No lower T r i a s s i c  s t r a t a  occur  i n  t h e  Delaware Basin ,  nor  a r e  t hey  

known i n  t h e  region.  However, du r ing  t h i s  t ime, t h e  r eg ion  underwent 

ep i rogen i c  u p l i f t  and e ro s ion ;  a  s l i g h t  angu l a r  u n c o n f o m i t y  is  p r e s e n t  

between La t e  Permian and ove r ly ing  s t r a t a .  Bachman (1974) n o t e s  t h e  

p o s s i b i l i t y  of some d i s s o l u t i o n  of Permian s o l u b l e  rocks  du r ing  t h i s  

t ime,  bu t  c i t e s  no d i r e c t  evidence.  I n  t h e  La t e  T r i a s s i c ,  i n l and  

b a s i n  s t reams  l a i d  down f l o o d p l a i n  d e p o s i t s ,  which r e p r e s e n t  t h e  f i r s t  

r e co rd  of non-marine d e p o s i t i o n  i n  t h e  a r ea .  I n  t h e  Ea r ly  Cretaceous,  

a  sha l low sea t r ansg re s sed  a c r o s s  t h e  ba s in ,  s t r i p p i n g  o f f  some of 

t h e  T r i a s s i c  s trata and producing some d i s s o l u t i o n  of Permian s a l t  

and gypsum (Bachman, 1976). 



During t h e  La t e  Cretaceous,  t h e  s e a  withdrew, l e av ing  t he  a r ea  

b lanke ted  w i th  an unknown th i cknes s  of marine s t r a t a .  S ince  no e a r l y  

o r  middle T e r t i a r y  d e p o s i t s  a r e  known i n  t h i s  a r e a ,  geo ldg ic  even ts  

nea r  t he  ba s in  over t h e  60 m i l l i o n  y e a r s  a f t e r  t h e  end of t he  

Cretaceous a r e  no t  w e l l  known. Hayes (1964) i n d i c a t e s  t h a t  t he  e n t i r e  

r eg ion  was probably e l e v a t e d  and t i l t e d  s l i g h t l y  t o  t h e  no r thea s t  by 

broad ep i rogen i c  u p l i f t  co inc iden t  wi th  the  Laramide Orogeny. This  

e r o s i o n  aga in  s u b j e c t e d  Permian s a l t  t o  f u r t h e r  d i s s o l u t i o n  (Bachman, 

1974) .  Th i s  las t  ep i rogen i c  u p l i f t  probably marks t h e  conclusion of 

s i g n i f i c a n t  t e c t o n i c  a c t i v i t y  i n  t h e  Delaware Basin a rea .  



GEOLOGY OF THE SALAD0 FORMATION 

General  Desc r i p t i on  

The Salado Formation of t h e  Permian Ochoa S e r i e s  is  one  of t h e  

p r i n c i p a l  h a l i t e  d e p o s i t s  of t h e  North American c o n t i n e n t  and c o n t a i n s  

t h e  Car lsbad po tash  d i s t r i c t ,  which s u p p l i e s  much of t h e  United S t a t e s  

po tash  (Brokaw and o t h e r s ,  1972) .  The t h i cknes s  of t h e  Salado i n  t h e  

a r e a  s t u d i e d  ranges  from about  1700 f e e t  t o  a maximum of 2000 f e e t .  

Unl ike  t h e  C a s t i l e ,  t h e  Salado ex tends  over  and beyond t h e  Capi tan  

Reef masses t o  t h e  n o r t h  and e a s t ,  o v e r f i l l i n g  t h e  a n c i e n t  reef-formed 

ba s in .  

Mineralogy 

The Salado Formation i s  composed p r i m a r i l y  of h a l i t e ,  a n h y d r i t e  

and potass ium salts  w i t h  va ry ing  amounts. of o t h e r  e v a p o r i t e s  and 

f ine-gra ined  c l a s t i c  rocks .  E igh ty- f ive  t o  n i n e t y  pe r cen t  of t h e  

fo rmat ion  is  comprised of h a l i t e ;  t h e  nex t  most abundant r o c k  p r e s e n t  

i s  a n h y d r i t e .  P o l y h a l i t e  and o t h e r  potassium-magnesium m i n e r a l s  w i t h  

minor amounts of sands tone  and c l a y s t o n e  make up t h e  remainder  of t h e  

Salado.  

There  are two types  of h a l i t e  found i n  t h e  Salado;  they  d i f f e r  

p r i m a r i l y  i n  t h e  amount of d e t r i t u s  they  con t a in .  One type  is  q u i t e  

c l ayey  and c o n t a i n s  va ry ing  amounts of q u a r t z ;  t h e  o t h e r  c o n t a i n s  only 

minor amounts of c l a y  m a t e r i a l .  Potass ium-r ich zones ,  o c c u r r i n g  

throughout  t h e  h a l i t e ,  a r e  recognized by t h e  p r e sence  of abundant s y l v i t e  

and lesser amounts of c a r n a l l i t e ,  k i e s e r i t e  and o t h e r  e v a p o r i t e  m ine ra l s .  
F 



Though t h e s e  minera l s  a r e  p r e sen t  i n  minor amounts i n  a l l  of t he  Salado, 

t h e i r  g r e a t e s t  abundance i s  noted near  t he  middle of t h e  s e c t i o n  

between sa l t  beds. 

Anhydri te  and p o l y h a l i t e  n e a r l y  always occur i n  seams i n t e r c a l a t e d  

w i th  t h i c k  h a l i t e  s e c t i o n s .  Brokaw and o t h e r s  (1972) i n d i c a t e  t h a t  t he  

ma jo r i t y  of t h e  p o l y h a l i t e  found i n  t h e  seams is probably due t o  

replacement of a n h y d r i t e  bu t  sugges t  no time c o n s t r a i n t s  of t h e  

replacement process .  

Xost of t h e  d e t r i t u s  found i n  t h e  evapo r i t e  minera l s  c o n s i s t s  of 

c l a y  minera l s  and q u a r t z  sand. I r o n  i s  a l s o  p r e sen t ,  maybe some of i t  i n  

t h e  form of hemat i t e  o r  an equ iva l en t  hydrated f o m ,  a l though much of 

i t  i s  p r e s e n t  i n  t h e  c l a y  minera l s .  Layer s i l i c a t e  mineral assemblages 

c o n s i s t i n g  of s m e c t i t e s ,  c h l o r i t e ,  i l l i t e ,  t a l c  and s e rpen t i ne  a r e  

q u i t e  common i n  t h e  i n s o l u b l e  p o r t i o n  of t h e  h a l i t e .  



ANALYTICAL PROCEDURE 

General  Sta tement  

Due t o  t h e  r a t h e r  unique e lementa l  composit ion of t h e  samples 

examined i n  t h i s  s t u d y  (compared t o  t h e  m a j o r i t y  of samples s t u d i e d  

u s ing  s t anda rd  geochemical t e chn iques ) ,  a b r i e f  o u t l i n e  of a n a l y t i c a l  

procedure  i s  inc luded .  A more d e t a i l e d  exp l ana t i on  of t h e s e  p rocedures  

is  g iven  i n  t h e  Appendix. 

P r e p a r a t i o n  of Samples 

Cleaning and c rush ing  

Samples of e v a p o r i t e s  ob ta ined  from d r i l l  c o r e s  were f i r s t  c u t  

by an a i r - coo l ed  saw t o  e l i m i n a t e  t hose  p o r t i o n s  which may have come 

i n  c o n t a c t  w i th  d r i l l i n g  s o l u t i o n s .  A f t e r  c u t t i n g ,  a  l a r g e  p o r t i o n  of 

t h e  remaining pr ism was crushed t o  about  one t o  f i v e  mm. A f t e r  

c ru sh ing ,  t h e  sample was q u a r t e r e d ,  and one of t h e  q u a r t e r s  crushed t o  

minus 100 mesh i n  a hardened s t e e l  c ru sh ing  v i a l .  Samples c o l l e c t e d  

from po t a sh  mine w a l l s  were c leaned  s imply  by removing t h e  o u t e r  p o r t i o n  

which had been exposed i n  t h e  mine a d i t .  A f t e r  c l e an ing ,  t h e  mine w a l l  

samples were crushed i n  t h e  same manner as t h e  samples ob t a ined  from 

core .  

Sepa ra t i on  of wa t e r  s o l u b l e  from wa te r  i n s o l u b l e  m a t e r i a l  

A f t e r  c ru sh ing  t o  minus 100 mesh, about  75 grams of each sample 

were c a r e f u l l y  weighed i n t o  a 250 m l  g l a s s  c e n t r i f u g e  tube.  About 175 

m l  of d i s t i l l e d  and de ion ized  wa t e r  was t hen  added and t h e  t ube  

v igo rous ly  shaken f o r  about  t h r e e  minutes .  The sample was t hen  



cen t r i f uged  f o r  f i f t e e n  minutes and t h e  s o l u t i o n  decanted through 

S  and S #576  f i l t e r  paper i n t o  a  600 m l  beaker.  This  process  was 

repea ted  t h r e e  t imes,  thus  a s su r ing  t h a t  a l l  t h e  water  s o l u b l e  

m a t e r i a l  was s epa ra t ed  from t h e  wate r  i n s o l u b l e  f r a c t i o n .  

The s o l u t i o n  con ta ined  i n  t h e  600 m l  beaker was then evaporated 

a t  100' C on a  h o t p l a t e  u n t i l  no more l i q u i d  remained. The wate r  

so lub l e -  sa l t  was then  q u a n t i t a t i v e l y  removed from t h e  beaker ,  weighed 

and s t o r e d  f o r  a n a l y s i s .  A comparison of t he  whole rock  weight t o  t h e  

weight of t h e  water  s o l u b l e  s a l t  e a s i l y  y ie lded  t h e  concen t r a t i on  of 

wate r  i n s o l u b l e  m a t e r i a l  i n  t h e  e v a p o r i t i c  salt .  

Sepa ra t i on  of  t h e  minus 2 micron f r a c t i o n  

The minus 2 micron f r a c t i o n  was s epa ra t ed  from t h e  i n s o l u b l e  

r e s i d u e  remaining from t h e  above procedure.  The i n s o l u b l e  m a t e r i a l  

was washed and cen t r i f uged  r epea t ed ly  u n t i l  t h e  c lay-s ized m a t e r i a l  

was de f l occu l a t ed .  The washed s l u r r y  was t hen  t r a n s f e r r e d  t o  1000 m l  

graduated c y l i n d e r s  f o r  g r a v i t y  s e t t l i n g .  The necessa ry  time f o r  

s e t t l i n g  w a s  determined from t h e  equa t ion  by Folk (1968). A f t e r  

s e t t l i n g  f o r  t he  p roper  l e n g t h  of t ime, t h e  minus 2 micron f r a c t i o n  

w a s  siphoned o f f  and t h e  s e t t l i n g  procedure  repea ted  u n t i l  a s u f f i c i e n t  

q u a n t i t y  of minus 2 micron m a t e r i a l  f o r  a n a l y s i s  w a s  obta ined.  h 

p o r t i o n  of t h e  minus 2 micron f r a c t i o n  was r e t a i n e d  as a s l u r r y ;  t he  

remainder w a s  d r i e d  and ground t o  minus 100 mesh f o r  geochemical 

a n a l y s i s .  



X-Ray D i f f r a c t i o n  I d e n t i f i c a t i o n  

Whole Rocks 

Whole rock  samples were analyzed by l oad ing  a  small amount o f  

randomly o r i e n t e d  rock  powder i n t o  a Norelco powder ho lder .  Th is  

powder w a s  then  scanned from 5 t o  80 deg ree s  two t h e t a  and t h e  

r e s u l t i n g  d i f f r ac tog ram compared t o  v a l u e s  compiled i n  t h e  J o i n t  

Committee on Powder D i f f r a c t i o n  S tandards  f i l e  t o  de te rmine  bu lk  

mine ra log i c  composit ion.  Approximate mine ra log i c  abundances were 

es t imated  by comparison of r e l a t i v e  peak i n t e n s i t i e s  of X-rayed samples 

w i th  known major  e lementa l  composi t ion t o  t h e  d i f f r a c t o g r a m  peak 

i n t e n s i t i e s  of samples w i t h  unknown mine ra log i c  abundance. Examples 

of t y p i c a l  e v a p o r i t e  d i f f r a c tog rams  a r e  g iven  i n  Appendix 1. 

Minus 2 micron f r a c t i o n  

I d e n t i f i c a t i o n  of c l a y  m i n e r a l s  w a s  based p r i m a r i l y  on X-ray 

d i f f r a c t o g r a m s  because s u f f i c i e n t  material f o r  major element a n a l y s i s  

was r a r e l y  p r e s e n t  and acce s s  t o  a scanning e l e c t r o n  microscope was 

s e v e r e l y  l i m i t e d .  Untreated o r i e n t e d  powders were scanned from 2 t o  

60 deg ree s  two t h e t a .  The u n t r e a t e d  s l i d e  w a s  g l y c o l a t e d  by vapor- 

soak ing  on a  r a c k  i n  a c o n t a i n e r  p a r t i a l l y  f i l l e d  w i t h  e t h y l e n e  g l y c o l .  

An a d d i t i o n a l  o r i e n t e d  powder w a s  hea ted  t o  450' C. The g l y c o l a t e d  

and heated samples were scanned from 2 t o  30 deg ree s  two t h e t a .  

