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PREFACE 

T h i s   p r o j e c t  w a s  completed  with  the  considerable   help 

of many ind iv idua l s   and .wi th   i n fo rma t ion  and data provided 

by   severa l   agencies .  The N e w  Mexico Sta te   Engineer  District 

Off ice   in   Albuquerque  provided  logs  of  many water wells i n  

t h e  area and a l so   p rovided   copies  of s e v e r a l  maps t h a t  are 

t h e   r e s u l t   o f   t h e i r   a d m i n i s t r a t i v e  work in   Es t anc ia   Va l l ey .  ' 

J. T. Everhear t ,   geohydrologis t   wi th   tha t  off ice ,  w a s '  

a lways   ava i l ab le   t o   d i scuss   hydro log ic  phenomena i n   t h e  

b a s i n  and to   p rov ide   conc lus ions   t ha t   have   r e su l t ed . f rom . 

h i s   ana lyses   o f   cons ide rab le  data.  

Personnel of t h e  U . S .  Geological  Survey  in  Albuquerque 

analyzed  the water samples   for   the   p ro jec t :   funding   for   the  

ar!alyses was provided by t h e  New Mexico. Bureau of Mines & 

Mineral  Resources  under a cooperative  agreement  between  the 

two agencies .  Lynn Brandvold  and X. W. F o s t e r ,   w i t h   t h e  

N e w  Mexico  Bureau of Mines  and Nineral   Resources,   provided 

chemical  and X-ray ana. lyses   respect ively  of   sediment  

samples. 

B.  E .  DeBrine,   graduate   ass is tant  a t  New Mexico 

I n s t i t u t e  of  Mining  and  Technology, worked long and 

i r r e g u l a r   h o u r s   c o l l e c t i n g   d a t a   f o r   t h e  project. H e ,  

a long  with R.  G .  Haubold  and J. C.  Halepaska,  did  most 

of t h e   t e s t - h o l e   d r i l l i n g  and w e l l  cons t ruc t ion  on  which 

are b a s e d   t h e   s u b s u r f a c e   s t r a t i g r a p h i c   . c o r r e l a t i o n s  and 

hydrologic   interpretat ions.   Bore-hole   logs were r u n   i n  

t h e  t es t  ho le s  by J .  D.  Hudson of t h e  U.S. Geological 

Survey. 



Financia l   suppor t   cover ing  t r ave l ,  pa r t  of the d r i l l i n g  

costs, and a s i g n i f i c a n t  pa r t  of salaries. f o r  two y e a r s  w a s  

provided  by  the  Off ice   of  Water  Resources  Research, 

Department of I n t e r i o r ,   t h r o u g h   t h e  New Mexico Water Resources 

Resea rch   In s t i t u t e   unde r   g ran t  number B005-WRI-151. 

S. A. Wengerd, V .  C .  Kelley,  and R. Y. Anderson 

reviewed a n  e a r l y   v e r s i o n   s c r i p t  and o f f e r e d  a t  t h a t  time 

many h e l p f u l   t e c h n i c a l  and ed i to r i a l   sugges t ions .   John  

Hawley c r i t i c a l l y   r e v i e w e d   t h e   f i n a l   m a n u s c r i p t .  

The a i d  and a s s i s t a n c e  of these   agencies   and  

i n d i v i d u a l s ,  and many o t h e r  unnamed ind iv idua l s ,  is  most 

gratefully  acknowledged. The conclusions  presented are 

the a u t h o r ' s  own, and do   no t   necessa r i ly   co inc ide   w i th  

t h o s e   o f   a l l   c o o p e r a t o r s   o r   r e v i e w e r s .  

April 1, 1973 

Frank B. T i t u s  

Ebasco  Corp. 

New York, New York 



ABSTRACT 

Es tanc ia   Val ley ,  a 2,000-square-mile closed b a s i n   i n  

c e n t r a l  New Mexico, has  s ince  l a t e  Pl iocene  (? )  been 

s e q u e n t i a l l y   t h e  s i t e  of  a )  accumulation of several hundred 

f e e t  of a l luv ium  in  a s t r u c t u r a l l y   s u b s i d i n g  r iver 'val ley,  

b) two success ive  l a t e  P le i s tocene   lakes   and  one shal low 

Holocene  la.ke,  and c )  s e v e r a l  score steep-walled depressions 

20 t o  4 0  f t  deep,  each of which now con ta ins  a p e r e n n i a l l y  

moist playa.  The a l l u v i a l   u n i t  i s  h e r e  named t h e   E s t a n c i a  

Val leyqormat ion .  Above it i s  1 0 0  f t  of mostly l a c u s t r i n e  

sediment  here named t h e  Dog Lakepormation.  

The Pl iocene  ( ? )  and e a r l y   P l e i s t o c e n e  Estancia River 

may have  flowed t o  t h e   P o r t a l e s   V a l l e y  on the   L lano   Es tacado .  

Ea r ly  Lake Es tanc ia  i s  c o r r e l a t e d  wi th  the Terry P l u v i a l ,  

and Late Lake Es tanc ia   wi th  Tahoka  and  San Jon of the   L lano  

Estacado. The e a r l y  lake overflowed  the b a s i n ' a t  a s i l l  i n  

t h e   e l e v a t e d   r i v e r   v a l l e y .  The l a t e  lake  had  no  outflow, 

and was p robab ly   chemica l ly   s t r a t i f i ed .  

. .  

The playa  depressions  on  the  former lake f loor  were 

formed  mainly by  de f l a t ion ,   w i th   t he   s ed imen t   be ing  blown 

on to   g rea t   dunes  east of   each  depression.   Playa-depression 

s i tes  were i n i t i a l l y   c o n t r o l l e d  by  ground-water  solution 

of gypsum i n   t h e  Yeso Formation  beneath 400 E t  of v a l l e y  

f i l l .  Subsidence  extending upward through  the   hydro logic  

conf in ing   beds   o f   the  Dog Lake qormat ion  also created 

permeabili ty  paths  through  which  water i n   t h e   u n d e r l y i n g  

Estancia   Val ley  formation  discharged upward t o  t h e   p l a y a s  ' 

t o  evaporate .  



i u  

P r i o r   t o  heavy pumping f o r   i r r i g a t i o n ,   n a t u r a l  

d i scharge  was by a)   evaporat ion  f rom  the  playas,  

b)   evapo-transpirat ion  f rom  spr ings.and  marshes w e s t  of 

t h e  edge  of t h e   l a c u s t r i n e   s t r a t a ,  and c) deep  subsurface 

leakage t o  t h e  north through  pre-Tert iary +rata.  Pumping 

h a s   d r i e d   t h e   s p r i n g s  and  marshes. 

iv  

P r i o r   t o  heavy pumping f o r   i r r i g a t i o n ,   n a t u r a l  

d i scharge  was by a)   evaporat ion  f rom  the  playas,  

b)   evapo-transpirat ion  f rom  spr ings .and  marshes w e s t  of 

t h e  edge  of t h e   l a c u s t r i n e   s t r a t a ,  and c) deep  subsurface 

leakage t o  t h e  north through  pre-Tert iary +rata.  Pumping 

h a s   d r i e d   t h e   s p r i n g s  and  marshes. 
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INTRODUCTION 

E s t a n c i a   V a l l e y   i n   c e n t r a l  New Mexico has  long  been 

recognized as t h e  s i t e  of a P le i s tocene   l ake  (Keyes,  1903). 

Ear ly   recogni t ion   o f  i t s  l acus t r ine   h i . s to ry  was based  on 

the   t opograph ic   c losu re  of t h e   b a s i n  and the  obvious  beach 

r emnan t s   t ha t   r i ng   t he   l ower   pa r t s   o f   t he   bas in   s ides .  

While t h e   g e n e r a l   n a t u r e   o f   t h e  bed”>ock geology,   s t ruc ture ,  

and   hydro logy   has   been   presented   in   the   l i t e ra ture ,   there  

are no publ ished detai led s tudies   o f   the   geology  of  

unconsol ida ted   sed iment   in   the   va l ley .  

._. 

Purpose  and  Scope 

The geology of t h e   v a l l e y   f i l l  and  geomorphology  df 

t h e   b a s i n  are p resen ted   i n  terms of two important  shaping 

forces,,water  and  wind.  This  requires  a) a systematrc  

c l a s s i f i c a t i o n   o f   t h e  materials tha t   have -been   depos i t ed  

i n   t h e   c e n t r a l   p a r t   o f   t h e   b a s i n ,  b) d e s c r i p t i o n   o f   t h e  

s u r f a c e  and subsurface  features   that   have  been  developed 

by t h e  two f l u i d s ,  and c )  t h e   e s t a b l i s h m e n t ’ o f  a chronology 

of   events   f rom  bas in   o r ig in   to   the   p resent .  

. .  

- 

I n  c o n t r a s t   t o  most   s tud ies   o f   P le i s tocene   lakes ,  
i 

which   dea l   main ly   wi th   the   e f fec ts  of s u r f a c e  water T h i s  

s tudy   i nc ludes   cons ide ra t ion   o f   t he   geo log ic  effects  of 

ground water. The e f fec ts  of  f lowing,ground water d i d   n o t  

1 

cease wi th   t he   d i sappea rance   o f   t he   l ake ,  and s i g n i f i c a n t  

mod i f i ca t ions   o f   t he   f l oo r  of the   bas in   have   t aken   p lace  

s ince   t he   l ake   evapora t ed .  



The s tudy  i s  l i m i t e d  to  phenomena of physical   geofogy 

and q u a l i t a t i v e   p h y s i c a l  and  chemical  hydrology. N o  attempt 

was made d u r i n g   f i e l d  work to  cqllect  pa leonto logic  data, 

b u t   t h e  work of o thers ,   par t icu lar ly   Bachhuber ,  has been 

inva luab le  i n  d a t i n g  l a t e  Pleistocene and  Holocene  events. 

Location and  Geography 

Es tanc ia   Val ley  i s  a topographica l ly   c losed   bas in  

l y i n g   i n   t h e   c e n t r a l   p a r t  of N e w  Mexico, and,   containing 

approximately 2 , 0 0 0  square  miles wi th in  i t s  perimeter 

. ( f i g .  1) .  I t  i s  approximately bisected by  longi tude  106 W., 

and  by' l a t i t u d e  34O45' N .  The v a l l e y  is about  55 miles' 

long and  35 miles  wide.  The  town o f   Mor ia r ty ,   i n   t he  

no r th -cen t r a l  par t  of t h e   v a l l e y ,  i s  about  4 0  miles east 

of Albuquerque. The town of Es tanc ia ,   the   county  seat f o r  

Torrance  County, i s  n e a r   t h e  west s i d e   o f   t h e   n e a r l y   f l a t  

v a l l e y   f l o o r .  

0 

Economically,   Estancia  Valley is almost t o t a l l y  

dependent  on  farming  and  ranching.  Irrigated farms were 

f i r s t   e s t a b l i s h e d   i n  1 9 4 1 ,  and s ince   t hen   have  expanded i n  

area u n t i l  1965 when t h e  U.S. Geological Survey estimated 

t h a t  2 2 , 0 0 0  acres were unde r   i r r i ga t ion ,  and t h a t   a n n u a l  

pumpage of  ground water. was about  2 5 , 0 0 0  acre-ft (Busch  and 

Hudson, 1 9 6 7 , ' ~ .  7 2 ) .  The remainder of t h e   v a l l e y  i s  g raz ing  

l a n d   o r ,  a t  h igher   e leva t ions ,   p inon   fores t .   Dur ing   the  

f i r s t   h a l f   o f   t h i s   c e n t u r y   d r y   f a r m i n g   w i t h o u t   i r r i g a t i o n '  was 

common a t  in te rmedia te  and h i g h e r   e l e v a t i o n s ,   b u t   t h i s  

ac t iv i ty ,   i nvo lv ing   ma in ly   p in to   bean   f i e lds ,   has   nea r ly  

ceased.  
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FIGURE 1 .- Index map showing l o c a t i o n  of Es tanc ia   'va l ley ,  
Pinos Wells Basin,  .and  Encino  Basin. 

\ s  
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A r t i f i c i a l  d i scha rge  of ground water by pumping is  

d ras t i ca l ly   mod i fy ing   t he   na tu ra l   hydro log ic   pa t t e rn .  The 

i n t e n s i v e l y  pumped a r e a  i s  on t h e  west s i d e   o f   t h e   v a l l e y  

f l o o r  and  on lower slopes of t h e  west s i d e  and n o r t h  end 

o f   t h e   v a l l e y .  

The climate i s  mild and semiarid.  Annual  temperatures 

a t  Es t anc ia ,   i n   t he   cen t r a l   pa r t   o f   t he   va l l ey ,   ave rage  50 F. 

January  temperature   averages  about  30 F, while   July  averages 

about  70°F. The average maximum dayt ime  tempera ture   in   Ju ly  

i s  about  86OF (U.S. Weather  Bureau, 1 9 6 8 ) .  P r e c i p i t a t i o n  i n  

0 

0 

t h e   c e n t r a l   p a r t   o f   t h e   v a l l e y  is about  1 2  inches  annual ly ,  

w i t h   t h e  mon ths   o f   heav ie s t   r a in i f a l l  .... being  July,   August,  

and  September (Mew Mexico Sta te   Engineer   Off ice ,  1 9 5 6 ) .  

Annual p r e c i p i t a t i o n  on t h e   h i g h e s t   p a r t s   o f   t h e  Manzano 

. .  

Nauntains t o  t h e  w e s t  i s  more than  30 inches.  Only  on rare 

occasions  do  heavy  rainstorms  cause  runoff  that   reaches  the 

v a l l e y   f l o o r .  

Wind v e l o c i t i e s  and d i r e c t i o n s  were recorded 

cont inuously a t  a he igh t  of 6 f t  above a p l a y a   s u r f a c e   i n  

t h e   c e n t r a l   p a r t   o f   t h e   v a l l e y .   D u r i n g   t h e  months of March 

through May, strong  west-southwest  winds  regularly sweep 

across t h e   v a l l e y .  The  wind blows.near ly   cont inuously 

d u r i n g   t h i s   p e r i o d ,   b u t  i s  g e n e r a l l y   s t r o n g e s t   i n   t h e  

af ternoon.   Average  veloci t ies   of  from 30 t o  37  miles per  

hour (mph) were commonly measured. The instrument   does 

not   record  veloci t ies   of   individual   gusts .   Average  weekly 

v e l o c i t i e s   o f  more than 1 3  mph are n o t  uncommon. During 

t h e  res t  of t h e  year   s t rong  winds are sporadic ,   and  the 
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d i r e c t i o n s  from which  they blow are  more v a r i a b l e .  From 

June  through  October,  occasional winds  having average 

v e l o c i t i e s   o f  up t o  25 mph blow  from the   southwes t   and  

sou theas t .  From November th rough   Februa ry   t he   s t ronges t  

winds are out   of   the   west-northwest  t o  nor th-nor theas t  

w i th  veloci t ies  of  up t o  3 0  mph. 

Topography  of t h e   V a l l e y  

The v a l l e y   f l o o r  i s  a n  e l l i p t i c a l  area, comprising 

about  450 square  miles, enclosed  within.   the   6 ,200-f t  

contour   l ine   o f   topographic  maps ( f i g .  2 ) .  Average 

a l t i t u d e  i s  6 , 1 0 0  f t .  The g e n e r a l l y  f l a t  conf igu ra t ion  

o f   t h e   f l o o r  i s  in t e r rup ted   i n   . t he   sou th -cen t r a l   and  

c e n t r a l   p a r t s  by  numerous i r regular ly   shaped  20-f t  t o  

4 0 - f t  depress ions   tha t   range   f rom a f rac t ion  of a s q u a r e  

- 

mile t o   1 . 5   s q u a r e  miles i n  area. Most of t h e s e  

s teep-wal led   depress ions   conta in   sa l ine   p layas .  Closely 

a s soc ia t ed   w i th   t he   dep res s ions  are  d u n e s   t h a t  stand as 

h igh   a s  130 f t  above the   genera l   va l ley   f loor .   The   dunes ,  

where t h e   s p a t i a l   r e l a t i o n s   a r e  clear,  l i e  t o  t h e  east o f  

the   p laya   depress ions .  

S u r r o u n d i n g   t h e   v a l l e y   f l o o r ,   a t   e l e v a t i o n s   b e t w e e n  

about 6 , 1 0 0  and 6 , 2 2 5  f t ,  are t h e   e a s i l y   r e c o g n i z e d  

l acus t r ine   beach  remnan-ts. The beaches a t  most p l a c e s  

form a series of topographic steps 4 t o  8 f t  high.  The 

lower beaches a re  broad  and much less d i s t i n c t   t h a n  those 

i n   t h e   m i d d l e  and  upper par t s   o f   the   beach   range .  

r’lestward  from t h e   v a l l e y   f l o o r ,  and  above the   beach  

\) 



0 6 

R . G E .  R . 7 E .  11 .8E .  K . 9 E .   R . 1 0 E .  R . 1 J . E .  R , 1 2 I ; .  

FIGURE 2 - ,Topographic  map of E s t a n c i a  Valley  (from 
U.S. Geological  Survey  State  Topographic map) 
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r emnan t s ,   t he   s lopes  rise a t  about 4 0  f t  per  mile on a 

stream-dissected sur face   toward   the   mounta ins   tha t  form 

t h e  west r i m  of   ' the   bas in .   Eas tward  from t h e   f l o o r ,   t h e  

in i t i a l   s lope   above   t he   beach   r emnan t s  is steeper, averaging 

nea r ly  1 0 0  f t  per  mile, r i s i n g  toward t h e  low,  maturely 

eroded  Pedernal Hills and  associated  uplands t h a t  form t h e  

east  r i m  of t h e   b a s i n .  

The Manzano Mountains, r i s i n g  t o  p e a k   a l t i t u d e s   i n  

t h e   s o u t h e r n   p a r t  of t h e  range of more t h a n  1 0 , 0 0 0  f t ,  f<&m 

t h e  west r i m  o f   t h e   b a s i n .  The no r the rn   pa r t   o f   t he   r ange ,  

ca l l ed   by  some t h e  Manzanita  Mountains,  has somewhat lower 

crestal a l t i tudes ,   ranging   be tween 7 , 0 0 0  and 8 , 0 0 0  f t .  

Northeastward  from  the Manzano Mountains t h e  r i m  of  

t h e   b a s i n  l i e s  a long   t he  crests of  South  Mountain  and  San 

Pedro  Mountain.'  The  Sandia  Mountains t o   t h e  w e s t  are 

drained  by streams tha t   f low  toward   the  R i o  Grande. A t  t h e  

no r th  end of Es tanc ia   Val ley ,  headward e r o s i o n - b y   t r i b u t a r i e s  

of Galisteo Arroyo,  which a l s o  flows to  t h e  R i o  Grande, i s  

ac t ive ly   r educ ing   t he  area of Estancia   drainage.  Here, t h e  

r i m  of the   bas in   t rends   eas tward   a long   the   d iv ide ,   wi th  steep 

s l o p e s  t o  the   nor th   toward  Galisteo Arroyo,  and  more  gentle 

s lopes   o f  60 t o  80 f t  to  the  mile southward in to  Es tanc ia  

V a l l e y .   T h e . a l t i t u d e   o f   t h e  rim is 6 ,600  t o  6 ,700  f t .  

The r i m  a l o n g   t h e  east side 05: t h e   b a s i n  follows t h e  

crest  of  a broad  drainage  divide  between  Estancia   Val ley and 

t r ibu ta r i e s   o f   t he   Pecos   R ive r .  The h ighes t   po in t  on t h e  

east  rim, about  7 , 6 0 0 ,  i s  i n   t h e   P e d e r n a l  Hills, which l i e  



a 8 

south of US-40. From here   southward   the   a l t i tude  of t h e  r i m  

d e c r e a s e s   s t e a d i l y   t o  i t s  lowes t   po in t  a few miles nor th  of 

Cedarvale.   This low po in t ,   he re   ca l l ed   t he   t opograph ic  s i l l ,  

l ies  east of t h e   s o u t h  end of Es tanc ia  Valley a t  a n   a l t i t u d e  

of  about  6,350 f t .  Eas t  and   nor theas t  of t h e  s i l l  are t h e  

small c losed   bas ins   o f   P inos  Wells and  Encino ( f ig .  1). 