These p rocedures  a r e  de sc r i bed  i n  more d e t a i l  i n  Appendix 2. 

A l l  samples X-rayed ( c l a y  mine ra l s  and whole rocks )  were  scanned 

by a  Norelco X-ray d i f f r a c t o m e t e r  u s ing  Cu Kc N i - f i l t e r e d  r a d i a t i o n .  



A t ime c o n s t a n t  of two seconds was used w i t h  a s c i n t i l l a t i o n  coun te r  

d e t e c t o r  and p u l s e  h e i g h t  a n a l y z e r .  The goniometer s l i t  system was 

comprised of a  d i v e r g e n t  and a n t i - s c a t t e r  s l i t  of 1 degree  and a  

0.003 i n c h  r e c e i v i n g  s l i t .  

Chemical P r e p a r a t i o n  of Samples f o r  Rb-Sr Analysis  

Whole rock,  c l a y  m i n e r a l  and wate r  s o l u b l e  samples were weighed 

t o  t h e  n e a r e s t  0.00001 g  and p laced  i n  100 m l  t e f l o n  evapora t ing  

d i s h e s ;  t h e  amount of sample t o  be d i s s o l v e d  w a s  a d j u s t e d  t o  ensure  a t  

l e a s t  1 0  micrograms of  S r  and Rb i n  s o l u t i o n .  The samples were then 

sp iked  w i t h  8 4 ~ r -  and 8 7 ~ b - e n r i c h e d  s o l u t i o n s .  Whole rock and c l a y  

m i n e r a l  samples were d i s s o l v e d  w i t h  30 m l  of r eagen t  g rade  HF and 3  m l  

of  vycor  d i s t i l l e d  HC104 a t  100' C on a  h o t p l a t e .  Water s o l u b l e  

samples were d i s s o l v e d  w i t h  50 r n l  of  d i s t i l l e d  and de ion ized  H 0  and 2  

1 0  m l  vycor  d i s t i l l e d  6N HC1.  Samples c o n t a i n i n g  l a r g e  amounts of 

s u l f a t e  m i n e r a l s  were f i r s t  t r e a t e d  w i t h  aqua r e g i a  and then  d i s s o l v e d  

w i t h  HF and HC104. 

A f t e r  complete d i s s o l u t i o n  of t h e  sample and evapora t ion  of a l l  

HI? and HC104, t h e  r e s u l t i n g  r e s i d u e  was d i g e s t e d  w i t h  30 m l  of vycor 

d i s t i l l e d  2N HC1. The H C 1  was allowed t o  evapora te  complete ly  and 

t h e  sample was r e d i g e s t e d  w i t h  30 m l  of HC1. The mix ture  was reduced 

t o  about  3  m l  by slow evapora t ion  and allowed t o  c o o l  overn igh t .  The 

s o l u t i o n  was then  f i l t e r e d  through S  and S  #576 f i l t e r  paper and 

loaded on to  t h e  t o p  of a  chromatography column charged wi th  

chromatographic g rade  s u l f o n a t e d  po lys ty rene .  The column was washed 

w i t h  2.25N H C 1  and Rb and S r  f r a c t i o n s  c o l l e c t e d  a s  p resc r ibed  by 

column c a l i b r a t i o n  ( s e e  Appendix 3 ) .  



The Rb and S r  f r a c t i o n s  were subsequent ly  d r i e d ,  r ed i s so lved  and 

placed i n t o  c l e a n  q u a r t z  mic rov i a l s .  The samples i n  t h e  mic rov i a l s  

were fused ,  cooled and s t o r e d  f o r  mass spec t rome t r i c  a n a l y s i s .  

Mass Spectrometry 

Samples were analyzed f o r  Rb and S r  concen t r a t i on  as w e l l  a s  S r  

i s o t o p i c  r a t i o  us ing  a Nucl ide Corporat ion 12 i nch ,  90 degree  s e c t o r  

s o l i d  sou rce  mass spec t rometer .  Samples were evaporated onto Ta r ibbon 

f i l a m e n t s ,  which were f i r s t  "precondi t ioned" a t  a low tempera ture  under 

h igh  vacuum and then  loaded i n t o  t h e  mass spec t rometer  source  f o r  

a n a l y s i s .  S r  and Rb were analyzed i n  t h e  sane  manner. A f t e r  a s t e a d y  

i o n  beam w a s  ob ta ined ,  t h e  a p p r o p r i a t e  spectrum was scanned us ing  a 

peak p r e s e l e c t o r  t o  s t e p  from mass t o  mass. An i n t e g r a t i n g  r a t i o m e t e r  

s e rved  p r i m a r i l y  as a s i n g l e  channel  counte r  t o  count  and r eco rd  t h e  

i n t e n s i t y  of  each peak i n  t h e  spectrum. Forty-eight  scans  of  t h e  spectrum 

of  each sample were deemed t o  produce s u f f i c i e n t l y  a c c u r a t e  and p r e c i s e  

d a t a .  Data were then  reduced p r i m a r i l y  by hand c a l c u l a t i o n .  

Rb and S r  concen t r a t i ons  were c a l c u l a t e d  by s t anda rd  i s o t o p e  

8 6 d i l u t i o n  techniques  (Appendix 4) .  A l l  8 7 ~ r /  S r  r a t i o s  were normalized 

8 7 t o  8 6 ~ r / 8 8 ~ r  = 0.1194; t h e  8 5 ~ b /  Rb r a t i o  w a s  t aken  t o  b e  2.593. 

Blank ana ly se s  averaged 0.03 micrograms S r  and 0.02 micrograms Rb; 

t h e s e  va lues  were i n s i g n i f i c a n t  as p o s s i b l e  contaminants  f o r  a l l  

ana ly se s .  ? l u l t i p l e  ana ly se s  of Eimer and Amend s t anda rd  SrC03 

86 
gave an  average  ( 8 7 ~ r /  S r )N  of 0.7080 (Appendix 5 ) .  One s t anda rd  

d e v i a t i o n  exper imenta l  e r r o r s  a r e  r e a l i s t i c a l l y  es t imated  t o  be  1 . 0  

86 8 6 
pe r cen t  f o r  8 7 ~ b /  S r  and 0.03 pe rcen t  f o r  8 7 ~ r /  S r .  



Ins t rumenta l  Neutron Ac t i va t i on  Analysis  

Samples were analyzed f o r  24 elements by i n s t rumen ta l  neutron 

-I-:.ivation a n a l y s i s  (INAII) a t  t h e  Los Alamos S c i e n t i f i c  Laboratory.  

- r a d i a t i o n  of t h e  samples w a s  performed a t  t h e  Omega West Reactor,  

3 the rmal ,  heterogeneous,  t ank  type  r e a c t o r ,  which a t  t h e  8 megawatt 

2  zve l  p rov ides  neu t ron  f l u x e s  up t o  8 x 1013 neutrons/cm -sec. 

Samples, ground t o  minus 200 mesh, were a c c u r a t e l y  weighed i n t o  

. ? e thy l ene  s c i n t i l l a t i o n  v i a l s  and in t roduced  t c  a  high thermal  

-.utron f l u  us ing  a  He-charged pneumatic t r a n s f e r  system. X smal l  

.:ngth of nichrome w i r e  was analyzed concur ren t ly  w i th  each s a m ~ l e  

-.I moni tor  p o s s i b l e  d e v i a t i o n s  i n  t h e  neutron f l u x .  

A f t e r  i r r a d i a t i o n ,  t h e  r e s u l t i n g  gamma emiss ion spectrum from t h e  

ample w a s  analyzed and counted by a  Ge(Li) d e t e c t o r  used i n  conjunct ion 

. i t h  a  4096 channel  ana lyze r .  Estimated percen t  e r r o r  and t h e  lower 

l i m i t  of d e t e c t i o n  f o r  each element analyzed a r e  g iven  i n  Appendix 7 .  

S i l i c a t e  samples ( c l ay  mine ra l s  i n  t h i s  i n s t ance )  and low Sa rocks 

(such a s  p o l y h a l i t e  and anhyd r i t e )  a r e  e a s i l y  analyzed by I N U .  2ow- 

-vsr, rocks con t a in ing  more than about  5 percen t  Na (rock s a l t )  cannot 

be analyzed simply,  due t o  t h e  c r e a t i o n  of 2 4 ~ a  (by neutron bombardment 

o f  2 3 ~ a )  which emi t s  a  very  i n t e n s e  garma spectrum a f t e r  i r r a d i a t i o n .  

-h i s  s t r o n g  gamma spectrum a c t s  t o  "bl ind"  t h e  d e t e c t o r  and makes 

- 3 a l y s i s  of t h e  sample impossible .  

I n  o rde r  t o  ana lyze  h igh  Na samples, such a s  rock s a l t ,  t h e  Ya 

~ s s t  be  s epa ra t ed  from t h e  remainder of t h e  sample o r  t h e  elements t o  

se analyzed must be  i s o l a t e d  from t h e  Na and o t h e r  elements of t he  



sample. F i r s t ,  i t  w a s  a t tempted t o  remove Na from t h e  sample by 

pass ing  t h e  d i s so lved  sample through a chromatography column charged 

wi th  hydrated antimony pentoxide (HAP) a s  suggested by G i l l s  and 

o t h e r s  (1970). This  r a t h e r  t ime consuming procedure d id  i n  f a c t  

remove t h e  Na, however enough Sb w a s  added t o  t h e  sample t o  produce 

n e a r l y  t he  same e f f e c t  ( t o  a lesser e x t e n t )  a s  t h a t  produced by a 

high Na concent ra t ion .  

Next, s tandard  i o n  exchange chromatography was used t o  s e p a r a t e  

t h e  elements t o  be analyzed from t h e  remainder of t h e  sample. This  

procedure was dismissed due t o  i t s  l engh th ines s  and t h e  u n c e r t a i n t y  

of element y i e l d  from t h e  chromatography column. 

A t  t h e  t i m e  of t h i s  w r i t i n g ,  a new procedure i s  being developed 

which w i l l  probably a l l ow  high N a  samples t o  be  i r r a d i a t e d  and analyzed 

wi th  t h e  accuracy and r a p i d i t y  of s i l i c a t e  sample ana lyses .  Samples 

w i l l  b e  loaded i n t o  pure  Mn m e t a l  r a b b i t s  which should b lock  those  

s p e c i f i c  energy l e v e l  neu t rons  t h a t  c r e a t e  2 4 ~ a  from 2 3 ~ a .  Theore t -a  

i c a l l y ,  t h e  procedure should be s u c c e s s f u l ,  bu t  no a c t u a l  sample 

a n a l y s i s  has  y e t  been at tempted.  



AYALYTICAL DATA AND RESULTS 

Whole Rocks 

?lineralogy 

Whole rock  samples were analyzed by X-ray d i f f r a c t i o n  techniques  

t o  determine t h e i r  major minera log ic  composition. Evapor i t e  mineral  

composit ions of t h e  samples were ob ta ined  from t h i s  procedure (Table 5 ) .  

Though d e t a i l e d  e v a p o r i t e  minera l  composit ion of t he  analyzed samples 

i s  d i scussed  i n  t h e  next  s e c t i o n ,  i t  should be noted t h a t  most whole 

rocks  c o n s i s t  p r i m a r i l y  of h a l i t e  o r  s y l v i t e  wi th  minor amounts of 

s u l f a t e  minera l s .  

Samples wi th  d e t e c t a b l e  i n s o l u b l e  m a t e r i a l  were separa ted  i n t o  two 

f r a c t i o n s ,  a  wate r  s o l u b l e  and a  water  i n s o l u b l e  por t ion .  The percentage 

of wate r  i n s o l u b l e  m a t e r i a l  i n  some of t h e  samples was determined by t n i s  

procedure (Table  2). I n so lub l e  r e s i d u e  i n  most samples ranged from one 

t o  e i gh t een  pe r cen t ;  however, some samples had i n s o l u b l e  r e s i due  

concen t r a t i ons  a s  low a s  0 .1  percen t  and a s  high a s  32 percen t .  The 

i n s o l u b l e  m a t e r i a l  was comprised p r ima r i l y  of quar tz  sand and c l ay  

minera l s .  

Najor Element Data 

Ten whole rock  samples were analyzed f o r  major element composition 

p r ima r i l y  t o  v e r i f y  t h e  X-ray i d e n t i f i c a t i o n  of t h e  mineralogies  

determined (Table 3 ) .  Many of t h e  c a t i o n i c  s p e c i e s  a r e  repor ted  simply 

a s  meta l s  ( i n s t e a d  of oxides)  a s  t h e  oxygen abundance of t he se  samples 

i s  an unknown. The Na concen t r a t i on  i n  most of t h e  samples is  i n  excess  



Table  2. Percentage of wate r  i n s o l u b l e  r e s i d u e  i n  some samples 
from t h e  Salado Formation. 

Corahole Footage Percmt Insoluble 
Ruidue 



Table 3 .  Major element data for some whole rock samples from the 
Salado Formation. 

Oxide AEC-8, 
or 1607.0-1608.0 
Elemrnc 

All  concentrations expressed as weight percent. 



samples p l o t  e s s e n t i a l l y  on t h e  o rd ina t e .  Of t h e  f i f t e e n  remaining 

samples, t e n  a r e  used t o  produce a reasonable  e s t ima te  of t h e  i n i t i a l  

86 8 7 ~ r /  S r  r a t i o  of 0.7085 f 0.0010. 

Evapor i te  Minerals  

Mineralogy 

Thirty-one samples were analyzed f o r  mineralogic  composition 

by X-ray d i f f r a c t i o n  techniques;  t h e  r e s u l t s  a r e  noted i n  Table 5. 

Nearly a l l  t h e  samples c o n s i s t  p r i m a r i l y  of h a l i t e  (80 t o  90 percent  

i n  most ca ses ) ;  some samples (AEC-8, 1636.6-1637.1, f o r  example) con ta in  

a s  much a s  50 percent  s y l v i t e .  S u l f a t e  minera ls  a r e  p re sen t  i n  many 

samples. P o l y h a l i t e  is  probably t h e  most common s u l f a t e  minera l  and 

makes up a s  much a s  90 percent  of a t  l e a s t  one sample (DV-LA). Langbeini te  

w a s  found i n  o n l y ' s i x  samples bu t  makes up a s  much a s  70 t o  80 percent  of 

some of them (DV-4E, f o r  example). The only  carbonate  minera l  de tec ted  

is magnesite,  which is  p re sen t  i n  f i v e  samples wi th  abundances of 5 t o  

30 percent .  Loeweite i s  t e n t a t i v e l y  i d e n t i f i e d  i n  two samples,  bu t  i t s  

i d e n t i f i c a t i o n  was r a t h e r  d i f f i c u l t  due t o  l a r g e  number of peaks p re sen t  

of t h e  two d i f f rac tograms.  Typica l  e v a p o r i t e  d i f f r ac tog rams  a r e  g iven  

i n  Appendix 1. 

Most evapor i t e  minera l  samples were obta ined  by d i s so lv ing  t h e  whole 

rock samples i n  water  and s e p a r a t i n g  t h e  water  s o l u b l e  m a t e r i a l  from t h e  

i n s o l u b l e  residue.  I n  cases  where very  l a r g e  amounts of p a r t i a l l y  s o l u b l e  

s u l f a t e  minera ls  were p re sen t ,  t h e s e  minera ls  were phys i ca l ly  s epa ra t ed  

from t h e  remainder of t h e  whole rock sample before  d i s s o l u t i o n .  



Table 5. Evaporite mineral 
Salado Formation. 

composition samples from the 

Sample Number 

All units given are in percent abundance. 



Table 5 (continued). 

Sample 

All units given are i n  percent abundance. 



Major Element Data 

Xa jo r  element a n a l y s e s  were o b t a i n e d  f o r  e i g h t  e v a p o r i t e  minera l  

samples (Table  6) t o  a i d  i n  i d e n t i f i c a t i o n  of m i n e r a l o g i e s  p r e s e n t  and 

t o  de te rmine  which e lements  d e t e c t e d  i n  t h e  whole rock samples were 

a t t r i b u t a b l e  t o  s i l i c a t e  m i n e r a l s  (non-evapor i te  m a t e r i a l ) .  No 

S i3*  o r  A1203 i s  found i n  t h e s e  samples,  r e f l e c t i n g  t h e  r a t h e r  i n s o l u b l e  

n a t u r e  of  t h e s e  two e lements .  The remainder  of t h e  e lementa l  abundances 

a r e  q u i t e  s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  t h e  whole rock  samples.  The 

o n l y  e x c e p t i o n  i s  t h e  Fe 0 c a n t e n t ,  which i s  a p p r e c i a b l y  lower i n  t h e  
2 3 

e v a p o r i t e  m i n e r a l s  i n d i c a t i n g  i t s  p robab le  a s s o c i a t i o n  w i t h  t h e  non- 

e v a p o r i t e  p o r t i o n  of t h e  sample. 

Rubidium-Strontium Data 

Forty-one e v a p o r i t e  m i n e r a l  samples were analyzed f o r  Rb and S r  

c o n c e n t r a t i o n  i n  a d d i t i o n  t o  S r  i s o t o p i c  r a t i o .  Two a n h y d r i t e  samples 

were analyzed f o r  S r  i s o t o p i c  composi t ion o n l y  (Table  7) .  Rubidium 

c o n c e n t r a t i o n  i n  t h e  s a l t  r i c h  samples r anges  from 0.22 pprn (AEC-8, 

1782.2-1782.4) t o  70.69 pprn (ERDA-9, 1404.8-1405.8). However, most 

samples have Rb c o n c e n t r a t i o n s  of less than  1 0  pprn. S t ront ium 

c o n c e n t r a t i o n  i n  t h e  s a l t - r i c h  samples is  between 0.27 ppm (DV-2C) and 

269.5 pprn (AEC-8, 1610.8-1611.3); most samples have from 30 t o  70 pprn 

S r .  The f o u r  p o l y h a l i t e  samples ana lyzed  have much h i g h e r  S r  

c o n c e n t r a t i o n s ;  from 767.6 pprn (ERDA-9, 1499.0-1500.0) t o  1563 pprn 

(AEC-8, 1618.9-1619.4). 

8 6 8 7 ~ r /  S r  r a t i o s  f o r  a l l  samples r ange  from 0.7071 (AEC-8, 

a 6 1715.4-1715.7) t o  1.6412 (DV-2C). Host samples possess  a 7 ~ r /  Sr 



Table 6. Major element analysis of evaporite mineral s'amples 
from the Salado Formation. 

Oxide AEC-8, AEC-8, ERDA-9, ERDA-9 , 
or 1622.4-1622.9 1782.2-1782.4 1404.8-1405.8 1709.0-1709.5 
Element 

All concentrations are expressed as weight percent. 



Table 6 (continued). 

Oxide DV- 2C 
or 
Element 

DV- 3A 

A l l  concentrations are expressed as weight percent. 



Table 7 .  Rb-Sr data  f o r  e v a p o r i t e  mineral  samples from t h e  
Salado Formation. 

Sample Number 



Table 7 (continued). 

,lyhalite and Anhydrite 
Polyhalite 



Table 7 (continued). 

Sample Number Rb Sr - 87~r - Rb - 8 7 ~ b  
( P P ~  ( P P ~  8 6 ~ r  s r 8 6 ~ r  

anhydri te 

ERDA-9, 1630.7-1631.0 

2836.0-2836.4 



r a t i o s  l e s s  t h a n  0.7200. The ex t r emely  S r - r i c h  p o l y h a l i t e  and 

8  6  
a n h y d r i t e  samples  a n a l y z e d  have an  a v e r a g e  8 7 ~ r /  S r  r a t i o  of  0.7077 

c 0.0004 ( l o )  . 
8 6 86 P l o t t i n g  t h e  8 7 ~ r /  S r  r a t i o  a g a i n s t  t h e  8 7 ~ b /  S r  r a t i o  f o r  

each  sample  y i e l d s  an i s o c h r o n  age  of  199 t 20 m.y. and a n  i n i t i a l  

8 6  8 7 ~ r /  S r  r a t i o  of 0.7076 + 0.0014 (F ig .  6 ) .  The d a t a  t h a t  p l o t  

86 e s s e n t i a l l y  on t h e  o r d i n a t e  g i v e  an  a v e r a g e  8 7 ~ r /  S r  r a t i o  of 0.7084 

5 0.0014. The same d a t a  were used t o  c o n s t r u c t  F ig .  7  b u t  t h e  s c a l e  

w a s  expanded t o  show t h e  d a t a  s c a t t e r  below t h e  i s o c h r o n  i n  t h e  lower  

l e f t - h a n d  c o m e r  of  t h e  p l o t .  T h i s  s c a t t e r  ( samples  AEC-8, 1636.6- 

1637.1 ,  DV-4D, DV-SC, MC-3A) can  p robab ly  be a t t r i b u t e d  t o  con tamina t ion  

of t h e  s m a l l  amount of  e v a p o r i t e  m i n e r a l  S r  i n  t h e s e  samples  by t h e  

86  
lower  8 7 ~ r /  S r  r a t i o  S r  p r e s e n t  i n  s e a w a t e r .  The sample which 

l i e s  d i s t i n c t l y  above t h e  i s o c h r o n  n e a r  t h e  o r d i n a t e  may have i n c o r p o r a t e d  

e x c e s s  r a d i o g e n i c  8 7 ~ r  from t h e  d e t r i t a l  material c o n t a i n e d  w i t h i n  t h e  

whole  rock .  With t h e  f i v e  samples  d e l e t e d  which f a l l  w e l l  o f f  t h e  

i s o c h r o n ,  a n  i s o c h r o n  age  of  214 215 m.y. i s  o b t a i n e d  w i t h  an  i n i t i a l  

86 87.Sr/ Sr ratio o: 0.7093 t 0.0007 (Fig. 8) .  T h i s  214 ? 1 5  m.y. age 

most  l i k e l y  r e p r e s e n t s  t h e  most mean ingfu l  d e t e r m i n a t i o n  of  t h e  t ime 

o f  d e p o s i t i o n  o r  f i n a l  e q u i l i b r a t i o n  of t h e  e v a p o r i t e  m i n e r a l s .  F u r t h e r ,  

t h i s  d a t e  i s  w i t h i n  t h e  s t a t e d  l i m i t s  of e r r o r  g i v e n  by Tremba (1973; 

see D i s c u s s i o n ) .  

T r a c e  Element Data 

Four  p o l y h a l i t e  and two a n h y d r i t e  samples  t a k e n  from t h e  ERDA-9 

and AEC-8 c o r e s  were  ana lyzed  f o r  twe lve  t r a c e  e l emen t s  a s  w e l l  a s  Ya,O - 
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and Fe203 by INAA. The r e s u l t s  f o r  each sample a r e  given i n  Appendix 7;  

t he  averages  a r e  given i n  Table  8. Samples were a l s o  analyzed f o r  K70, - 
but t h e  K20 con ten t  i n  the  p o l y h a l i t e  samples i s  w e l l  above t h a t  found 

i n  t h e  h ighes t  c a l i b r a t i o n  s t anda rd ,  s o  t h e  a n a l y s i s  i s  s u b j e c t  t o  

ques t  ion.  \ 

The p o l y h a l i t e  saiuples were analyzed t o  t r y  t o  determine t he  

gene ra l  t r a c e  element chemist ry  p r e sen t  i n  t h e  e v a p o r i t i c  b r i ne s .  Also,  
. . 

i t  was thought t h a t  s i n c e  many workers (c . f . ,  S c h a l l e r  and Henderson, 

1932) cons t rue  t h e  p o l y h a l i t e  i n  t h e  Salado t o  be a  secondary o r  

replacement minera l ,  t h a t  i t  may have concen t ra ted  any t r a c e  elements 

p r e sen t .  Unfor tuna te ly ,  t h e  t r a c e  element concen t ra t ion  i n  a l l  f ou r  

p o l y h a l i t e  samples i s  s o  low t h a t  most f a l l  below t h e  lower l i m i t s  of 

d e t e c t i o n  of t h e  method of a n a l y s i s .  

Of t h e  elements de t ec t ed ,  Na20 and Fe 0  a r e  t h e  most abundant 
2  3  

i n  t he  p o l y n a l i t e s .  The average Na20 concen t r a t i on  i s  about 6725 ppm, 

lower than  one would expect  f o r  a  mineral  l oca t ed  w i th in  a  few inches  

of massive h a l i t e .  However, most of t h e  p o l y h a l i t e  analyzed f o r  t h i s  

s tudy  i s  n e a r l y  s t o i c h i o m e t r i c .  The average Fe 0 conten t  is  about 2 3 

3275 ppm which may r e s i d e  i n  t h e  p o l y h a l i t e  l a t t i c e  ( s u b s t i t u t i n g  f o r  

Mg) but which is probably p r e sen t  a s  Fe-oxides f o r  Fe-hydroxides 

disseminated throughout t h e  sample. 

Zirconium and N i  a l s o  occur i n  t h e  samples.  Both Z r  and Ni may 

be p r e sen t  i n  t h e  p o l y h a l i t e  i t s e l f  bu t  more probably occur a s  oxides  

o r  hydroxides.  Hafnium was de t ec t ed  i n  two samples,  which i s  not  

s u r p r i s i n g  given t h e  Z r  concen t r a t i on  of t he  p o l y h a l i t e s .  Scand im  i s  



Table 8. Average trace and rare earth element concentration for four 
polyhaIite and two anhydrite samples from the Salado 
Format ion. 

Element 

Sm 

Polyhalite 
Average 
( P P ~  

Anhydrite 
Average 
(PP~) 

Nd 2.37 in one sample 3.95 in one sample 

La 0.55 in one sample ND 

6725.1 2584.7 

68975.7 385.1 in one sample 

0.55 in one sample ND 

Th 0.15 0.10 in one sample 

Tm ND 0.12 in one sample 

K£ 0.25 and 3.14 in two samples ND 

0.11 

0.07 and 0.14 in two samples 

63.0 

19.54 in one sample 

Co 0.90 0.55 in one sample 

Eu 0.07 in one sample 0.06 in one sample 

ND = not detected 



g e n e r a l l y  d i a d o c n i c  wi th  Fe and w a s  d e t e c t e d  i n  two samples. Tantaim;. 

Co, Th and Sb a r e  p r e s e n t  i n  n o s t  of t h e  samples i n  low c o n c e n t r a t i c n s  

( l e s s  t h a n  1 ppm). 

P o l y h a l i t e  is thought  t o  be a replacement minera l  o r  a t  l e a s t  

formed from v e r y  l a t e  s t a g e  b r i n e  s o l u t i o n s .  Xost of t h e  t r a c e  elements 

p r e s e n t  probably  a r e  s i n p l y  d i s t r i b u t e d  throughout t h e  p o l y h a l i t e  r q c k  

a s  hydroxides  o r  o x i d e s ,  which were t r a n s p o r t e d  i n t o  t h e  b a s i n  by ruc-_ 

from t h e  su r rounding  t e r r a n e .  