A t  t he   sou th  end of Es t anc ia   Va l l ey ,   t he   l and   su r f ace  

rises ab rup t ly  t o  t h e  top of  Mesa Jumanes  and t h e   n o r t h  end 

of  Chupadera Mesa. The south  topographic r i m  l i e s  n e a r   t h e  

t o p  of t h i s  mesa  complex a t  a n   a l t i t u d e   o f  6 , 7 0 0  f t  'to more 

than  7,000 f t .  The va l l ey   o f  westward flowing Abo Arroyo 

s e p a r a t e s  Chupadera Mesa from the   sou th  end o f   t h e  Manzano 

' Mountains. The  town of Mountainair ,  a t  a n  a l t i t u d e  of 

6,540 f t ,  is on the   d ra inage   d iv ide .  

Regional  Topographic  Sett ing 

E s t a n c i a  Val ley i s  an  elongate  bowl-shaped basin 

l y i n g  .between t h e   v a l l e y s   o f   t h e  Rio Grande  on t h e  w e s t  and 

t h e  Pecos River on t h e  east .  The f loo r ,  a t  about  6 , 1 0 0  f t ,  

i s  h ighe r   t han   e i the r   t he   R io  Grande or  Pecos d r a i n a g e s ' a t  

t h e  same l a t i t u d e s .  The R i o  Grande a t  Albuquerque  has  an 

e l e v a t i o n  of 4,950 f t ;  a t  Bernardo, 50 miles west of t h e  

south end of   Es tanc ia   Val ley ,   the  r iver is  a t  4,725 ft .  

The Pecos River a t  Santa  Rosa,  75 miles east o f   t h e   n o r t h  

end of t h e   v a l l e y ,  is a t  4,530 f t ;  and a t  F o r t  Sumner, 1 0 0  

miles east  of t h e   s o u t h  end of t h e   v a l l e y ,  is a t  4 , 0 0 0  ft .  

The re la t ive   e leva t ions   o f   Es tanc ia   Val ley   and  the 2 main 

r i v e r s   o f  Neb7 Mexico t h a t  l i e  t o   e i t h e r   s i d e  is important  
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b e c a u s e   o f   t h e   p o s s i b i l i t y  of subterranean  ground-water 

leakage  f rom,  the  basin.  

Previous Work 

Keyes ( 1 9 0 3 1 ,  i n  a paper on ephemeral  lakes, commented 

b r i e f l y  on t h e   e x i s t e n c e   o f   a n   a n c i e n t   l a k e   i n  Estancia Valley. 

H i s  s ta tement  i s  quoted   in  i t s  e n t i r e t y .  

l imi t ed   depos i t s   occu r  giving  undoubted evidences 
There   a re  some of the   bo l son   p l a ins  i n  which 

of t h e   e x i s t e n c e  of o ld   l akes .  The Sandoval  bolson, 
south  of   Santa   Fe,   contains  traces of a comparatively 
recent l a k e  of cons ide rab le  s i z e .  A t  present time 
the   remnants   a re   found  in  a group  as  small s a l t  ponds, 
t he   ch ie f   o f  which i s  Laguna del  Perro. 

Meinzer (1911) published a gene ra l   desc r ip t ion  of t h e  

geology and water   resources   of   Estancia  Valley a f t e r  a 6-week 

f i e l d  study made in' 1909. This  was t h e  first,  and remains 

one   o f   the  most informat ive ,   descr ip t ions  of Quar te rnary  

geology  and  the lake r emnan t s .   In   t h i s   pub l i ca t ion  appeared 

t h e   f i r s t   a n a l y s i s   o f   t h e   l a c u s t r i n e  and p o s t - l a c u s t r i n e  

c o n d i t i o n s   t h a t   r e s u l t e d   i n   t h e   f o r m a t i o n   o f   t h e   b e a c h e s ,  

bars ,   dunes,  and p laya   depress ions  so prominent i n   t h e   v a l l e y .  

Meinzer   correct ly   concluded  that   the   playas were important  

sites of na tu ra l   evapora t ive   d i scha rge  of water from t h e  

va l ley .   Al though  severa l   modi f ica t ions  are now necessary,  

most of Meinzer 's   conclusions were v a l i d ,   a n d ,   t h i s   p a p e r  w i l l  

add t o ,  r a t h e r   t h a n   n e g a t e ,   t h e   i m p o r t a n t   c o n t r i b u t i o n   t h a t  

he  made. 

Bryan and McCann ( 1 9 5 0 )  prepared a manuscript,which 

was never   publ ished,   ascr ibing  present   400+-f t   topographic  

c l o s u r e   o f   t h e   b a s i n   t o   s o l u t i o n   o f   . u n d e r l y i n g  gypsum beds 
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and t i a n s p o r t a t i o n   o f   c l a s t i c  and d isso lved   sed iment   ou t  of 

the  basin  through  underground  r ivers .   Information now 

ava i l ab le   does   no t   suppor t   t h i s  mechanism. 

Leopold  (1951)  analyzed  Pleistocene climatic cond i t ions  

i n  Es tanc ia   Val ley ,   conc luding   tha t  a large lake   requi red   bo th .  

i nc reased   . p rec ip i t a t ion  and lower temperature   than afforded 

by  present-day  climate.  Based  on  an  assumed  perennial snow 

l i n e  1,500 meters (about 4 , 9 0 0  ft) below t h a t  of t h e  present, 

he   sugges ted   tha t   the   average   Ju ly   t empera ture  was lower by 

about 16OF t h a n   t h a t  of t oday ,   and   t ha t   t hebprec ip i t a t ion  . .  

necessa ry   t o   ma in ta in   t he   l ake  was about  2 1  inches.  

ab,.. 'it 

Antevs  (1954)  elaborated  on  the l a t e  P l e i s t o c e n e  

climatic c o n d i t i o n s   i n  New Mexico, b a s i n g   h i s   c o n c l u s i o n s  . 

fo r   Es t anc ia   Va l l ey  on t h e  same ev idence   t ha t  had  been  used 

by  Leopold.  Antevs  postulated a June-September  temperature 

10°F lower   than   present ,   and   prec ip i ta t ion  Gn t h e   o r d e r  of 

23 inches.  

R.  Smith (1957)  r e p o r t e d   o n   t h e   a v a i l a b i l i t y  and 

s u i t a b i l i t y  of ground water fo r   ag r i cu l tu ra l ,   mun ic ipa l ,   and  

domestic  use  in  Torrance  County,   which  includes a l l  b u t   t h e . .  

northern  end of Es tanc ia   Val ley ,  and a l so   i nc ludes   P inos  

Wells and Encino  Basins.  Smith was not   concerned  with 

geomorph ic   f ea tu re s   l e f t  by t h e  P le i s tocene  lake, and  did 

no t  add s i g n i f i c a n t l y   t o  knowledge o f   t h e s e   f e a t u r e s .  The 

geology  of   the   va l ley  fill was taken from Meinzer's  rep0r.k 

f o r   t h e  most p a r t .  Smith  suggested  (p. 4 6 )  t h a k   t h e   p l a y a  

depress ions  had  formed  because of s o l u t i o n  of gypsum i n   t h e  
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underlying Yeso Formation and were n o t   t h e  work of   wind.alone 

as  Meinzer  had  thought. 

Harbour  (1958)  prepared a master's t h e s i s   f o r   t h e  

Univers i ty  of New Mexico  on the  geology of t h e  Lucy early-man 

s i te ,  which was a l so   be ing   s tud ied  by the  Anthropology 

Department .   Harbour   descr ibed  in   considerable   detai l   the  

s t r a t i g r a p h y  of what were t h o u g h t   t o   b e  pond d e p o s i t s  a t  t h e  

s i te  in   t he   sou theas t e rnmos t   pa r t  of t h e   v a l l e y .  The s i te  is  

about 260 f t  topographica l ly   above   the   f loor  of t h e   v a l l e y ,  

which p l aces  it nea r   t he   a l t i t ude   o f   t he   t opograph ic  sill 

1 0  miles to   the   southeas t .   Harbour   a l so  mapped and  described 

the  beaches 1 0 0  t o  200 f t  lower   on   the   s lop ing   , s ides   o f   the  

bas in .  

. .  

. Lyons ( 1 9 6 9 )  c o l l e c t e d  a l a r g e  amount of archk+eological 

d a t a  on  and  from  Estancia  Valley,  and  produced a complete 

account of t h e   p r e h i s t o r y .  Bachhuber (1971)  prepared a 

d o c t o r a l   d i s s e r t a t i o n  on the  paleolimnology of P le i s tocene  

Lake Es tanc ia ,   which   has   been   ex t r ' emely   he lpfu l   in   es tab l i sh ing  

the  chronology of events  as w e l l  a s   a d d i n g   s u b s t a n t i a l l y   t o  

my e a r l i e r  work i n   t h e   v a l l e y  ( 1 9 6 9 ) ,  which w a s  a l s o  a 

d i s s e r t a t i o n .  I w i l l  note  here  that   while  Bachhuber  and I 

agree  on many a s p e c t s  of b a s i n   h i s t o r y ,  w e  have some important 

a r e a s   o f   d i s a g r e e m e n t ,   p a r t i c u l a r l y   i n   r e l a t i o n   t o  times dur ing  

which the   l ake   over topped  i t s  bas in .   Reade r s   i n t e re s t ed   i n  

this   information  should  read  Bachhuber 's   account .  
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Galloway ( 1 9 7 0 )  developed a model o f   t h e   f u l l - g l a c i a l  

climate for  t h e  Lake Es tanc ia   Bas in   tha t   cont ras t s   markedly  

with  the  models  developed by Leopold (1951) and  Antevs 

(1954).  He sugges ted   tha t   major  decreases i n  mean 

temperature ( l O - l l ° C )  and  evaporation  alone  could  account 

for   format ion  and  maintenance of a perennial   lake.   Galloway 

p roposed   t ha t   p rec ip i t a t ion   du r ing   t he  l as t  f u l l   g l a c i a t i o n  

in   t he   Sou thwes t   (P ineda le   S t ad ia l )  w a s  from 8 0  to  9 0  percent  

of present   amounts ,   bu t   tha t   the   runoff   percentage  w a s  

greatly  increased.  In  reviews  of  Galloway's  model,  Dury 

(1973)  and  Reeves  (1973).  question  his  assumptions  on 

p rec ip i t a t ion - runof f   r e l a t ionsh ips .  Reeves  (19731,  based 

o n   d e t a i l e d   s t u d i e s  of Texas  High  Plains  playa  depressions,  

c o n s i d e r s   t h a t   i n c r e a s e d   p r e c i p i t a t i o n  w a s  r e q u i r e d   t o  

maintain p luv ia l   l ake   l eve l s ,   even   unde r  much coo le r  

condi t ions .  