The average  t r a c e  element c o n t e n t  of  t h e  two a n h y d r i t e  samples 

analyzed is  q u i t e  similar t o  t h a t  of t h e  p o l y h a l i t e s .  The primary 

d i f f e r e n c e  noted is  t h a t  t h e  Fe 0 and Na20 c o n t e n t s  of the  a n h y d r i t e  2 3 

a r e  o n l y  about  h a l f  t h o s e  i n  p o l y h a l i t e .  The o t h e r  element concentrzc:-: 

a r e  v e r y  s i m i l a r ,  p o s s i b l y  s u g g e s t i n g  a g e n e t i c  r e l a t i o n s h i p .  1: ?ol-:- 

h a l i t e  is indeed a replacement  o r  a l t e r a t i o n  product  of a n h y d r i t e ,  i t  1, 

q u i t e  conce ivab le  t h a t  t h e  t r a c e  e lements  noted i n  p o l y h a l i t e  simpl:: 

r e f l e c t  t h e  t r a c e  element geochemist ry  of t h e  o r i g i n a l  a n h y d r i t e .  Zcwe--.:, 

much more work needs t o  b e  conducted i n  t h i s  a r e a  b e f o r e  any f i r m ,  

c o n c l u s i v e  s t a t e m e n t s  can  be  made. 

Rare E a r t h  Element Data 

Nine r a r e  e a r t h  e lements  (REE) were analyzed by INAA i n  f o u r  

p o l y h a l i t e  and two a n h y d r i t e  samples;  t h e  average v a l u e s  a r e  given i n  

Tab le  8, v a l u e s  f o r  i n d i v i d u a l  samples i n  Appendix 7. Unfor tuna te ly ,  

t h e  REE c o n t e n t  of  t h e s e  samples was too  low f o r  meaningful conclus ion.= 

t o  be drawn from t h e  d a t a .  Many of t h e  REE, Lu and Yb, f o r  example, 

were below l i m i t s  of  d e t e c t i o n  (Appendix 7) .  The main p o i n t  o f  i n t e r o  



here  i s  t h a t  the  REE concent ra t ion  i n  these  samples is  q u i t e  low, which 

i s  very s i m i l a r  t o  the  REX concent ra t ion  i n  seawater a s  repor ted  by 

Hogdahl (1968). 

Clay Minerals 

Mineralogy 

Twenty-two c l ay  mineral  samples obtained from evapor i t e  whole 

rocks and c l ay  seams wi th in  the  s a l t  were analyzed by X-ray d i f f r a c t i o n  

techniques (Table 9 ) ;  a l l  abundances given a r e  semi-quant i ta t ive  a t  

bes t .  In t e r l aye red  chlor i te -saponi te  and i l l i t e  a r e  the  two most 

abundant c l a y  minerals  present  and a r e  both found i n  nea r ly  every 

sample. The abundance of ch lo r i t e - sapon i t e  i n  the  c l ay  mineral  f r a c t i o n s  

v a r i e s  from about 95 percent  (AEC-8, 1622.4-1622.9) t o  an undetec table  

l e v e l  (AEC-8, 1671.2-1671.8, f o r  one). Most samples average about 50 

percent  ch lor i te -saponi te .  I l l i t e  abundance ranges from 60 percent  

(AEC-8, 1610.8-1611.3) t o  l e s s  than f i v e  percent  (ERDA-6, 1421.0-1421.7); 

t h e  ma jo r i ty  of t he  samples con ta in  about 40 percent  i l l i t e .  I l l i t e  

occurs  pr imar i ly  a s  t h e  2M polytype based on comparison of i t s  d i f f r a c t i o n  

s p e c t r a  wi th  those  noted by Yoder and. Eugster (1955). 

Kao l in i t e  is i d e n t i f i e d  i n  most samples and comprises about 10  t o  

15  percent  of t he  c l ay  mineral  f r a c t i o n s .  Ch lo r i t e  and sapon i t e  appear 

a s  s e p a r a t e  spec ie s  i n  a few samples but  a r e  much more common a s  

i n t e r l a y e r e d  spec ies .  Talc i s  found i n  about a t h i r d  of t h e  samples 

and c o n s t i t u t e s  a s  much a s  about 30 percent  of one sample (MC-8, 

1782.2-1782.4). 



T a b l e  9. M i n e r a l o g i c  compos i t ion  of  minus 2 micron  f r a c t i o n  samples  
f rom t h e  S a l a d o  Formation.  

Sample Number 

DV- 2C 7 1  1 9  1 0  - - - 
3A - 1 5  7 - - 7 8 

3B 55 34 11 - - - 
4B 5 0 35 1 0  5 - - 
4C 58 34 8 - - - 
4D 79 1 3  8 - - - 
5A 7 2 1 6  6 6 - - 
5C 3 7 49 1 4  - - - 

A l l  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  a s  p e r c e n t  r e l a t i v e  abundance.  



It i s  r e a d i l y  a p p a r e n t  from t h e  c l a y  mineralogy d e s c r i b e d  above 

t h a t  a  l a r g e  pe rcen tage  o f  t h e  c l a y  m i n e r a l s  found r e p r e s e n t  a l l o g e n i c  

m a t e r i a l  i n c o r p o r a t e d  i n t o  t h e  rocks  d u r i n g  e v a p o r i t e  d e p o s i t i o n .  

Though k a o l i n i t e  o f t e n  o c c u r s  a u t h i g e n i c a l l y  i n  sed imenta ry  r o c k s  

(Grim, 1968) ,  i t  i s  g e n e r a l l y  formed i n  high-alumina environments .  

An evapor i te- forming b r i n e  i s  c e r t a i n l y  n o t  such an  environment.  The 

l a c k  of Al i n  t h e  b r i n e  i s  a l s o  evidenced by t h e  o c c u r r e n c e  of 

s a p o n i t e ,  a t r i o c t a h e d r a l  s m e c t i t e  c o n t a i n i n g  l i t t l e ,  i f  any,  A 1  i n  t h e  

exchangeable  o c t a h e d r a l  s i t e s .  The c h l o r i t e - s a p o n i t e  i n t e r l a y e r e d  

c l a y  may r e p r e s e n t  a n  incomplete  a l t e r a t i o n  p roduc t  formed from i n t e r -  

a c t i o n  of t h e  Mg-rich b r i n e  s o l u t i o n  w i t h  more commonly o c c u r r i n g  

d i o c t o h e d r a l  m o n t m o r i l l o n i t e .  I n  any case ,  t h e  c l a y  mineralogy s u g g e s t s  

t h a t  a s i g n i f i c a n t  amount of t h e  c l a y  m i n e r a l s  found i n  t h e  e v a p o r i t e  

rocks  a r e  d e t r i t a l  i n  o r i g i n  and n o t  a u t h i g e n i c .  

Maj o r  Element Data  

Two m i n e r a l o g i c a l l y  r e p r e s e n t a t i v e  c l a y  m i n e r a l  samples were 

analyzed t o  de te rmine  t h e i r  major  element chemis t ry  (Tab le  1 0 ) .  S ince  

a n i o n s  o t h e r  t h a n  oxygen, C 1  and SO3, a r e  v e r y  low i n  abundance i n  t h e s e  

samples,  e lement  c o n c e n t r a t i o n s  a r e  expressed  a s  ox ides .  S i 0 2  and MgO 

comprise  t h e  b u l k  of t h e s e  samples,  making up some 60 p e r c e n t  of both .  

A s  expec ted ,  t h e  Al 0 c o n c e n t r a t i o n  i s  r a t h e r  low, a t t r i b u t a b l e  t o  t h e  
2  3  

l a c k  of Al i n  t h e  o c t a h e d r a l  s i t e s  o f  s a p o n i t e ,  which makes up a l a r g e  

p o r t i o n  o f  b o t h  samples.  Most of t h e  MgO d e t e c t e d  i s  probab ly  r e s i d e n t  

i n  c h l o r i t e - s a p o n i t e  though some i s  probab ly  p r e s e n t  i n  i l l i t e  r e p l a c i n g  

a  p o r t i o n  of t h e  K g e n e r a l l y  found i n  t h i s  m i n e r a l .  The Fe 0  c o n t e n t  2 3  



.;ie 10. Major element composition of two representative minus 2 
micron fraction samples from the Salado Formation. 
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of t h e s e  samples i s  one t o  two p e r c e n t  g i v i n g  t h e s e  c l a y s  t h e i r  

c h a r a c t e r i s t i c  r e d  c o l o r .  The r a t h e r  h i g h  Ti02 c o n c e n t r a t i o n  found 

i n  t h e s e  samyles (approx imate ly  0 .5  p e r c e n t )  a g a i n  a r g u e s  f o r  t h e i r  

d e t r i t a l  o r i g i n  a s  T i  i s  q u i t e  i n s o l u b l e  i n  s e a w a t e r  and p robab ly  

would n o t  have been a v a i l a b l e  d u r i n g  any p o s s i b l e  i n  s i t u  c l a y  g e n e s i s .  -- 

Rubidium-Strontium Data 

Rubidium and S r  c o n c e n t r a t i o n  and S r  i s o t o p i c  d a t a  were o b t a i n e d  

f o r  t h i r t e e n  c l a y  m i n e r a l  samples  (Tab le  1 1 ) .  The Rb c o n c e n t r a t i o n  

f o r  t h e s e  samples  r a n g e s  from 29.37 ppm (ERDA-9, 1772.0-.772.4) t o  

84.39 ppm (ERDA-9, 1404.8-1405.8). The samples c o n t a i n  14 .75  ppm 

8 6  
(DV-5A) t o  82.42 ppm (AEC-8, 1607.0-1608.0) S r .  The 8 7 ~ r /  S r  r a t i o  

v a r i e s  from 0.7185 (ERDA-9, 1772.0-1772.4) t o  0.7632 (ERDA-9, 1404.8- 

1405.8) . 
An i s o c h r o n  p l o t  of t h e  c l a y  m i n e r a l  samples y i e l d s  an  a g e  of 

86 390 + 77 m y .  and an i n i t i a l  8 7 ~ r /  S r  r a t i o  of 0.7112 t 0.0049 ( F i g .  9 ) .  

S i n c e  much of t h e  c l a y  found i n  t h e  e v a p o r i t e  r o c k s  i s  probab ly  d e t r i t a l  

i n  o r i g i n ,  t h i s  o l d e r  a p p a r e n t  a g e  i s  n o t  unexpected.  Many workers  ( c . f . ,  

Hurley and o t h e r s ,  1962) have no ted  t h a t  d e t r i t a l  c l a y  m i n e r a l s  w i l l  

g e n e r a l l y  r e f l e c t  t h e  a g e  o f  t h e i r  provenance.  I n  t h i s  c a s e ,  i t  i s  

f e l t  t h a t  t h e  c l a y  m i n e r a l s  ana lyzed  r e a c t e d  w i t h  t h e  b r i n e  s o l u t i o n  

c o n t a i n i n g  them. T h i s  is confirmed by scann ing  e l e c t r o n  microscopy 

(SEM) which shows cor roded ,  rounded d i t r i t a l  c l a y  m i n e r a l s  and some 

second g e n e r a t i o n  salts such  as h a l i t e  (D. G. Brookins ,  unpubl i shed  

r e p o r t ,  i n  p r e s s ) .  T h e r e f o r e ,  t h e i r  a p p a r e n t  i s o c h r o n  age  f a l l s  between 

t h e  a g e  of t h e i r  provenence and t h e  approx imate ly  200 m.y. a g e  o b t a i n e d  



Tab le  11. Rb-Sr d a t a  f o r  minus 2 micron f r a c t i o n  samples from 
t h e  Salado Formation. 

Sample Number Rb S r - 8 7 ~ r  
( P P ~ )  ( P P ~  86sr 





f o r  t h e  e v a p o r i t e  minera l s .  I n  a c t u a l i t y ,  d e t r i t u s  from rock ranging 

i n  age from Precambrian t o  l a t e  Pa leozoic  could have been t ranspor ted  

e i t h e r  by normal, i n t e r m i t t e n t  f looding  o r  pos s ib ly  by t u r b i d i t y  

c u r r e n t  t r a n s p o r t  i n t o  t h e  e v a p o r i t e  basin .  

Trace Element Data 

Fourteen c l a y  minera l  samples obtained from t h e  water i n s o l u b l e  

f r a c t i o n  of sa l t  samples and from c l a y  seams wi th in  the  massive s a l t  

s t r a t a  were analyzed by neutron a c t i v a t i o n  f o r  twelve t r a c e  elements.  

Also included i n  t h e  ana ly se s  were de te rmina t ions  of  Na20, K20 ( f o r  

some samples) and Fe203. The r e s u l t s  a r e  given i n  Table  12 .  

These ana ly se s  were undertaken t o  he lp  e s t a b l i s h  a  d a t a  base 

f o r  c l a y  minera l s  which have been immersed i n  an e v a p o r i t i c  b r i n e  

s o l u t i o n .  Also, i t  w a s  f e l t  t h a t  an examination of t h e  t r a c e  element 

and REE concen t r a t i ons  of t h e s e  c l a y s  might he lp  exp l a in  probable c lay  

mineral-br ine r e a c t i o n s .  Furthermore,  t o  understand t h e  geochemical 

sy s t ema t i c s  of t h e  e v a p o r i t i c  rocks of t h e  Delaware Basin,  i t  is 

c e r t a i n l y  d e s i r a b l e  t o  a s c e r t a i n  t h e  r o l e  of t h e  c l ay  minera l s  a s  

scavengers  o r  i o n  exchangers. 