F ina l ly ,   Kel ley  (1972)  has  mapped the   geology  of   the  

F o r t  Sumner Sheet,  which shows impor tan t   geologica l  

r e l a t i o n s h i p s   i n   t h e  area east of Estancia   Val ley  through-  

which  f lowed  the  ear ly   surface streams t h a t   d r a i n e d   t h e  

v a l l e y   w h i l e  much of t h e   v a l l e y   f i l l  w a s  accumulating. 



* 
In  January 1 9 5 0 ,  t h e  New Xexico State  Engineer   declared 

t h e  "Estancia  Underground  Water  Basin" t o  be a ground-water 

bas in   sub jec t   t o   con t ro l   unde r   S t a t e  l a w .  The area dec lared  

by   the  State Engineer   inc luded   essent ia l ly  a l l  t h e   b a s i n  

t h a t  i s  under la in  by s ign i f i can t   t h i ckness   o f   unconso l ida t ed  

v a l l e y  f i l l .  S ince   then   the   a rea   has   been   ex tended . to   the  

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

tha t   cont r ibu tes   g round water t o   t h e   c e n t r a l   p a r t  of t h e  . 

v a l l e y .  The bas in  was not  then,  and  has  not since, been 

c losed  t o  development  of new wa te r   r i gh t s ,   bu t   t he re   have  

been   cer ta in   res t r ic t ions   p laced   on   such   deve lopment .  The 

Sta te   Engineer   Off ice  i s  a c t i v e l y   i n v o l v e d   i n   v a r i o u s  

s t u d i e s  of ground  water and geologic   condi t i .ons   tha t   have  

a bear ing   on   adminis t ra t ion  of water r i g h t s .  

The U . S .  Geological  Survey, as p a r t  of a coopera t ive  

program  with  the New Mexico State Engineer, makes r e g u l a r  

water-level'measurements i n   obse rva t ion  wel ls  i n   t h e   v a l l e y .  

These  measurements a re   pub l i shed   r egu la r ly   a s  State Engineer 

r epor t s   (Ba l l ance ,  1965;  Busch, 1 9 6 6 ;  Busch  and  Hudson, 

1967-1970;  Hudson, 1 9 7 1 ) .  The Geological   Survey  a lso  has  

made numerous  chemical  analyses  of  ground water from t h e  

v a l l e y ,  and is a r e p o s i t o r y   f o r   t h e s e   d a t a .  

S a l t  Harvest from the   P layas  

Sa l t   has   been   harves ted   f rom  the   p layas   for  many 

c e n t u r i e s ,  and Northrop (1959,  p. 276)  summarized t h e  

S p a n i a r d s '   e a r l y   i n t e r e s t  i n  t h e   d e p o s i t s :  
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Chamuscado i n  1581, and by Onate i n  1598; t hey  
were c i t e d  by Zarate-Salmeron i n  162.9 and  by 

being  t ransported 700 miles t o  t h e   s i l v e r   m i n e s  
Benavides i n  1630. A s  e a r l y  as 1 6 6 0  s a l t  w a s  

in  southern  Chihuahua, Mexico. Spanish  archives  
i n d i c a t e   t h a t  between 1 7 1 6  and 1742 ,  a t  least, 
t h e r e  were numerous m i l i t a r y  escorts provided 
from Galis teo t o  t h e   s a l t   l a k e s .  

Alden C.  Hayes,   Supervisory  Archeologist   with  the 

National  Park  Service,   provided 27 samples of s a l t  c o l l e c t e d  

during  excavasion of r u i n s   o f   t h e   v i l l a g e  of L a s  Jumanes a t  

Gran Quivira,LNational Pa&. Las Jumanes was occupied  from 

about  1300 t o  1 6 7 2  A.D. .  (Hayes,  written  communication,  1967). 

The s a l t  spec imens   i nd ica t e   t he   r e l i ance  of t h e   I n d i a n s  of 

the   so-ca l led   "Sa l ine   Pueblos"   on  s a l t  from t h e   p l a y a s   f o r  

t h e i r  own use ,  and s u g g e s t s   t h a t   d u r i n g   t h e   t i m e  of occupancy 

of t he   pueb los  s a l t  may have  been  used for trade. 

The  d e p o s i t s  were v i s i t e d  by Xoodriquez and 

(Sal!&,) \M"Mllw.W+ 

x 

According t o  Talmadqe  and  Wootton (1937, p. 146-147);  

Laguna Sa l ina  s a l t  p r e c i p i t a t e  was worked  commercially 

s t a r t i n g  i n  1915. I n  1933  production amounted to  7 0 0  tons ,  

and p r i c e s  were 30 t o  4 0  cents per 1 0 0  pounds.  Three  grades, 

85,  92, and 98 percent   pure ,  were sepa ra t ed   i n   ha rves t ing .  

In   ea r ly   p roduc t ion ,   t he  s a l t  c r u s t  was scraped from t h e  

su r face  of t h e   p l a y a   a f t e r  it had p r e c i p i t a t e d  t o  s u f f i c i e n t  

th ickness .  Later, shallow  evaporation vats were cons t ruc ted ,  

and b r i n e  was pumped i n t o   t h e   v a t s   u n t i l   s u f f i c i e n t   t h i c k n e s s  

of  s a l t  accumulated. The bes t   s eason   fo r   ha rves t ing  was from 

Apr i l  t o  J u l y ,  b e f o r e   t h e  summer r a i n s .  A 30-minute r a i n  

r epor t ed ly  would d i s s o l v e  a l l  of t h e  s a l t  on t h e   l a k e   s u r f a c e  

and r ec rys t a l l i za t ion   r equ i r ed   abou t  5 days  of  sunshine.  

Commercial production  ceased i n  1939 ( R .  Smith,  1957, p. 1 6 ) .  

I C" 

1 
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PRE-LACUSTRINE GEOLOGY 

The v a l l e y  f l o o r  and most of t h e  lower slopes on t h e  

v a l l e y   s i d e s  are under la in   by .unconsol ida ted  t o  poor ly  

consol ida ted   sed iment   compr is ing   the   va l ley  f i l l  ( f i g .  3 ) .  

Precambrian,  Paleozoic,   and  Mesozoic  rocks  crop  out  higher 

on   t he   va l l ey   s ides ,   and   unde r l i e   t he   su r f ace   on   wh ich . the  

v a l l e y  f i l l  rests. 

D i s t r i b u t i o n  of Pre-Tert iary Rocks 

P recambr ian   rocks   c rop   ou t   i n   t he  west face of t h e  

Manzano Mountains ,   most ly   'outs ide  the  drainage area of 

Es tanc ia   Val ley ,  and i n  a small area on   t he   bas in  r i m  no r th  

of t h e  Manzanos ( f i g .  3 )  . On t.he east  side of the v a l l e y  ' 

t he   P recambr ian   c rops   ou t   i n   t he   sou the rn  par t  of t h e  r i m  

and i n  a group of h i l l s   i n  T.4  N . ,  R s .  1 0  and 11 E. 

Thin  Sandia  Formation and t h e   t h i c k  Madera Limestone 

over l ie  Precambrian  rocks  on  the w e s t  side. The  Madera 

forms t h e   s u r f a c e  on  most of t h e  west s lopes  of  the  va l l ey ;  

i t s  subcrop  eXtends as  much as 1 0  miles toward the  c e n t e r  ' 

of t h e   v a l l e y   b e n e a t h  a wedge o f   v a l l e y  f i l l .  F a r t h e r  east, 

subcrops  of  the  Permian Abo and Yeso Formations form broad 

bands   running   the   l ength   o f   the   va l ley  and connect ing  with 

outcrops  a t  the   no r th   and   sou th   ends .   In   t he   no r the rn ' and  

c e n t r a l   p a r t s  of t h e   v a l l e y   t h e   G l o r i e t a   a n d  San  Andres 

Formations, and u n d i f f e r e n t i a t e d  Triassic  rocks ,  are i n  

subc rop   con tac t   w i th   t he   base   o f   t he   va l l ey  f i l l .  

Undi f fe ren t ia ted   Cre taceous   rocks   under l ie   the   va l ley  f i l l  

a t  the   nor th   end .  
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c 

FIGURE 3 - Geologic map of Estancia   Val ley  showing  outcrops 
(modified from Dane and Bachman, 19651, and 
suggested loca t ion   of   bur ied   contac ts .  
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I n   t h e   v i c i n i t y  of t h e  east ha l f   o f  T.8 N . ,  R.9 'E., 

t h e  small but  prominent  conical  peak of Lobo H i l l ,  and a 

f l a t  upland surface seve ra l   squa re  miles i n  area a t  its 

base, s t a n d   a b o v e   t h e   f l o o r   o f . t h e   v a l l e y .  Lobo H i l l  is  

composed of Precambrian  quartzite,   surrounded by l imes tone  

of t h e  San  Andres  Formation. Triassic rocks  crop out  i n  

t h e   v a l l e y  f loor ,  and extend  southward i n  subcrmp 6 t o  8 

miles from Lobo H i l l .  I n   t he   sou thwes t   co rne r  of T, 1 0  N., 

R. 9 E. h i g h l y   f r a c t u r e d   r o c k s  of the   Glor ie ta   and   San  

Andres   Format ions   p ro jec t   th rough  the   va l ley  f i l l .  

I n  t h e   s o u t h  pa r t  o f   t h e  east r i m  area, a relatively 

t h i n   s e c t i o n  of t h e  Yeso Formation  (Permian) ,   res t ing 

direct ly   on  Precambrian  rocks,   forms  the outcrops. 

Northward t h e   G l o r i e t a  and  San  Andres  Formations crop o u t  

on t h e  r i m  and i n  t h e   e a s t  slopes o f   t he   va l l ey ,   and  

f a r t h e r   n o r t h  Triassic rocks  are  a t  t h e  surface. 

The geologic  map accompanying t h i s  repor t  (fig:3) 

is reproduced from the  Geologic  Map o f  New Mexico (Dane 

and Bachman, 1 9 6 5 ) ;  it has  been  modified i n  2 areas on t h e  

b a s i s  of f i e l d  work f o r   t h i s   p r o j e c t .  The Geologic Map of 

N e w  Mexico shows Yeso ou tc rops   p ro j ec t ing   s eve ra l  miles 

i n t o   t h e   b a s i n  i n  a broad area between  Mountainair  and 

Wil lard a t   t h e   s o u t h  end of t h e   v a l l e y .  More than  1 0 0  f t  

of a l l u v i u m   u n d e r l i e s   t h e   s u r f a c e   h e r e ,  and t h i s  pubxished 

e r r o r  i s  c o r r e c t e d   o n   f i g .  3 .  The o t h e r  area is  on   t he  

up land   su r f ace   a s soc ia t ed   d i th  Lobo H i l l  (E% T. 8 N . ,  

R. 9 E . ) ,  where   s inkholes   and   depress ions   ind ica te   tha t  the 

.. . 

.L 
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Precambrian  outcrop of Lobo H i l l  is  surrounded by so lub le  

l imestone of t h e  San  Andres  Formation. 

F o r m a t i o n   c o n t a c t s   u n d e r l y i n g   t h e   v a l l e y   f i l l  shown 

o n   f i g . . 3  w e r e  modified  from  those  on a map published  by 

R. Smith (1957 ,  pl. 1). The several   sources   of   information 

used   i n   t he   mod i f i ca t ion   i nc luded :   a )   o i l  tes t  s t r i p   l o g s ,  

sample   descr ip t ions ,  and bore-hole logs;  b)  outcrop 

information  f rom  f ie ld   observat ion,   a long.with  geologic  maps 

of R. Smith  (1957), Read and o t h e r s  ( 1 9 4 4 ) ,  Geologic Map 

Of New Mexico  (Dane  and Bachman, 1 9 6 5 ) ;  c)  w a t e r - w e l l  

d r i l l e r s '   l o g s ;  and d )   a n a l y s i s  of hydro log ic   pa t t e rns   i n  

t he   bas in .  Most o f   t he   mod i f i ca t ions   a r e   s l i gh t .  One 

major change i s  i n   t h e   v i c i n i t y  of T P s .  5 , and  6 N . ,  R. 1 0  E . ,  

where,  on t h e   b a s i s  of a smal l   Glor ie ta   ou tcrop  .in sec. 26, 

T .  6 N . ,  R. 1 0  E . ,  the   Yeso-Glorieta   subcrop  contact  i s  

projected  northeastward t o  connect   with  an  outcrop  contact  

i n  T. 7 N . ,  R. 11 E.  Smith,   wi th   l imited  information 

ava i lab le ,   p ro jec ted   the   contac t   southeas tward   across   the  

southern   par t   o f  T .  6 N . , . R .  11 E. ,  but   could  not   connect  

it w i t h   t h e   c o n t a c t   i n   o u t c r o p .  

Smith 's  work was supplemented by adding   the  Abo-Yeso 

concealed  contact,   based  on  strip  logs  and electrical  logs . 

from o i l  tests such as the   E ida l -Mi tche l l   i n  sec. 3 3 ,  

T .  4 N . ,  R.  8 E . ,  t h e  Murphree and Bond-Berkshire tes t  i n  

sec. 1 9 ,  T .  6 N . ,  R. 9 E.,  and t h e  Olsen-Means test  i n  

sec. 27 ,  T. 7 N . ,  R. 1 0  E. Water-well d r i l l e r s '   l o g s  were 

a l so  used,   but   because of the   p resence   o f   ra re ly  
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dis t inguishable   red   beds  i n  bo th   t he  ?+bo and Yeso Formations, 

the  information  could  only  supplement  data  from  the o i l  

tes t  holes .  The t r a c e  of t h e   c o n t a c t  from T.  7 N., 'R. 9 E. 

t h rough   t he   v i c in i ty  of Moriarty was chosen  mainly  by 

p a r a l l e l i s m   t o   t h e  more r e l i ab ly   p i cked  Madera-Abo and 

Yeso-Glorieta   contacts .  

The subcrop  tongue of T r i a s s i c   r o c k s  shown on   f i g .  3 . 

t o  extend  southward  from Lobo H i l l  6 t o  8 miles modif ies  

S m i t h ' s   i n t e r p r e t a t i o n   t h a t   t h e   s u b c r o p   i n   t h i s   a r e a  is 

Yeso and  San  Andres, and t h a t   t h e   p r i n c i p a l   a q u i f e r  i s  i n  

t h e  Yeso (R. Smith, 1957 ,  p l .  1, 2 ) .  Severa l  water wells . 

i n  t h e  western p a r t  of T. 7 N . ,  R. 10 E. were d r i l l e d  

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

Triassic red  beds  and  sandstone,  and  apparently  bottomed 

i n  t h e  San Andres  Formation. The log  of   one  such well, 

i n   t h e  NE%NW%NW% sec. 19, T. 7 N . ,  R. 10 E., is included 

i n  Appendix A. 

Subcrop  contacts  i n  t he   no r th  end of the bas in  were 

loca ted  on t h e   b a s i s  of l ogs  from water wells t h a t  

penetrated  bedrock, and from t h e   p o s i t i o n s  OF s c a t t e r e d  

c losed   dep res s ions   i n   t he   t e r r a in ,   wh ich   sugges t  

ground-water  solution of l i m e s t o n e   s t r a t a   i n   t h e  Madera. 

Such depres s ions   a r e   no tab le  on t h e  U S .  Geological  Survey 

topographic map f o r  Edgewood Quadrangle   in  sec. 3 ,  T. 10 N . ,  

R .  7 E .  and . i n  sec. 3 3 ,  T.  11 N . ,  R. 7 E. Other   c losed 

depres s ions   on   t h i s  map, f o r  example i n  secs. 18  and 19, 

T. 11 N . ,  R. 9 E . ,  a r e  sho re l ine  phenomena r e l a t e d  t o  a 

high  stand  of  Pleistocene Lake Estancia ,   and  should  not   be . 
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confused  with  the  inferred Madera subcrop. The p o s i t i o n s  

of   the   subcrop   contac ts  were a l s o   c o n t r o l l e d  by outcrops 

on e i t h e r   s i d e  of t he   bas in .  A de t a i l ed   geo log ic  map by 

Kelley (1963)  was used  on  the west s ide ,  and a 

reconnaissance map by Read and o t h e r s  ( 1 9 4 4 )  on   t he  east 

s ide ,   a s   bases   fo r   p ro j ec t ing   t he   subc rops .  

The T r i a s s i c ,   J u r a s s i c ,  and  Cretaceous  rocks were 

n o t   d i f f e r e n t i a t e d   i n   t h e   s u b s u r f a c e   b e c a u s e  of the   pauc i ty  

of well  da t a .  The log  of  a w e l l  i n   t h e  SWL, sec. 32 ,  T .  11 N . ,  

R.  9 E .  i n d i c a t e s   t h a t   t h e   v a l l e y   f i l l   h e r e  is under la in  by 

Triassic rock. A l og  from t h e  SEk sec. 3 ,  T. 11 N., R. 8 E. 

i nd ica t e s   t ha t   bed rock  a t  t h i s   l o c a t i o n  i s  Cretaceous  rock 

(Appendix A)  . 
The p o s i t i o n s   o f   t h e   s u b s u r f a c e   c o n t a c t s   a r e   h i g h l y  

gene ra l i zed   i n   t he   no r the rn   pa r t  of t h e   b a s i n ,  and  somewhat 

less general ized  e lsewhere.  The gene ra l   pa t t e rn   o f   con tac t  

between  bedrock  formations  and  the  base  of   the   val ley fill 

is  i m p o r t a n t   i n   c o n s i d e r i n g   t h e   p o s s i b i l i t y   o f   l e a k a g e   f r o m  

t h e   b a s i n ,  and i n   i n t e r p r e t i n g   h y d r o l o g i c  and  geomorphologic 

phenomena i n   t h e   s o u t h e r n   p a r t  of t h e   v a l l e y .  

. .  

St ra t ig raphy  and  Hydrologic  Properties 
of   Pre-Tert iary Rocks 

Precambrian 

The Precambrian  rocks  consis t   predominant ly   of   grani te ,  

s c h i s t ,   g n e i s s ,  and qua r t z i t e ,   and   t he i r   hydro log ic   p rope r t i e s  

a r e  known on ly   i n  a general  way. Widely  spaced  springs  and 

seeps i n  t h e  west face   o f  t h e  Manzano Mountains  discharge a 
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f r ac t ion   o f  a ga l lon   pe r   minu te   t o  a f e w  ga l lons   per   minute .  

The Precambrian rocks have  been drilled for  water only  i n  

t h e   s o u t h e r n   p a r t  of t h e  east r i m ,  where  they crop o u t  o r  

a r e   d i r e c t l y   o v e r l a i n   b y   u p  to  several hundred feet  of Yeso 

s t r a t a .  

Po ros i ty  and permeabi l i ty  are con t ro l l ed   by   f r ac tu r ing  

and  amount of  weathering. R. Smith  (1957, t a b l e  1 4 )  

t abu la t ed   da t a   on  a number of. ranch wells t h a t  pump water 

from the   Precambr ian   rocks   on   the   southeas t  side of t h e  

bas in .  Most of t h e  wel l s  are  1 5 0  t o  300 f t  deep  and  yield 

a f r a c t i o n  of a g a l l o n  per m i n u t e   t o  a f e w  g a l l o n s  per 

minute. Many d r y   h o l e s   h a v e   b e e n   d r i l l e d   t h a t  are no t  

tabulated  by  Smith.   These well d a t a   i n d i c a t e   t h a t  

pe rmeab i l i t y   and   po ros i ty   a r e   ve ry  low,  and it i s  expected 

t h a t   b o t h  decrease wi th   increas ing   depth .  

R. Smith  (1957, p. 2 4 ,  table  1 4 )  r epor t ed  a s i n g l e ,  

r e l a t i v e l y   l a r g e - y i e l d  well i n   P recambr ian   rock   d r i l l ed  i n  

1930  by the   San ta  Fe Rai l road.  The w e l l  w a s  tes t  pumped 

a t  1 0 0  gpm (ga l lons   pe r .minu te )   w i th  60 f t  of  drawdown. 