Sodium concen t r a t i on  i n  t he se  samples averages  about 0.32 percen t ;  

most of t h e  Na is probably presen t  i n  t h e  mixed l a y e r  ch lo r i t e - s apon i t e ,  

a l though some may be p r e sen t  i n  c h l o r i d e  minerals .  The Na concent ra t ion  

is  r a t h e r  low f o r  a  c l a y  which has  been immersed i n  an  evapo r i t e  b r i n e  

s o l u t i o n ,  bu t  much of i t  was probably rep laced  by Mg. 

A l l  samples analyzed con t a in  a t  l e a s t  one percent  Fe203; many of 

them have Fe203 concen t r a t i ons  over  two percen t .  Much of t he  Fe203 i s  





most l i k e l y  con ta ined  i n  t h e  ch lo r i t e - s apon i t e  mixed l a y e r  phase p resen t  

i n  a l l  samples. 

The C s  concen t r a t i on  i n  t h e s e  c l a y  mineral  samples ranges from 

1.2  ppm t o  about 5.0 ppm; t h i s  concen t r a t i on  f a l l s  w e l l  w i th in  t h e  

repor ted  range f o r  C s  concen t r a t i on  i n  s h a l e s  of 1 .0  t o  5.0 ppm 

(Gaines,  1972).  C s  w a s  probably incorpora ted  i n t o  t h e  c l a y s  dur ing 

t h e i r  format ion and was not  r e l e a sed  i n t o  t h e  b r i n e  s o l u t i o n  dur ing 

e v a p o r i t e  format ion.  Th is  is supported by K / C s  r a t i o s  of 10,000 t o  

1400; most a r e  between 1400 and 7000. 

Barium concen t r a t i on  i n  t h e  analyzed samples i s  h igh ly  v a r i a b l e ,  

ranging from 2.5 ppm t o  2530 ppn. Most of t h e  Ba found is probably 

p r e sen t  as adsorbed i ons  on t h e  c l a y  p a r t i c l e s ,  but  samples wi th  h igher  

Ba concen t r a t i ons  may con t a in  small amounts of Bas0 a  highly i n so lub l e  4 ' 
compound known t o  p r e c i p i t a t e  from s e a  water  (P i lkey ,  1972). 

The Sc concen t r a t i on  of t h e s e  samples i s  on ly  s l i g h t l y  v a r i a b l e  

and ranges  from about 7.0 ppm t o  11.0 ppm. This  concen t ra t ion  of Sc 

is  much h ighe r  than  t h a t  observed i n  deep-sea ca rbona tes  ( C u r t i s ,  1972) 

i n d i c a t i n g  t h a t  t h e  m a j o r i t y  of Sc p r e sen t  i n  t h e  c l ay  minera l s  

probably o r i g i n a t e d  from t h e i r  provenance and was no t  adsorbed from 

t h e  e v a p o r i t e  b r i n e  s o l u t i o n .  

Zirconium i s  abundant ly  p r e sen t  i n  t h e s e  analyzed c l a y  minera l s ;  

t h e  concen t r a t i on  of Z r  r anges  from an unde t ec t ab l e  l e v e l  t o  a s  much 

a s  3800 ppm. Most of Z r  d e t ec t ed  probably r e s i d e s  a s  adsorbed ions  

on t h e  c l a y  mine ra l s ,  however, some may be p r e sen t  a s  very f ine-grained 

z i rcon .  



Hafnium and Z r  a r e  ve ry  c l o s e l y  r e l a t e d  chemica l ly  and a r e  g e n e r a l l y  

found t o g e t h e r  i n  t h e  geochemical environment;  such i s  t h e  c a s e  here .  Hf 

c o n c e n t r a t i o n  v a r i e s  from an u n d e t e c t a b l e  l e v e l  t o  about  9.0 ppm; most 

samples have 1 .0  t o  2.0 pprn Hf. The Hf/Zr r a t i o  i s  f a i r l y  c o n s t a n t  i n  

n a t u r e  and averages  about  0.02 ( F l e i s c h e r ,  1955) .  For t h e s e  samples ,  

t h e  average  Hf/Zr r a t i o  is about  0.12, w e l l  w i t h i n  t h e  l i m i t s  of  accep ted  

v a r i a b i l i t y  f o  r geo log i c  samples.  

Tantalum i s  known t o  b e  a s s o c i a t e d  w i t h  hyd ro ly sa t e  sed iments ,  such 

a s  c l a y s  (Rankama and Sahama, 1950) and is  found i n  t h e s e  samples i n  

c o n c e n t r a t i o n s  of below d e t e c t a b i l i t y  t o  about  2.0 ppm. Th i s  c o n c e n t r a t i o n  

range  i s  q u i t e  normal f o r  c l a y  mine ra l s .  

S ince  C r  r e a d i l y  s u b s t i t u t e s  f o r  Fe, i t  is g e n e r a l l y  p r e s e n t  i n  

c l a y s ,  such as t h o s e  s t u d i e d  i n  t h i s  t h e s i s ,  which c o n t a i n  a p p r e c i a b l e  

amounts of Fe. The C r  c o n c e n t r a t i o n  i n  t h e s e  samples ranges  from about  

3.0 pprn t o  about  600 ppm; most samples c o n t a i n  approximately  50 pprn C r .  

Rubidium is  p re sen t  i n  t h e s e  samples i n  c o n c e n t r a t i o n s  of about  20 

pprn t o  about  300 ppm. For t h e  samples w i th  a v a i l a b l e  K a n a l y s e s ,  t h e  

K/Rb r a t i o  ranges  from about  250 t o  30. Most a u t h i g e n i c  marine c l a y s  

have an average  K/Rb r a t i o  of approximately  240, t h e  mean c r u s t a l  K/Rb 

r a t i o  (Heie r  and Adams, 1964) .  However, i t  has  been noted t h a t  Rb i s  

adsorbed more s t r o n g l y  t han  K on most c l a y  mine ra l s ,  e s p e c i a l l y  i l l i t e s  

and s m e c t i t e s ,  du r ing  t h e  wea ther ing  process  (Reynolds,  1972) .  Th i s  

p r e f e r e n t i a l  a d s o r p t i o n  of Rb may l e a d  t o  i n i t i a l  K/Rb r a t i o s  as low 

as 30. Also,  c l a y  mine ra l s  p r e f e r e n t i a l l y  remove Rb over  K from sea-  

wate r ,  t hus  lowering t h e  K/Rb r a t i o  observed i n  many marine sed iments .  



Consider ing t h e s e  p o s s i b i l i t i e s ,  i t  is  no t  s u r p r i s i n g  t h a t  some 

of t h e s e  c l a y  minera l  samples have low K/Rb r a t i o s .  This i s  a l s o  

c o n s i s t e n t  w i th  t h e  low K / C s  r a t i o s  mentioned e a r l i e r .  

The Co concen t r a t i on  i n  t h e  samples analyzed ranges  from about 3.0 

pprn t o  35.0 ppm; most samples con t a in  from 3.0 pprn t o  10.0 pprn Co. 

Cobal t  i s  g e n e r a l l y  cons idered  t o  be q u i t e  mobile i n  t he  geo log ic  

environment (Young, 1957) and thus  concentra ted i n  marine depos i t s .  I n  

f a c t ,  some deep-sea sediments  have been r epo r t ed  t o  con t a in  as much a s  

70 pprn Co a l though  t h e  mean abundance f o r  s h a l e s  is repor ted  a s  19 pprn 

( C u r t i s ,  1972).  The c l a y  samples analyzed f o r  t h i s  s t udy  do no t  show 

any profound Co enrichment bu t  f a l l  i n  t h e  g e n e r a l l y  accepted range f o r  

Co concen t r a t i on  i n  c l a y  minera l s .  

The N i  concen t r a t i on  of t h e  c l a y  minera l s  analyzed ranges  from 

approximately  14.0  pprn t o  about 40.0 ppm. This  concen t ra t ion  of X i  i s  not  

unusual  as N i  i s  s i d e r o p h i l e  and t h e  samples analyzed con t a in  abundant 

Fe. S ince  t h e  N i  con ten t  of seawate r  i s  q u i t e  low, about 0.002 pprn (Mason, 

1966) ,  a l l  t h e  N i  p r e sen t  i n  c l a y  minera l s  was probably der ived  from 

t h e i r  provenance and no t  adsorbed dur ing  t r a n s p o r t  o r  depos i t i on .  The 

extremely low concen t r a t i on  of N i  i n  seawater  a l s o  i n d i c a t e s  t h a t  most 

of t h e  N i  r e l e a s e d  by weather ing and c a r r i e d  t o  t h e  s e a  remains i n  the  

s o l i d  p roduc ts  of weather ing i n  t h i s  case ,  c l a y  minera l s .  

The c r u s t a l  and seawater  abundance of Sb i s  q u i t e  low ( l e s s  than 

1 .0  ppm, Goldschmidt, 1954);  some of t h e  h igh  Sb concen t ra t ions  noted i n  

t h e  analyzed c l a y s  may b e  due t o  a n a l y t i c a l  e r r o r .  Most of t h e  samples 

analyzed have Sb concen t r a t i ons  of approximately  1 . 0  t o  2.0 ppm. The 



Sb found i n  t h e s e  c l a y  samples was p robab ly  adsorbed d u r i n g  t h e i r  

fo rmat ion  o r  scavenged from s o l u t i o n s  dur ing  t r a n s p o r t  t o  t h e  e v a p o r i t e  

b a s i n .  

Thorium c o n c e n t r a t i o n  i n  t h e  samples ana lyzed  r a n g e s  from about  4 .0  

ppm t o  14.0  ppm. The a v e r a g e  abundance o f  Th i n  s h a l e s  i s  about  1 2 . 0  ppm 

(Adams and o t h e r s ,  1959) which i s  o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  average  

abundance d e t e c t e d  i n  t h e s e  samples.  Huch of Th p r e s e n t  i n  t h e  samples 

p robab ly  was i n c o r p o r a t e d  i n  t h e  c l a y  m i n e r a l s  dur ing  t h e i r  fo rmat ion  

through some may have been adsorbed d u r i n g  t r a n s p o r t  o r  a f t e r  d e p o s i t i o n  

i n t o  t h e  Delaware Basin. 

Rare E a r t h  Element Data 

Nine rare e a r t h  e lements  (REE) were analyzed i n  f o u r t e e n  c l a y  

m i n e r a l  samples ;  t h e  r e s u l t s  a r e  g i v e n  i n  Tab le  12.  The a v e r a g e  REE 

c o n c e n t r a t i o n  (Tab le  12)  of t h e  f o u r t e e n  samples  r e l a t i v e  t o  t h e  

composi te  o f  North American s h a l e s  (NAS) i s  p l o t t e d  i n  Fig .  10.  P l o t s  

of t h e  REE c o n c e n t r a t i o n  of each  sample r e l a t i v e  t o  NAS are g i v e n  i n  

Appendix 8. 

The t o t a l  REE c o n t e n t  of t h e s e  samples is r a t h e r  v a r i a b l e  and r a n g e s  

from 22.5 ppm t o  455 ppm. The a b s o l u t e  c o n c e n t r a t i o n  of each  REE i n  t h e  

samples i s  a l s o  q u i t e  v a r i a b l e ;  however, t h e  p l o t s  of REE c o n c e n t r a t i o n  

of each sample r e l a t i v e  t o  NAS (Appendix 8 )  i n d i c a t e  t h a t  t h e  normal ized 

r e l a t i v e  REE c o n c e n t r a t i o n s  f o r  each  sample a r e  q u i t e  similar. For 

t h i s  r eason ,  o n l y  t h e  a v e r a g e  REE c o n c e n t r a t i o n s  of t h e  f o u r t e e n  samples  

w i l l  b e  cons idered .  
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I f  Tb and Tm a r e  ignored  ( t h e r e  a r e  probably problems w i t h  Tb 

and Tm a n a l y s e s ) ,  t h e  average  WE abundance f o r  t h e  samples r e l a t i v e  

t o  XAS i s  n e a r l y  u n i t y  f o r  most e lements .  There  a r e  two anomalies  

no ted  i n  Fig.  10. F i r s t ,  t h e r e  is  a s m a l l  n e g a t i v e  Ce anomaly; second,  

i t  appears  a s  though t h e  h e a v i e r  REE, such a s  Yb and Lu a r e  g e n e r a l l y  

en r i ched  r e l a t i v e  t o  t he  l i g h t e r  REE. The n e g a t i v e  C e  anomaly and 

t h e  enrichment of t h e  heavy REE i s  s i m i l a r  t o  t h e  p a t t e r n  observed i n  

seawate r  (Hogdahl, 1968) b u t  r a t h e r  d i s s i m i l a r  t o  t h a t  s een  i n  p e l a g i c  

marine sediments  (Wildeman and Haskin,  1965).  