This   701-f t  w e l l  i s  o u t s i d e  of t h e   E s t a n c i a  drainage area, 

' i n   t h e  SE%NW%SE% sec. 3 3 ,  T. 6 N . ,  R.  13 E . '  Water i s  

i n f e r r e d   t o   e n t e r   t h e  w e l l  from brecciated zones   t ha t  are 

a s s o c i a t e d   w i t h   f a u l t s  ( R .  Smith,  1957,  p. 82-83) .  The . 

company d r i l l e d  4 h o l e s . i n  a well f i e l d  before t h e  

success fu l  well was completed. The well i n d i c a t e s   t h a t  

permeabili ty  can  he  anomalously  high  in  Precambrian  rocks,  

bu t   t he   h igh   pe rmeab i l i t y  i s  though t   t o   be  a ve ry   l oca l i zed  

phenomenon. 
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The volume  of  ground  water t h a t  i s  t r ansmi t t ed  

annual ly   toward  the  center   of   Estancia .Val ley  through  the 

Precambr ian   rocks   on   the   eas t   s ide  i s  thought   to  be very 

small. R a i n f a l l  i s  n o t   h i g h   i n   t h i s   a r e a .  The ground-water 

d iv ide   fo l lows   t he   t opograph ic   d iv ide   f a i r ly   c lose ly  

(R.  Smith,   1957,  pl .  2 ) ,  and the   w id th   o f   t he   Es t anc ia  

dra inage   a rea   under la in  by  Precambrian  rocks,   .or  by 

Precambrian  rocks  overlain by Yeso s t r a t a ,   i n   t h e   s o u t h e r n  

p a r t   o f   t h e  r i m  i s  only a few miles. These   fac tors ,  

coupled  with low permeabili ty  of  the  rock,  imply low 

recharge   to   the   bas in   f rom  Precambr ian   t e r rane .  

The Precambrian  rock  throughout  the res t  o f   t h e   b a s i n  

i s  over la in   by  more than 1 , 0 0 0  f t  of  Pennsylvanian  and 

younger  sedimentary  rock. A t  t h e  crest o f   t h e  Manzano 

Mountains   the  overlying  Pennsylvanian  rocks  are  about 1 , 0 0 0  

' f t   t h i c k  (Read  and o t h e r s ,  194'4;  Reiche, 1949 ;  Myers, 1 9 6 6 ) .  

The Precambrian  surface l i e s  progress ive ly   lower   wi th  

d i s t a n c e   t o   t h e   e a s t ,  so  t h a t   i n   t h e  Witt I c e ' # l  Meadows 

tes t  hole ,  sec. 23, T.  6 N., R. 7 E . ,  the  Precambrian- 

Pennsylvanian  contact i s  a t  a depth  of  1 , 9 0 0  f t  (Foster   and 

St ipp ,  1 9 6 1 ) .  I n   t h e  Murphree  and Bond #1 Berkshi re  test ,  

sec. 1 9 ,  T .  6 N., R. 9 E . ,  the  Precambrian i s  a t  3 , 1 2 0  f t ,  

and i n   t h e  Gardner #1 Kidwell test ,  sec. 21, T. 6 N., 

R. 10 E . ,  it is a t  5 , 6 8 0  f t .  

Th ick   sha l e   beds   i n   t he   ove r ly ing   s t r a t a   r educe   t he  

p o s s i b i l i t y  of upward flow  from  Precambrian  rocks  toward 

t h e  po in t   o f   na tura l   g round-water   d i scharge   in   the   cen ter  

of t h e  basin.   Furthermore,  t h e  low permeabi l i ty  of t h e  
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Precambrian  rocks  that  is measu rab le . a t  and nea r   t he   ou tc rops  

may be  reduced even more  where the  overburden is a few f t  t o  

several   thousand f t  th ick .   Recharge   to   the   bas in  by  flow 

through  more  deeply  buried  Precambrian  rock is  t h e r e f o r e  

though t   t o   be   neg l ig ib l e .  

P e n n s y l v a n i a n  

Rocks of  Pennsylvanian  age  include  the  Sandia  Formation 

and t h e  Madera Limestone. The Sandia  Formation  consists  of 

b lack   sha le ,   dark   g ray   l imes tone ,   g ray   to  brown sandstone, 

and occasional  coal  seams. The formation  probably  ranges 

from 1 0  f t  t o   a b o u t  250 f t   t h i c k  (Read and o t h e r s ,  1 9 4 4 ;  

Kelley,  1 9 6 3 ) .  

The' Sandia  Formation is  n o t  known t o  have  been  tes ted 

f o r  ground  water i n   t h i s  area owing t o  its g rea t   dep th   o f  

b u r i a l  and t o   t h e   u s u a l   a v a i l a b i l i t y  of a t  least small 

suppl ies   of   water   f rom  the  overlying Madera Limestone.  In 

discussions  of  hydrology,  the  Sandia  Formation w i l l  be  

inc luded   wi th   the  Maaera Limestone. 

The Madera Limestone i s  convent iona l ly   d iv ided   in to  a 
r,,, 

lower Gray Mesa %ember and upper  Arkosic  Limestone %ember. 

The lower member c o n s i s t s   o f  massive beds  of   cher ty   gray 

l imestone  with  interbedded  calcareous  gray  and  black  shale .  

The upper member, i n   c o n t r a s t ,   h a s  a much higher  clastic 

con ten t   and   cons i s t s   o f   a l t e rna t ing   l i gh t -g ray   che r ty  

l imes tone ,   a rkos i c   ca l ca ren i t e ,   r ed   o r  brown a rkos i c  

,_ 

sandstone, and gray   sha le  (Read  and o t h e r s ,  1 9 4 4 ;  Anonymous, 

1 9 5 2 ,  7. '  107-108; Kottlowski, 1 9 6 1 ,  p -  1 0 1 ) .  I n  t h e  Manzano 
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and  Sandia 'Mountains  thicknesses of about  1,300 f t  have  been 

measured i n   o u t c r o p  (Read and o t h e r s ,  1 9 4 4 ;  Kelley,  1963). 

The upper member i s  8 0 0  t o  900  f t  t h i c k   i n   t h e  Manzano. 

Mountains  (Read  and o the r s ,  1 9 4 4 ) ,  a l though  near   the  crest 

several   hundred feet  have  been removed by  erosion. 

The top   of   the  Madera is mapped on   t he   t op   o f   t he  

highest   marine  l imestone.  The upper   par t  of t h e  Madera is 

t r a n s i t i o n a l   i n t o   t h e   o v e r l y i n g  Abo red  bed sequence.   In  

the   t rans i t ion   zone ,   dark- red   sha le  and sandstone  predominate 

over   the   th in   l imes tone   beds .  The t r a n s i t i o n  zone i s  

separa ted  and named t h e  Bursum Formation,, of Permian (?) age, 

i n   t h e   s o u t h e r n   p a r t   o f   t h e  Manzano Mountains.  In A b 0  Pass 

(sec. 5 ,  T:% N . ,  R. 5 E . )  the Bursum is about 1 2 0  f t  t h i c k  

(Wilpol t   and  others ,  1 9 4 6 ) .  

The  Madera th i ckens   ea s tward   i n   t he   subsu r face  to a . 

maximum of more than  3,000 f t  i n   t h e .   s t r u c t u r a l   t r o u g h   u n d e r  

Estancia   Val ley. '   Kot t lowski  (1961,  f i g .  1) ' i n d i c a t e s  a 

th ickness   o f  about 4,000 f t   f o r  Pennsy lvan ian   rocks   i n   t he  

v i c i n i t y   o f   t h e  San Juan # 2  Randall  and  the  Gardner #1 

Kidwell o i l  tes ts  i n  secs. 20 and 21, T. 6 N., R .  10 E. ,  

and s ta tes  (p. 1 0 1 )  t h a t   t h i s  may inc lude  530 t o  1 , 0 0 0  f t  

of  Sandia  Formation  rocks.   Eastward  thickening  of  the 

sequence i s  t h e   r e s u l t   o f  large cont r ibu t ions   o f  c las t ic  

sed iment   f rom  the   pos i t ive  area of t h e   P e d e r n a l   u p l i f t   i n  

the  Pennsylvanian  Per iod.  

The  Madera h a s   t h e   l a r g e s t   o u t c r o p  area of any ' ' 

pre-Ter t ia ry   format ion   in   Es tanc ia   Val ley , ,  and i ts  outcrops 

a re   mos t ly   h igh  on t h e  west s i d e  of t h e   v a l l e y   w h e r e . t h e  
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g r e a t e s t   r a i n f a l l   o c c u r s .  Its p o t e n t i a l   f o r   c o l l e c t i n g . a n d  

t r a n s m i t t i n g   r e c h a r g e   t o   t h e   v a l l e y  f i l l  i s - g r e a t ,   h e n c e  its. 

h y d r o l o g i c   c h a r a c t e r i s t i c s  w i l l  be   cons idered   in  so,&$'detail. 

Analys is   o f   da ta   co l lec ted  by the  author  from 300 ho le s  

d r i l l e d   f o r  water i n  t h e  Madera Limestone. i n   t h e ,  Manzano and 

Sandia   Mounta ins   ind ica tes   tha t   wi th in   the   upper  600 f t  t h e  

pe rmeab i l i t y   va r i e s   i nd i r ec t ly   w i th   dep th .  Dry ho le s   ve r sus  

producible  wells in   t he   fo rma t ion  were used t o  c o n s t r u c t  

f i g .  4 ,  which shows the   percentage   o f   p roducib le   water  wells 

i ( p roduc ib le   we l l s / t o t a l   ho le s )   p lo t t ed '   aga ins t   t he  1 0 0 - f t  

dep th   i n t e rva l s   t o   wh ich   t hey  .were d r i l l e d . '  The depth  of  

the   p iezometr ic   sur face  was no t   cons ide red ,   excep t   t ha t ,   t o  

be   i nc luded   i n   t he   da t a ,  a dry   ho le  had t o   e x t e n d  a t  l e a s t  

20 f t  below the .p i ezomet r i c   su r f ace  as measured i n   t h a t   h o l e  

o r   i n   nea rby   ho le s .  The f e w  h o l e s   t h a t  were excluded  by 

t h i s   c o n s t r a i n t   d i d   n o t   r e a c h   t h e   p i e z o m e t r i c .   s u r f a c e .  

Because  the  depth  of   the  piezometr ic   surface is less than 

200 f t   i n   a l l   b u t  a f e w  l o c a l   a r e a s ,  and t h e   d r i l l i n g  

s u c c e s s   r a t i o   i s . h i g h e s t   i n   t h e  0 t o  2 0 0 - f t  i n t e r v a l ,   t h i s  

method  of  graph  construction i s  v a l i d .  By d e p m i t i o n ,  a 

dry   ho le  i s  any well t h a t  was so descr ibed  by i t s  owner o r  

dri l ler ,  or, i f   p r o d u c t i o n . r a t e s  were ava i lab le ,   any  w e l l  

t h a t  would n o t   y i e l d  1 5 0  gal lons  per   day  (about  0 . 1  gpm). 

Yields of as much as 0 . 2 5  t o  0 .5  gpm (360 t o  7 2 0  g a l l o n s  

per  day) were usua l ly   repor ted  by  owners o r  drillers, a s  

t h e s e   a r e   s i g n i f i c a n t ,   e v e n   i f   f r e q u e n t l y   i n a d e q u a t e ,  €or 

dgmestic  or  stock  supply.  I t  i s  recognized   tha t  some 

r. 
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I 30  
1 1 2 ,  

I 590 GOO-1100 ,' 

FIGURE 4 -- Graph  showing percentage of producible  water 
wells d r i l l e d   i n   t h e  Madera Formation,  by 
depth.   ("Producible w e l l "  y i e l d s  > 0 . 1  gpm.) 
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r epor t s   o f   d ry   ho le s  may not   have  been  consis tent   with  the 

bu lk   o f   t he   r epor t ed   da t a ,   bu t   t he  number of t h e s e  is not  

thought t o  be   l a rge .  A dry  hole ,  by t h i s   d e f i n i t i o n ,   t h u s  

may have a water level t h a t  i s  r e p r e s e n t a t i v e  of t h e  

piezometr ic   surface a t  t h a t   p o i n t .  

Fig.  4 shows an   increase  in the   percentage of producib le  

wells for  those   d r i l l ed   deepe r   t han  6 0 0  f t .  The sample is  

small for  t h e  combined in t e rva l   o f  600 t o  1 , 1 0 0  f t ,  . b u t   t h e  

r e s u l t s  are though t   t o  be s i g n i f i c a n t .  The 2 deepes t  wells 

were d r i l l e d  t o  1 , 1 0 0  f t   i n  Ti jeras  Canyon, o u t s i d e  of t h e  

Estancia   drainage area, by Idea l  Cement Company. They are 

b o t h   i n   t h e  E% sec. 2 2 ,  T. 1 0  N . ,  R. 5 E .  Water was 

encountered   in   bo th  wells between 450 a n d . 5 0 0 ' f t  and  between 

8 0 0  and 1 , 0 0 0  f t .  D r i l l i n g  was continued  below  the  shallower 

producing  zone  because  the  yield was not   adequate  for  

commercial use.  ' They would have  been  considered  producers, 

by de f in i t i on   he re ,   i n   t he   400- to -500- f t   i n t e rva l .  Their 

l o c a t i o n   i n  a h igh ly   f au l t ed   a r ea  may make . the   permeabi l i ty  

d a t a   a y p i c a l   o f   t h e  Madera genera l ly .  Even if t h e s e  

wells were not  used,  however,  the  success r a t io  for deeper  

wells would s t i l l  be 38 percent .  The o ther   deep  wells t h a t  

were successfu l  are a l l  small producers.  It  may be  concluded,  

t h e r e f o r e ,   t h a t   t h e   d e e p e r   p a r t s   o f   t h e   f o r m a t i o n   d o   h a v e  

small bu t   s ign i f i can t   pe rmeab i l i t y .  

The permeabi l i ty  and porosi ty   exploi ted  by  shal low wells 

i n   t h e  Madera i s  mos t ly   t he   r e su l t   o f   so lu t ion -en la rged  

f r a c t u r e s  i n  l imestone  beds,  and r e p o r t s  by d r i l l e r s  of water 

coming from " f r a c t u r e d   r o c k , "   " b r i t t l e  rock," and "caves"   a r e  
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common. Smal l   so lu t ion   channels   in   l imes tone   beds  of t h e  

Madera can  be seen i n   r o a d   c u t s ;  some of t h e  best exposures 

are on NM-10 sou th   o f   t he   v i l l age  of Tijeras,  and  on 1-40  

several miles e a s t  o f   T i j e ra s .  I n  t h e s e   o u t c r o p s   t h e  

s o l u t i o n   f e a t u r e s ,  which  mostly  parallel   bedding  planes,  

have maximum c ross   s ec t iona l   d imens ions   o f  a f e w  inches.  

Few d r i l l e r s   s e p o r t   p r o d u c t i o n  of water  from : 

sands tone   i n   t he  Madera,  and the  permeabili ty  of  most 

sandstone and arkose  beds  seen  in   outcrop is low. 

F rac tu r ing  i s  a s   ev iden t   l oca l ly   i n   s ands tone   beds   a s  it 

i s  in   l imes tones ,   bu t   f rac tur ing   wi thout   subsequent  

enlargement of the  openings by so lu t ion   apparent ly   does  

not   p roduce .   s ign i f icant   permeabi l i ty .  . .  

. .  

The p o s i t i o n  of t h e  zone  of g r e a t e s t   s o l u t i o n   i n  

l imes tone   te r ra in   has   been  the subjec t   o f  many pub l i ca t ions .  

Ea r ly   i nves t iga to r s   i n   t he   Un i t ed   S t a t e s   a rgued   t ha t  

p r inc ipa l   so lu t ion   t ook   p l ace   i n   t he   vadose   zone ,   t ha t  is, 

above  the  zone  of  ground-water  saturation  (Greene, 1909;  

and  Beede, 1 9 1 1 ) .  W. M. Davis  (1930), i n   h i s  classic 

paper   on   the   o r ig in  of l imestone  caves,   suggested  that  

caves are excava ted   i n   t he   ph rea t i c   zone ,   t ha t  is, t h e  

zone  of   saturat ion.  Many of t h e  more r e c e n t   p u b l i c a t i o n s  

(Piper,  1932;  Swinnerton,  1932;  and  Davies, 1 9 6 0 )  suggest$ 

t h a t   s o l u t i o n  i s  mos t   ac t ive   i n   t he   sha l low  pa r t  of t h e  

p h r e a t i c  zone. 

T h r a i l k i l l ,   i n  a theore t ica l   ana lys i s   o f   g round-water  

flow,  temperature,  and ca lc i te -carbon  d ioxide   concent ra t ions ,  

concludes   tha t   the   e f fec t   o f   each  of, t h e   t h r e e ,  “tends t o  

37 
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produce more undersa tura t ion  [of calcite] i n   t h e   u p p e r   p a r t  , ' 

of t h e  ground  water  body  (shailow-phreatic  zone)  than  in 

' t h e   d e e p e r   p a r t s "   ( T h r a i l k i l l ,  1968 ,  p. 3 7 ) .  Hence, he 

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

saturated  zone.   This  is consis tent   with  what  is known of 

the  hydrology  of   the Madera Limestone i n   t h e   S a n d i a  and 

Manzano Mountains,  where it may b e   i n f e r r e d   t h a t   t h e   s m a l l  

solut ion  channels   exposed  in   outcrops and ind ica t ed  by 

wells have   fo rmed   s ince   up l i f t   and   t i l t i ng   o f   t he  Manzano 

and  Sandia   faul t   b locks,  and s ince  overlying  formations 

were s t r i p p e d  away. Permeabi l i ty   in   the  rock  lying  above 

the   p resent   water   l eve ls ,   therefore ,   p robably   deve loped  

a t  times of   higher   water   levels   which  exis ted  before  

canyons were c u t   t o   t h e i r   p r e s e n t   d e p t h .  The absence  of 

large  caves  and of karst  topography i n  mos t   a r eas   su r~ges t s  

t ha t   s ince   exposure ,  water levels   have  not   remained  the 

same for   long  per iods  of  time. The well-known Sandia Cave, 

a s i t e  of human occupancy i n   l a t e   P l e i s t o c e n e  time i n   t h e  

northern  part   of  the  Sandia  Mountains  (Hibben, 1 9 4 1 ;  Bryan, 

1 9 4 1 1 ,  was probably  formed much e a r l i e r ,  and  under 

d i f f e r e n t  s t r u c t u r a l  and  topographic   condi t ions  than  the 

smal le r ,  more t y p i c a l   s o l u t i o n   f e a t u r e s   f o u n d   i n   t h e  

l imestone. 

From the   da t a   p re sen ted  i n  f i g .  4 and  from t h e  

p re sence   o f   so lu t ion   f ea tu re s   i n   ou tc rops ,  it i s  concluded 

t h a t   t h e   p e r m e a b i l i t y  of l imestone  beds  in  t h e  Madera ,is ' 

g r e a t e s t  i n  t h e  upper 200 f t  of   the   formation,  and t h a t  

the permeabi l i ty  i n  t h i s   dep th   r ange  i s  of reasonably  even 

3% 
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v e r t i c a l   d i s t r i b u t i o n .  Below 200 f t   t h e   p e r m e a b i l i t y  

decreases   wi th   increas ing   depth .  The average maximum depth  

of   the   p resent   p iezometr ic   sur face  is about 200 f t .  

Obviously,  during  most  of  geologic time s ince   t he   fo rma t ion  

w a s  u p l i f t e d  and overlying  formations removed, t h e   l e v e l   o f  

t h e   p i e z o m e t r i c   s u r f a c e   h a s   f i u c t u a t e d   a t  and  above i t s  

p resen t   pos i t i on ;   t he re fo re ,   a s   l and   su r f ace   has   been  

reduced by e ros ion ,   ne t  movement o f   t he   p i ezomet r i c   su r f ace  

has  been downward. 