Seawater e x h i b i t s  a n e g a t i v e  C e  anomaly due t o  t h e  l o s s  of Ce 

from seawate r ,  probably by c r e a t i o n  of t h e  r e l a t i v e l y  i n s o l u b l e  Ce 4+ 

s p e c i e s  and subsequent  i n c o r p o r a t i o n  i n t o  ferromanganese nodules ,  which 

pave much of t h e  ocean f l o o r  (Goldberg, 1961).  The monotonic i n c r e a s e  

i n  t h e  abundance of REE from Sm t o  Lu can most l i k e l y  be  a t r r i b u t e d  

t o  t h e  g r e a t e r  s t a b i l i t y  of complexes of heavy REE r e l a t i v e  t o  t h o s e  

of l i g h t e r  REE (Goldberg and o t h e r s ,  1963) .  

I n  t h e  c a s e  of t h e s e  c l a y  samples ,  t h e  C e  anomaly i s  n o t  n e a r l y  

as pronounced a s  t h a t  of seawate r  and may no t  be  real i f  n e a r  maximum 

e r r o r s  a r e  assumed f o r  bo th  La and C e .  However, i f  Ce i s  anomalously 

low, i t  i s  q u i t e  conce ivab l e  t h a t  t h e  c l a y  mine ra l s  cou ld  have undergone 

i o n  exchange w i t h  t h e  b r i n e  s o l u t i o n s ,  which most probably e x h i b i t e d  

a s t r o n g  n e g a t i v e  C e  anomaly. The apparen t  i n c r e a s e  i n  abundance of 

heav i e r  REE r e l a t i v e  t o  t h e  l i g h t e r  REE i s  probably a l s o  a p roduc t  of 

c l a y  minera l -b r ine  s o l u t i o n  i n t e r a c t i o n .  Th i s  seems t o  be  a p l a u s i b l e  

exp l ana t i on  f o r  t h e  REE abundances observed i n  t h e s e  c l a y  m i n e r a l s  a s  



t h i s  type  of i o n  exchange has been prev ious ly  noted by many workers 

(c . f . ,  C a r r o l  and S ta rkey ,  1960; Rus se l l ,  1970). Deplet ion of the  

l i g h t  REE i n  t h e  c l a y  f r a c t i o n  would be expected by s u b s t i t u t i o n  of 

caZ+ o r  ~ a '  f o r  t h e  l i g h t  REE whereas t h e  i o n i c  r a d i i  of t h e  heavy 

REE would prec lude  such s u b s i t u t i o n .  

I n  o r d e r  t o  exp l a in  more f u l l y  t h e  i n t e r a c t i o n  of t h e  evapo r i t e  

b r i n e  s o l u t i o n  w i t h  t h e  appa ren t l y  d e t r i t a l  c l a y  m a t e r i a l ,  much more 

d a t a  must be c o l l e c t e d  and analyzed. 



DISCUSSION 

Many workers  have s t u d i e d  t h e  mineralogy,  p e t r o l o g y . a n d  g e n e s i s  

of t h e  Salado Format ion s o  no e f f o r t  w i l l  b e  made h e r e  t o  a g a i n  d e s c r i b e  

t h e  mineralogy.  The Sa lado  is made up p r i m a r i l y  of h a l i t e  and s y l v i t e  

w i t h  minor s u l f a t e  m i n e r a l i z a t i o n .  The Rb-Sr geochronology i n d i c a t e s  

t h a t  t h e s e  m i n e r a l s  a r e  p robab ly  a l l  t empora l ly  c o g e n e t i c .  

A d i s c u s s i o n  o f  t h e  r e s u l t s  of t h e  d a t e s  o b t a i n e d  f o r  t h e  Sa lado  

Formation depends on knowledge of t h e  a g e  of t h e  Permian-Tr iass ic  

boundary. Webb and McDougall (1967) have r e c e n t l y  e s t i m a t e d  t h e  age  

of t h i s  boundary t o  b e  235 + 5 m.y. T h i s  d a t e  was based on a K-Ar 

d e t e r m i n a t i o n  of a b i o t i t e  from a t u f f  o c c u r r i n g  i n  a n  Upper Permian 

sequence i n  t h e  Bowen Bas in  o f  A u s t r a l i a .  A s u p p o r t i n g  d a t e  of 220 m.y. 

was o b t a i n e d  f o r  t h e  Middle T r i a s s i c  s t ra ta  from s o u t h e a s t e r n  Queensland,  

A u s t r a l i a  and a d d i t i o n a l  s u p p o r t i n g  d a t e s  by K-Ar m i n e r a l  (217 + 25 m.y.) 

and Rb-Sr whole r o c k  i s o c h r o n  methods (218 m.y.) were  noted.  Other  

workers ,  such as Polevaya and o t h e r s  (1964) and Smith (1964) have 

de te rmined  t h e  Permian-Tr iass ic  boundary t o  b e  about  235 ?r 5 m.y.; t h i s  

d a t e  is probab ly  t h e  b e s t  e s t i m a t e  of t h e  boundary. 

As no ted  p r e v i o u s l y ,  t h e  Ochoa S e r i e s  i s  g e n e r a l l y  c o n s i d e r e d  t o  

b e  L a t e  Permian i n  age  based o n  t h e  o c c u r r e n c e  of an  i n v e r t e b r a t e  

fauna o c c u r r i n g  i n  t h e  R u s t l e r  Formation i n  Culberson County,  Texas 

(Wal te r ,  1953) .  I f  t h e  Sa lado  Formation h a s  remained a c l o s e d  system 

w i t h  l i t t l e  i n t e r n a l  e l e m e n t a l  m i g r a t i o n  s i n c e  d e p o s i t i o n ,  t h e  Rb-Sr 

geochronolog ic  a g e  should a g r e e  r a t h e r  c l o s e l y  w i t h  t h e  a p p a r e n t  

geologic-geochronologic  age  of 235 m.y. 



I n  t h i s  s t u d y ,  a  Rb-Sr i s o c h r o n  age of 214 + 1 5  m.y. has  been 

determined f o r  t h e  e v a p o r i t e  m i n e r a l s .  Th i s  d a t e  is probably t h e  

b e s t  e s t i m a t e  of t h e  age  of f i n a l  e q u i l i b r a t i o n  of t h e  Salado Formation. 

Some d a t a  s c a t t e r  is  observed on t h e  e v a p o r i t e  minera l  i sochrons  bu t  

t h e  s c a t t e r  i s  n o t  so  s e v e r e  a s  t o  c r e a t e  l a r g e  u n c e r t a i n t i e s  i n  t h e  

determined age. I f  s u b s t a n t i a l  e lementa l  migra t ion  had occurred 

r e c e n t l y ,  d a t a  s c a t t e r  should  be much more pronounced. It is  q u i t e  

u n l i k e l y  t h a t  m i g r a t i o n  of Rb and Sr  would have been r e g u l a r  enough 

n o t  t o  c r e a t e  q u i t e  a b i t  of  s c a t t e r  on an  i sochron  p l o t ,  a s  Rb and 

S r  have somewhat d i f f e r e n t  chemical  p r o p e r t i e s .  

Even i f  t h e  maximum e r r o r  is  assumed f o r  t h e  214 m.y. d a t e ,  an  

age  of 229 m.y. is o b t a i n e d ,  which is  s t i l l  about  6  m.y. l e s s  than  

t h e  apparen t  g e o l o g i c  age  of t h e  Salado Formation. However, s i n c e  t h e r e  

is v e r y  l i t t l e  T r i a s s i c  s t r a t a  p r e s e n t  i n  t h i s  a r e a ,  t h e  t ime of  f i n a l  

e v a p o r i t e  d e p o s i t i o n  o f  t h e  Salado is  d i f f i c u l t  t o  a s c e r t a i n .  I n  f i n a l  

d e p o s i t i o n  occur red  some 225 m.y. b e f o r e  t h e  p r e s e n t ,  t h e  age of t h e  

Salado Formation would correspond w i t h  t h e  range of d a t e s  repor ted  f o r  

t h e  Permian-Triass ic  boundary. A 225 m.y. d a t e  i s  a l s o  w i t h i n  t h e  . 
l i m i t s  of e r r o r  o f  t h e  214 f 1 5  m.y. d a t e  ob ta ined  i n  t h i s  s tudy.  

8  6  
An i n i t i a l  8 7 ~ r /  S r  r a t i o  of 0.7093 f 0.0007 i s  ob ta ined  from 

8 6  
t h e  e v a p o r i t e  minera l  i sochron .  An average i n i t i a l  8 7 ~ r /  S r  r a t i o  is 

a l s o  ob ta ined  by c o n s i d e r a t i o n  of t h e  samples w i t h  low Rb/Sr r a t i o s .  

8  5  Th is  average  i n i t i a l  8 7 ~ r /  S r  r a t i o  is  0.7084 f 0.0014. Both methods 

86 
o f  o b t a i n i n g  t h e  i n i t i a l  8 7 ~ r /  S r  r a t i o  produce a  v a l u e  which i s  

s i m i l a r ,  b u t  s l i g h t l y  h i g h e r ,  t h a n  t h e  0.7073 v a l u e  r e p o r t e d  by Peterman 



and o t h e r s  (1970) f o r  f o s s i l  s h e l l s  of La t e  Permian age and t h e  0.7078 

va lue  r e p o r t e d  by Brass  (1973) f o r  seawater-deposi ted l imes tones  of  t h e  

La t e  Permian. However, t h e  0.7093 + 0.0007 and t h e  0.7084 + 0.0014 

8  6  v a l u e s  a r e  w i t h i n  t h e  limits ob t a ined  f o r  t h e  8 7 ~ r /  S r  r a t i o  of 

Permian seawate r .  

Four p o l y h a l i t e  samples were analyzed f o r  Rb, S r  and S r  i s o t o p i c  

r a t i o ;  two a n h y d r i t e  samples were analyzed f o r  S r  i s o t o p i c  r a t i o  on ly .  

The Rb/Sr r a t i o s  of a l l  f o u r  p o l y h a l i t e  samples a r e  below 0.008. There- 

8  6  f o r e ,  t h e  8 7 ~ r ~  S r  r a t i o  i s  a  r e a sonab l e  approximat ion of t h e  i n i t i a l  

S r  i s o t o p i c  r a t i o  of t h e  e v a p o r i t i c  b r i n e  s o l u t i o n s  on ly  i f  major  

r e - e q u i l i b r a t i o n  of S r  has  no t  occur red  long a f t e r  d e p o s i t i o n .  S ince  

a n h y d r i t e s  g e n e r a l l y  c o n t a i n  ve ry  l i t t l e  Rb and copious  q u a n t i t i e s  of 

S r ,  t h e i r  analyzed S r  i s o t o p i c  c o n t e n t  u s u a l l y  r e f l e c t s  t h e i r  i n i t i a l  

8  6  S r  i s o t o p i c  concen t r a t i on .  The average  8 7 ~ r ~  S r  r a t i o  ob t a ined  from 

86 two a n h y d r i t e  samples of 0.7073. The average  8 7 ~ r /  I S r  r a t i o  ob t a ined  

from t h e  p o l y h a l i t e  samples is 0.7078. Both of  t h e s e  average  v a l u e s  

f a l l  w e l l  w i t h i n  t h e  range  of S r  i s o t o p i c  r a t i o s  r e p o r t e d  f o r  Permian 

seawate r .  P o l y h a l i t e  is g e n e r a l l y  thought  t o  be a replacement  p roduc t  

of a n h y d r i t e  and t h e  S r  i s o t o p i c  r a t i o s  measured f o r  t h i s  s t u d y  do no t  

p r ec lude  t h i s  p o s s i b i l i t y ;  however, they  do i n d i c a t e  t h a t  replacement  

p robab ly  occu r r ed  soon a f t e r  depos i t i on .  

The e v a p o r i t e  m ine ra l  d a t a  seem t o  d i s coun t  t h e o r i e s  of s u b s t a n t i a l  

a l k a l i - a l k a l i n e  e a r t h  m ig ra t i on  i n  t h e  Salado Formation s i n c e  i t s  

d e p o s i t i o n .  Th is  hypo the s i s  is i n  d i r e c t  c o n t r a s t  t o  t h e  d i s c u s s i o n  

g iven  by Tremba (1973). Tremba ob t a ined  Rb-Sr i soch ron  d a t e s  of 129 + 



5 m.y. and 120 2 28 m.y. f o r  t h e  Salado Formation. These ages were 

i n t e r p r e t e d  as an  i n d i c a t i o n  of i s o t o p i c  r e - e q u i l i b r a t i o n  dur ing  t he  

Cretaceous.  Unfor tuna te ly ,  Tremba based h i s  hypothes i s  on very  

l i m i t e d  d a t a  which exh ib i t ed  s u b s t a n t i a l  s c a t t e r  on t h e  i sochron  p l o t s .  

Also,  i n  a t  l e a s t  one ca se ,  one po in t  (of a t o t a l  of f i v e  d a t a )  which 

p l o t t e d  w e l l  above t h e  129 may. i sochron  was d i scarded  w i th  no 

t a n g i b l e  reason given. ,  If t h i s  p o i n t  is inc luded ,  t h e  age ca l cu l a t ed  

i n c r e a s e s  s u b s t a n t i a l l y .  More impor tan t ,  Tremba's model age d a t e ,  

based on l a r g e ,  composite samples, y i e lded  230-240 m.y. 

The apparent  Rb-Sr i sochron  age of t h e  c l a y  minera l s  ob ta ined  from 

t h e  massive sal t  rocks  and c l a y  seams w i t h i n  t h e  Salado i s  390 2 77 m.y. 

The d a t a  s c a t t e r  is r e f l e c t e d  by t h e  l a r g e  u n c e r t a i n t y  a t t ached  t o  

t h e  d a t e .  The d a t a  s c a t t e r  can be a t t r i b u t e d  t o  i on  exchange between 

t h e  c l a y  minera l s  and t h e  b r i n e  so lu t i on .  There a r e  two major 

p roce s se s  which would a f f e c t  t h e  measured Rb-Sr age; bo th  would tend 

t o  make t h e  c l a y  mine ra l s  appear  younger. 

It is known t h a t  c l a y s  p r e f e r e n t i a l l y  adsorb Rb over  K from 

s o l u t i o n s  con t a in ing  b o t h  e lements  (Reynolds, 1972).  A s  p rev ious ly  noted,  

t h e  K/Rb r a t i o  i n  many of t h e s e  c l a y  samples is  s i g n i f i c a n t l y  lower than 

t h e  mean c r u s t a l  K/Rb r a t i o .  The lowering of t h i s  r a t i o  probably r ep re sen t s  

replacement of K i n  t h e  c l a y s  by Rb from t h e  b r i n e  s o l u t i o n ,  a process  

which would i n c o r p o r a t e  excess  Rb i n t o  t h e  sample and t hus  lower i t s  

apparen t  Rb-Sr age. 

Another p rocess  which would make t h e  Rb-Sr age of c l a y  minera l s  

86 appear  younger is t h e  i nco rpo ra t i on  of low ST r a t i o  S r  from the  



b r i n e  s o l u t i o n s  i n t o  t h e  c l a y  mine ra l s .  The a d d i t i o n  of such S r  would 

lower t h e  measured age of  t h e  c l a y  minera l s .  

There i s  a t h i r d  a l t e r n a t i v e  which would tend t o  d e c r e a s e  t h e  

appa ren t  age of c l a y  minera l s .  I t  i s  p o s s i b l e  t o  l o s e  r a d i o g e n i c  8 7 ~ r  

w h i l e  most of t h e  normal Sr  i s  r e t a i n e d .  The i o n i c  charge  and r a d i u s  

of 8 7 ~ r  (+ l  and 1.47A) is q u i t e  d i f f e r e n t  t h a n  t h a t  of 8 7 ~ r  (+2 and 1 - 1 a ) .  

The p o s i t i o n  once occupied by a 8 7 ~ b  atom is  taken  by t h e  daughte r  8 7 ~ r  

atom a f t e r  r a d i o a c t i v e  decay. Th i s  scheme can  l e a d  t o  l o s s  of r ad iogen i c  

8 7 ~ r  w h i l e  normal S r  remains i n  t h e  mine ra l ;  t h i s  p roce s s  would a l s o  

cause  a lowering of t h e  measured Rb-Sr age. Th i s  p roce s s  is  no t  t oo  

l i k e l y  f o r  c l a y  mine ra l s ,  however, a s  c l a y s  such a s  s a p o n i t e s  g e n e r a l l y  

r e t a i n  d i v a l e n t  c a t i o n s  a t  l e a s t  as w e l l  as monovalent s p e c i e s .  

S ince  most normal geochemical p roce s se s  would g e n e r a l l y  make t h e  

c l a y  mine ra l s  appear  younger,  t h e  age  of 390 m.y. must r e p r e s e n t  a 

minimum age  f o r  t h e  c l a y  mine ra l s .  Th i s  imp l i e s  t h a t  t h e  provenance 

f o r  some of  t h e  d e t r i t a l  sed iments  must b e  Devonian o r  o l d e r  s t r a t a .  

Precambrian t o  Devonian s t r a t a  were probably exposed t o  t h e  nor thwes t '  

as w e l l  as t o  t h e  west  o f  t h e  Delaware Basin  du r ing  t h e  L a t e  Permian 

(Eard ley ,  1949 and McKee, 1967) .  The c l a y s  p r e s e n t  i n  t h e  e v a p o r i t e  

rocks  of t h e  Delaware Basin  might ve ry  w e l l  have been d e r i v e d  from 

t h e s e  a r e a s .  Unfor tuna te ly ,  t h e  Rb-Sr s y s t e m a t i c s  of t h e  c l a y  

mine ra l s  a f f e c t e d  by b r i n e  would a l s o  mask post-Devonian, pre-Salado 

d e t r i t u s  a s  w e l l .  

The REE and t r a c e  element con t en t  of t h e  p o l y h a l i t e  and a n h y d r i t e  

samples a r e  q u i t e  low; many elements  a r e  p r e sen t  i n  u n d e t e c t a b l e  



Concen t ra t ions .  T h i s  i s  n o t  s u r p r i s i n g  a s  t h e  t r a c e  element and REE 

c o n c e n t r a t i o n  of seawate r  is a l s o  v e r y  low. Most e lements  found, 

such a s  Fe, Z r ,  Hf and Co a r e  probably  p r e s e n t  i n  t h e  e i a p o r i t e s  a s  

ox ides  o r  hydroxides ,  forming v e r y  t h i n  c o a t s  around minera l  g r a i n s .  

The REE and o t h e r  t r a c e  element c o n c e n t r a t i o n s  of t h e  p o l y h a l i t e  

samples i s  very  s i m i l a r  t o  t h o s e  found i n  t h e  a n h y d r i t e  samples. This  

. . may s u g g e s t  a  pr imary o r i g i n  f o r  p o l y h a l i t e  i n  t h e  Salado o r  i n d i c a t e  

t h a t  most of t h e  t r a c e  e lements  p r e s e n t  i n  t h e  a n h y d r i t e  were r e t a i n e d  

d u r i n g  i t s  p o s s i b l e  a l t e r a t i o n  t o  p o l y h a l i t e .  

The t r a c e  element c o n c e n t r a t i o n s  of t h e  c l a y  minera l s  sugges t  a  

d e t r i t a l  o r i g i n  f o r  t h e  c l a y s .  Most of t h e  t r a c e  element c o n c e n t r a t i o n s  

no ted  a r e  much t o o  h i g h  f o r  t h e  c l a y s  t o  have formed -- i n  s i t u .  The REE 

c o n c e n t r a t i o n s  i n d i c a t e  t h a t  t h e s e  d e t r i t a l  c l a y s  probably  underwent 

some i o n  exchange w i t h  t h e  e v a p o r i t e  b r i n e  s o l u t i o n s .  This  is evidenced 

by a  d e p l e t i o n  of t h e  l i g h t e r  REE, which were probably  leached from t h e  

c l a y s  o r  r e p l a c e d  by ca2+ and ~ a +  from t h e  b r i n e  s o l u t i o n s .  



CONCLUSIONS 

The r e s u l t s  of t h i s  s t u d y  suppo r t  t h e  fo l lowing  conc lus ions :  

The Salado Formation y i e l d s  a Rb-Sr geochronologic  age  of 214 ? 

1 5  m.y. 

8 6 
The 8 7 ~ r /  Sr  r a t i o  of t h e  e v a p o r i t e  b r i n e s  p r e s e n t  i n  t h e  Permian 

Delaware Bas in  was between 0.7073 and 0.7093. 

There  is  no ev idence  of s u b s t a n t i a l  a l k a l i - a l k a l i n e  e a r t h  m ig ra t i on  

w i t h i n  t h e  Salado Formation s i n c e  d e p o s i t i o n .  

The sugges ted  minimum age  of t h e  c l a y  mine ra l s  found i n  t h e  Salado 

i s  390 5 77 m.y. 

The mineralogy of t h e  c l a y  mine ra l s  as w e l l  as t h e i r  REE and 

t r a c e  element c o n t e n t s  i n d i c a t e  a d e t r i t a l  o r i g i n .  

The c l a y  mine ra l s  underwent i o n  exchange w i t h  b r i n e  s o l u t i o n s ,  

which tended t o  d e p l e t e  t h e i r  l i g h t  R.EE con t en t s .  

The REE con t en t  of e v a p o r i t e  m i n e r a l s  is  v e r y  low, probably 

r e f l e c t i n g  t h e  low REE c o n c e n t r a t i o n  of t h e  e v a p o r i t e  b r i n e  s o l u t i o n .  

I n t e r p r e t a t i o n  of t h e  geochemical s y s t e m a t i c s  of t h e  Salado Formation 

does  n o t  suppo r t  a mid-Cretaceous chemical "event" a s  proposed by 

Tremba (1973).  

The combined Rb-Sr, REE and c l a y  mine ra log i c  s t u d i e s  a rgue  f o r  

con t inued  work on t h e  WIPP s i t e  t o  more f u l l y  i n v e s t i g a t e  a l k a l i ,  

a l k a l i n e  e a r t h ,  h a l i d e ,  REE and, by i n f e r e n c e ,  a c t i n i d e  behav ior  

du r ing  s i l i c a t e - b r i n e  i n t e r a c t i o n s .  



APPENDIX 1 

EVAPORITE MINERAL DIFFRACTOGRAM 

Fig. Al shows a diffractogram produced by X-raying a mixture of 

halite and sylvite; the peaks at 2.81 A and 3.24 8 are indicative of 

halite, peaks at 3.13 A and 2.22 A are characteristic of sylvite. The 

general lack of different d-spacings reflects the high symmetry of 

these two ninerals. 

Fig. A2 is a diffractogram of a polyhalite rich sample. The 

diffraction maxima at 3.16 a and 2.89 1 are characteristic of polyhalite. 
Also, the 5.91 A diffraction peak is nearly always present on the 

diffractogram of polyhalite. All the other spacings noted on Fig. A2 

are attributed to polyhalite, which is ,a triclinic mineral. 

Fig. A3 is a typical diffractogram of langbeinite. The maxima at 

3.11 A and the less intense peaks occurring at 4.00 1, 2.63 a, and 
2.96 1 are characteristic of all the langbeinite identified in this 

study. 









APPENDIX 2 

PROCEDURE FOR CLAY MINERAL IDENTIFICATION 

A f t e r  t h e  minus 2 micron f r a c t i o n  was separa ted  from t h e  water 

i n s o l u b l e  f r a c t i o n  of e v a p o r i t e  whole rock,  i t  w a s  s e t t l e d  on to  a  c l e an  

g l a s s  s l i d e .  By a l lowing  t h e  c l a y  minera l  g r a i n s  t o  s e t t l e  i n  t h i s  

f a sh ion ,  an o r i e n t e d  mount w a s  ob ta ined  which placed t he  c-axis of 

each g r a i n  a t  r i g h t  ang l e s  t o  t h e  s u r f a c e  of t he  s l i d e .  Thus, t he  

d i f f r ac tog ram obta ined  from such a sample i n d i c a t e d  t he  ba sa l  d-spacings 

which c h a r a c t e r i z e  t h e  v a r i o u s  c l a y  minerals .  The samples were f i r s t  

run  a f t e r  a i r -d ry ing  only.  A t y p i c a l  a i r - d r i ed  d i f f rac togram is  shown 

on Fig.  A4. The same sample was t hen  s a t u r a t e d  wi th  e thy lene  g lyco l  

by vapor  soaking on a  r a ck  suspended over  a  cons iderab le  amount of 

t h e  l i q u i d  i n  a  c l o sed  con t a ine r .  E thy lene  g l y c o l  causes  an i nc r ea se  

i n  t h e  b a s a l  spac ing  of expandable c l a y s  such a s  montmori l loni tes .  

Fig.  A5 is t h e  d i f f r ac tog ram of  t h e  same sample a f t e r  g lyco l a t i on .  

Another s l i d e  of  t h e  same sample was then heated a t  450" C f o r  one 

hour  and X-rayed; t h e  r e s u l t i n g  d i f f r ac tog ram i s  shown of Fig.  A 6 .  

Chlor i t e - saponi te  mixed l a y e r  c l a y  e x h i b i t s  a  13.8-14.2 A 

b a s a l  spacing (Fig.  A4) which expands t o  about 15.0  A a f t e r  g lyco l a t i on  

(Fig .  A 5 ) .  The ch lo r i t e - s apon i t e  peak o f t e n  broadens upon g lyco l a t i on ,  

probably due t o  s l i g h t  i r r e g u l a r i t i e s  i n  l a y e r i n g  of non-expandable 

c h l o r i t e  and expandable s apon i t e .  Heating removes a  ma jo r i t y  of t he  

wate r  from c h l o r i t e - s a p o n i t e  caus ing  t h e  s a p o n i t e  l a t t i c e  t o  p a r t i a l l y  

c o l l a p s e .  Th is  c o l l a p s e  produces a  b a s a l  spacing of about 1 2 . 5  A.  
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I l l i t e  i s  n o t  expandable nor  is i t  very  much a l t e r e d  by hea t ing  a t  

450" C; i t s  c h a r a c t e r i s t i c  9.5 t o  10.0 d b a s a l  spacing is  observed 

on a l l  t h r e e  d i f f r ac tog rams .  K a o l i n i t e  is recognized by t he  occurrence 

of a  d i f f r a c t i o n  peak a t  about 7.1 d on t he  a i r -d r i ed  and g lyco l a t ed  

samples. Heating d e s t r o y s  k a o l i n i t e  wi th  time; t h e  i n t e n s i t y  of t h e  

peak a t  7.1 A has s l i g h t l y  decreased  on t he  heated sample d i f f rac togram.  

Ta lc  was recognized by i ts  d i f f r a c t i o n  maxima a t  about 9.5 8 ,  

which i s  unchanged by g l y c o l a t i o n  o r  hea t ing .  C h l o r i t e  a s  a  d i s t i n c t  

(non- in te r layered)  phase e x h i b i t s  a  b a s a l  spacing of about 14 A ,  

which i s  una f f ec t ed  by g l y c o l a t i o n  o r  hea t ing .  Non-interlayered 

s apon i t e ,  i d e n t i f i e d  i n  some samples,  a l s o  has  a  b a s a l  spacing of 

14 A, bu t  expands t o  1 6  A o r  more upon g l y c o l a t i o n  and c o l l a p s e s  t o  

about  12  A upon hea t i ng .  



COLUMN CALIBRATION 

Prev ious  s t u d i e s  conducted i n  t h i s  l a b o r a t o r y  ( c . f . ,  Lee,  1976) 

used a f lame- tes t  method t o  de te rmine  t h e  e lementa l  composi t ion of t h e  

e f f l u e n t  from t h e  i o n  exchange columns u t i l i z e d  i n  p r epa r ing  d i s s o l v e d  

samples f o r  m a s s  s p e c t r o m e t r i c  a n a l y s i s .  Due t o  t h e  r a t h e r  unique 

chemical composi t ion of t h e  m a j o r i t y  of t h e  samples analyzed f o r  t h i s  

work (compared t o  s i l i c a t e  r o c k s ) ,  a d i f f e r e n t  procedure  w a s  de r i ved  t o  

s e p a r a t e  t h e  Rb and S r  from t h e  remainder of t h e  d i s s o l v e d  rock. 

I n  o r d e r  t o  a ch i eve  good s e p a r a t i o n  and i s o l a t i o n  of Rb and Sr  

from d i s s o l v e d  rock ,  t h e  columns were c a l i b r a t e d .  C a l i b r a t i o n  was 

achieved by l oad ing  a s o l u t i o n  of K C 1 ,  C a C 1 2 ,  and SrC12 on to  t h e  column 

fol lowed by e l u t i o n  w i t h  2.25N HC1. S i x  m l  a l i q u o t s  were c o l l e c t e d  

a f t e r  each 25 m l  of column e f f l u e n t .  These a l i q u o t s  were t h e n  analyzed 

by a tomic a b s o r p t i o n  and t h e  c o n c e n t r a t i o n  of each element p l o t t e d  a g a i n s t  

volume of column e f f l u e n t .  Such a p l o t  i s  shown by F ig .  A7. Though Rb 

i s  c o l l e c t e d  from t h e  sample, n o t  K ,  i t  was f e l t  t h a t  l oad ing  a sub- 

s t a n t i a l  amount of Rb on to  t h e  column could  cause  Rb con tamina t ion  

problems i n  t h e  f u t u r e .  The re fo r e ,  K was used i n  p l a c e  of Rb; t h e  

volume needed t o  e l u t e  Rb from t h e  column w a s  c a l c u l a t e d  from t h e  volume 

used t o  e l u t e  K by t h e  methods de sc r i bed  i n  Samuelson (1963). 

It can be  noted from Fig.  A7 t h a t  Rb should be  c o l l e c t e d  between 

50 and 75 m l s  and S r  c o l l e c t e d  between 170 and 240 m l s .  S r  c o l l e c t i o n  

is  done c a r e f u l l y  i n  o r d e r  t o  avo id  c o l l e c t i o n  of l a r g e  amounts of Ca 

w i th  t h e  S r  a l i q u o t .  





APPENDIX 4 

ISOTOPE DILUTION 

I s o t o p e  d i l u t i o n  a n a l y s i s  f o r  many e lements  i s  c o n s i d e r e d  t o  b e  

t h e  most a c c u r a t e  t e c h n i q u e  a v a i l a b l e ,  e s p e c i a l l y  f o r  e lements  p r e s e n t  

i n  low c o n c e n t r a t i o n s .  Commonly, f o r  mass s p e c t r o m e t r i c  d e t e r m i n a t i o n  

of t h e  Rb and S r  c o n c e n t r a t i o n  of g e o l o g i c  samples ,  s o l u t i o n s  e n r i c h e d  

i n  8 7 ~ b  and 8 4 ~ r  are used as s p i k e s .  

A f t e r  c a r e f u l l y  weighing a sample t o  b e  ana lyzed  i n t o  a s u i t a b l e  

v e s s e l ,  measured amounts of 8 7 ~ b - e n r i c h e d  and 8 4 ~ r - e n r i c h e d  s o l u t i o n s  

a r e  added. The amount of each t o  b e  added i s  de te rmined  i n  such  a way 

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

i s o t o p e s  o f  t h e  e lement  i n  t h e  sample w i l l  b e  approx imate ly  0 .3  t o  1 .2 .  

For  t h i s  s t u d y ,  a S r  s p i k e  h i g h l y  e n r i c h e d  i n  8 4 ~ r  and a Rb s p i k e  

e n r i c h e d  i n  8 7 ~ b  were used.  The e x a c t  i s o t o p i c  composi t ion of each 

s p i k e  as determined d u r i n g  t h i s  s t u d y  i s  g i v e n  i n  Tab le  Al. 

For S r  s p i k e ,  a f t e r  t h e  i s o t o p i c  composi t ion i s  known, i t s  e x a c t  

S r  c o n c e n t r a t i o n  must be de te rmined .  T h i s  is  done most s imply and 

a c c u r a t e l y  by p r e p a r i n g  a " s h e l f  s o l u t i o n "  o f  SrC03 w i t h  a known 

c o n c e n t r a t i o n  and i s o t o p i c  composit ion.  A known volume of t h e  SrCO 3 

s o l u t i o n  i s  t h e n  added t o  a known volume of s p i k e  s o l u t i o n ,  t h e  r e s u l t i n g  

mix ture  e v a p o r a t e d  t o  d ryness  and analyzed on t h e  mass s p e c t r o m e t e r .  

The f o l l o w i n g  c a l c u l a t i o n  can  be used  t o  de te rmine  t h e  c o n c e n t r a t i o n  

of t h e  S r  s p i k e :  



Table Al. Isotopic  proportions o f  the Rb and Sr spikeas used 
i n  t h i s  study. 

Isotopic  Proportion of  the 8 4 ~ r  Spike 

Strontium Isotope - Percent Abundance 

Atomic weight = 83.9204 

Isotopic  Proportion of  the 87Rb Spike 

mbidium Isotope Percent Abundance 

Atomic weight = 86.9601 



GAW GAW 
8 4 ~ r  s P s P, 

GAW 
S P GAWsh 

where GAW Sp, GAWsh = gram atomic weight  s p i k e ,  s h e l f  

V Vsh = volume of s p i k e ,  s h e l f  
s p y  

C sp '  'sh = t o t a l  S r  c o n c e n t r a t i o n  i n  s p i k e ,  s h e l f  

84AP 84 
sp '  Apsh = atomic p ropo r t i on  of 8 4 ~ r  i n  s p i k e ,  s h e l f  

86AP 
SP ' 86APsh = atomic p ropo r t i on  of 8 6 ~ r  i n  s p i k e ,  s h e l f .  

84 86 
The ( S r /  S r )m  i s  ob t a ined  by mass s p e c t r o m e t r i c  measurement and s i n c e  

a l l  o t h e r  v a r i a b l e s  a r e  known, t h e  c o n c e n t r a t i o n  of t h e  s p i k e  (C ) can 
s P 

be  determined.  The c o n c e n t r a t i o n  of 8 4 ~ r  s p i k e  used i n  t h i s  s t u d y  i s  

1.506 pg/ml, based on m u l t i p l e  de t e rmina t i ons .  

Samples a r e  analyzed f o r  S r  c o n c e n t r a t i o n  i n  an analogous f a s h i o n  

t o  t h a t  which i s  used t o  de te rmine  t h e  concen t r a t i on  of t h e  sp ike .  I n  

t h i s  c a s e ,  however, t h e  e x a c t  i s o t o p i c  composi t ion of t h e  sample i s  

8 6  
unknown as t h e  8 7 ~ r /  Sr  r a t i o  v a r i e s  i n  n a t u r e .  The re fo r e ,  t h e  

p r o p o r t i o n  of each i s o t o p e  of Sr  i n  t h e  sample must be  determined 

b e f o r e  t h e  S r  c o n c e n t r a t i o n  can b e  determined.  The Sr  i s o t o p i c  r a t i o s  

c a l c u l a t e d  a f t e r  mass s p e c t r o m e t r i c  measurement a r e  84/86,  87/86, and 88/86. 

A s  t h e  84/86 i s o t o p i c  r a t i o  of S r  i s  a  c o n s t a n t  i n  n a t u r e ,  t h e  

c o n c e n t r a t i o n  of 8 6 ~ r  i n  t h e  sample can  be c a l c u l a t e d  a s  g iven  below! 



where, 
8 6 
Srsl = concentration 8 6 ~ r  in sample 

86~r 8 6 ~ r  86~r - - 8 6 ~ r  
' - ¶ =  - ratio measured, of spike, 

84~r m 8 4 ~  r 84~r sl 84~r of sample 
s P 

84~r = concentration of 84~r in spike. 
s P 

In order to determine the total Sr concentration in the sample from the 

concentration of 8 6 ~ r  in the sample, the proportion of each isotope of Sr 

in the sample is determined from the measured isotopic ratios. When it 

86 is established what proportion of the Sr in the sample is Sr, it is a 

simple matter to calculate total Sr concentration. A more complete 

discussion of this technique is given in Webster (1960). 

For Rb isotope dilution analysis a similar procedure is used. First, 

the isotopic composition of the spike is determined (Table Al) .  Its 

concentration is then obtained by mixing a known volume of Rb spike with 

a known volume of a RbCl shelf solution of predetermined Rb concentration. 

The mixture is then analyzed on the mass spectrometer and the Rb 

concentration of the spike determined by the calculation given below: 



GAW 
S P GAwsh 

where GAW GAWsh, = gram atomic weight sp ike ,  s h e l f  
SP' 

vsP 
Vsh = volume of s p i k e ,  s h e l f  

8 5 i  8 5 ~ . s h ,  = atomic p r o p o r t i o n  of 8 5 ~ b  i n  s p i k e ,  s h e l f  
SP ' 

87usp, 8 7 ~ S h  = atomic p r o p o r t i o n  of 8 7 ~ b  i n  s p i k e ,  s h e l f .  

The c o n c e n t r a t i o n  of  8 7 ~ b  s p i k e  used i n  t h i s  s t udy  is  7.20 ug/ml. 

The i s o t o p i c  composi t ion of Rb is cons idered  t o  be  c o n s t a n t  i n  

n a t u r e  so t h e  Rb c o n c e n t r a t i o n  i n  any sample is more s imply determined 

8  7  than  t h e  S r  concen t r a t i on .  A f t e r  measuring t h e  8 5 ~ b /  Rb r a t i o  o f  a  

sample-spike mix tu r e  t h e  Rb c o n c e n t r a t i o n  (C ) can be c a l c u l a t e d  a s  s l  

g iven  below: 

GAW 
s P GAWsl 

GAW 
s P 



where GAV GAWsl = gram atomic weight spike, sample 
SP' 

V - volume of spike 
s P 

WSl = weight of sample 

Csp9 Csl = concentration of spike, sample 

85A2 
SP' 

8 5 ~ s l  a atomic proportion of 8 5 ~ b  in spike, shelf 

87AP "AP = atomic proportion of 87~b in spike, shelf 
SP ' s 1 

A more complete treatment of isotope dilution technique is given in 

Webster (1960). 



APPENDIX 5 

RESULTS FOR STANDARDS 

The v a l i d i t y  of t he  i so tope  d i l u t i o n  techniques employed i n  t h i s  

s tudy were confirmed by mul t ip l e  ana lys i s  of two U.S.G.S. s tandards .  

The r e s u l t s  a s  shown i n  Table A 2  a r e  i n  good agreement wi th  t h e  

reported values.  

Eimer and Amend SrC03 has been extens ive ly  u t i l i z e d  a s  a s tandard 

86 f o r  t h e  mass spec t rometr ic  measurement of t he  8 7 ~ r /  Sr r a t i o .  A l l  

86 8 7 ~ r /  Sr  r a t i o s  repor ted  f o r  t h i s  s tandard a r e  gene ra l ly  normalized 

t o  c o r r e c t  f o r  machine f r a c t i o n a t i o n .  The co r rec t ion  f a c t o r  i s  

88 designed t o  c o r r e c t  t h e  8 6 ~ r /  Sr  r a t i o  t o  0.1194 and thus c o r r e c t  

8 6 t h e  measured 8 7 ~ r /  Sr  r a t i o  f o r  machine f r a c t i o n a t i o n .  The co r rec t ion  

8 6 f a c t o r  used t o  normalize the  8 7 ~ r /  Sr r a t i o  i s  

C.F. = 2M s 

M + 0.1194 

88 
where M = 8 6 ~ r /  Sr measured. 

87 87 Also, ( ~ r / ~ ~ ~ r )  normalized = ( s r l s 6 s r )  measured x C.F. 

The normalized r a t i o s  obtained f o r  t h e  Eimer and Amend SrCO a r e  3 
8 6 

given i n  Table A3 a r e  i n  very  good agreement wi th  accepted 8 7 ~ r /  Sr 

va lue  of 0.7080. 



Table A2. Comparison of  the Rb-Sr values f o r  two U.S.G.S. standards 
obtained during chis  study with the reported values.  

Analytical  Data of  the U.S.G.S. Standards 

(uni ts  are ppm) 

Fairbairn and 
Standard Present Study Flanagan (1973) Hurley (1971 ) 

Avg . 170 477 

Avg . 268 235 