An anomalous  highly  permeable  zone  in  the Madera 

Limestone  has  recently  been  recognized  from pumping da ta   by  

the  author   and,   indepepdent ly ,  by J. T. Fverhear t ,  

geohydrologis t  i n  t h e  State  Engineer  Office.. Water wells 

tha t   p roduce  more than 1 0 0  gpm from  the Madera a r e ' m o s t l y  

restricted t o  TPs.  6 t o  8 N . ,  R s .  7 and 8 E . ,  and i n   t h i s  

a r ea   y i e lds   g rea t e r   t han  1 , 0 0 0  gpm are not   unusua l   . ( f ig -  5 ) .  

The proximity  of   the   high-yield Madera wells t o   a n   a r e a   o f  

carbon  dioxide  entrapment   in   the  formation  suggests  a 

causat ive  re la t ionship  between  carbon  dioxide  and  the '  

permeab il i t y  . 
Whereas pure  water   can  dissolve  only small amounts 

of ca lc ium  carbonate ,   the   so lubi l i ty . increases   markedly  

when t h e r e  i s  an  abundant  supply  of H Lon$. The 

d i s s o c i a t i o n  of carbonic   ac id ,  H2C03, is  one of the  most  

important  sources  of H . A series of  schematic  equations 

expres s ing   t he   va r ious   r eac t ions  is: 

+ .  

+ 



FIGURE 5 - Locations of high-yield  water wells and  carbon 
d ioxide  wells producing  from the Madera 
Formation. 
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C 0 2  + H 2 0  = *2"3 = H+ + HCO; 
HCO; = H + + C0;- 

CaCO3 + H+ = Ca++ + HCO; 

I f   abundant   carbon  dioxide i s  p r e s e n t ,   t h e   d i s s o c i a t i o n  

w i l l  p roceed   on ly   a s   f a r   a s   t he   b i ca rbona te   s t ages .  If 

t h e  pH i s  increased,   however ,   the   ra t io  of carbonate  

(CO;-) t o   b i ca rbona te  (HCO;) i ons   i nc reases  and calcium 

carbonate  w i l l  be   p rec ip i t a t ed .  I n  most natural. waters 

t h e  amount of   carbon  dioxide  in   the  system is  t h e  

con t ro l l i ng   f ac to r ,   hence  when carbon  dioxide i s  added, 

so lu t ion   cont inues ;  when it is  removed, depos i t i on  w i l l  

most  l ikely  occur  (Davis  and Dewiest, 1 9 6 6 ,  p. 1 0 2 ) .  

Talmadge  and  Andreas ( 1 9 4 2 ,  p. 71, r epor t ing   on  

carbon  d ioxide   occur rence   in  New Mexico, t a b u l a t e d   d a t a  

f o r  1 0  wells i n   t h e   E s t a n c i a   V a l l e y   f i e l d   t h a t ' b o t t o m e d  

between 1 , 0 0 0  and 2 , 0 0 0  f t .  Most of   the  wells were 

d r i l l e d  between  1328  and 1 9 4 1 ,  and there   has   been  no 

known production s i n c e '  1 9 4 2 .  Two new wells, d r i l l e d   i n  

1963 but   unused  s ince  complet ion,   are   reported  by  the 

owner t o  be  capable   of   large  product ion.  

Carbon  dioxide  leakage  from  the  gas  f ield is 

confirmed by high  gas   content   in   water  pumped from many 

shallow wells,  and it is  no t  uncommon f o r  gas t o   e v o l v e  

from  water t h a t  i s  caught   in  a con ta ine r  a t  t h e  w e l l  head. 

The r a t e   o f   l e a k a g e  may have   i nc reased   s ince   t he   gas   t r ap  

was explo i ted  owing t o  improper w e l l  construct ion  and 

inadequate   seal ing  around  casings.  The d i r e c t i o n   o f  
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regional  ground-water  flow i n  t h e   v i c i n i t y   o f   t h e   g a s   f i e l d  

i s  eas tward ,   as  i s  indica ted  by s lope  of the   p iezometr ic  

sur face .  Hence carbon  dioxide  dissolved  in   the  ground water 

i s  swept   in  t h i s  d i r ec t ion ,   t hus   accoun t ing   fo r   t he   l oca t ion  

of the  high-permeabi l i ty   zone  east  of t h e   g a s   f i e l d .  

J. T.  Everheart   (oral   communication,  1968)  has  stated 

t h a t   i n  1965 p a r t   o f   t h e   s u r f a c e   o f   a n ' i r r i g a t e d   f i e l d   i n  

t h e  NW%IiW% sec. 3 5 ,  T. 7 N., R.  8 E. ,  5 miles east  o f   t he  

gas   f i e ld ,   co l l apsed   l eav ing  a depression 40 t o  60 f t  across  

and about 30 f t  d e e p   ( f i g .   5 ) .  The landowner f i l l e d   t h e  

h o l e   w i t h   t r a s h  and s o i l ,  and r e - l e v e l e d   t h e   f i e l d   f o r ,  

i r r i g a t i o n ,   b u t   c o l l a p s e   o c c u r r e d   a g a i n  a t  t h e   s a m e ' s i t e  

when runoff  from a heavy  ra instorm  f lowed  across   the  f ie ld .  

Pleis tocene  lake  sediments   mant le   the  surface a t  t h i s  

l oca t ion ,   bu t   t he   co l l apse   i nd ica t e s   t ha t   l imes tone   i n  

which  solut ion  has   been  act ive lies at.   shallow  aepth.   The 

owner t o l d   E v e r h e a r t   t h a t   s e v e r a l   i r r i g a t i o n  wells i n   t h e  

immediate  vicinity  produce  ground water from "caves"   in  

l imestone.   In  1 9 7 2  the   s inkhole  was being  used  for  

d i sposa l   o f   r e fuse  which  included  lumber;  automobiles  and 

ca t t le  carcasses. 

Water wells producing  from  the  high-permeability 

zone  have  tapped  only  the  upper  few  hundred  feet   of  the 

Madera.  Whether s imi l a r   pe rmeab i l i t y  exis ts  i n   t h e  

l imes tone   a t   g rea t e r   dep th  is n o t  known, b u t  it is  

r e a s o n a b l e   t o  expect t h a t  it does.   In   most  of t h e   a r e a  

of  heavy pumping t h e  Madera i s  o v e r l a i n  by s a t u r a t e d  

. .  
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v a l l e y   f i l l  of va r i ab le   t h i ckness .  Ground water is pumped 

from' t h e  l imes tone ,   bu t   the   l imes tone  i s  probably 

immediately  recharged by water  from  the  alluvium.  Thus, 
. .  

an  unusual ly   favorable   wel l -hydraul ics   system is thought  

t o   e x i s t ,   i n  which  permeability is provided  by large 

channels   in   the  l imestone, '   and  porosi ty  by the   wa te r - t ab le  

condi t ions  i n  the  a l luvium. 

Permian 

The Ab0 Formation,   over lying  the  Madera,   crops  out  

i n  TPs .  4 and 5 N., R s .  5 t o  7 E'., and i n  small a r e a s   i n  

t he   no r thwes te rn   pa r t   o f   t he   Es t anc ia   d ra inage   bas in .   In ,  

the   subsur face  it i s  assumed t o   b e   c o e x t e n s i v e   w i t h   t h e  

Madera. Its subcrop  beneath the v a l l e y   f i l l   a d j o i n s   o n  

t h e   e a s t   t h a t  of t h e  Madera. Its outcrop  and  approximate- 

subcrop   pa t te rn  is shown on the   geo log ic  map ( f i g .  3 ) .  

The formation i s  a red-bed  sequence, .consis t ing 

mostly of dark-red  shale  with  interbedded  sandstone  and 

a r k o s e ,   t h a t  was depos i t ed   i n  a terrestrial environment. 

Needham and Bates  (1943)  measured a th ickness  of 810 f t  

i n   t h e   t y p e   s e c t i o n  i n  Abo Canyon, i n   t h e   v i c i n i t y  of 

T. 3 N., R. 6 E.  Kelley ( 1 9 6 3 )  r e p o r t s  a maximum of  950 f t  

c ropping   ou t   in   the   Sandia   Mounta ins   ou ts ide   the   Es tanc ia  

d r a i n a g e .   E l e c t r i c a l   l o g s   o f   t h e  Murphree  and Bond #1 

Berkshire  oil tes t  i n  sec. 19 ,  T .  6 N., R. 9 E. and t h e  

Superior  #28-31 Blackwell tes t  i n  sec. 31, T. 6 N . ,  R. 11 E. 

i nd ica t e   t h i cknesses  of 950 t o  1,000 f t   i n   t h e   s u b s u r f a c e  

i n   t h e   c e n t r a l   p a r t   o f  t h e  va l l ey .  

I 
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Water wells d r i l l e d  i n t o .  the   formation i n  Es tanc ia  

Va l l ey   gene ra l ly   a r e   d ry   ho le s  or y i e l d  a few ga l lons   pe r  

minute. An exception was a 82-ft   municipal tes t  h o l e  for  

Moun ta ina i r   d r i l l ed   i n  1938 i n  sec. 32, T. 5 N., R. 7 E. 

t h a t   y i e l d e d  a repor ted  80  gpm, and  had a s p e c i f i c . c a p a c i t y  

of 1 . 4  gpm/ft  of drawdown a f t e r  24  hours of pumping 

(R.  Smith, 1957 ,  p. 117). In t h e   v i c i n i t y  of t h e   v i l l a g e  

of T i j e r a s ,  T .  10 N . ,  R. 5 E. ,  outs ide  of   Estancia   Val ley,  

' t h e  Abo Formation  yields   suff ic ient   water   for   domest ic   use 

from a h i g h l y   f a u l t e d   a r e a . .  R.  Smith  (1957,  p- 29)  r e p o r t s  

t ha t   t he   fo rma t ion   i n   Tor ran . ce  County i s  "unsa t i s f ac to ry  as 

a source  of enough  water f o r   i r r i g a t i o n  and uncertain  even 

fo r   domes t i c   o r   s tock   wa te r . "  

The Ab0 Formation,  because  of i t s  t h i c k   s h a l e s  and 

low-productivity  sandstones,  i s  assumed to severe ly  

restrict  flow of  ground  water  across i t s  bedding. 

The Yeso Formation  crops  out   over   large  areas  on t h e  

e a s t   s i d e  of   Estancia   Val ley,   and  the  upper   par t   crops  out  

i n   t h e   b a s e   o f  t h e  scarp  of  Chupadera Mesa a t  the   sou th  

end of t h e   v a l l e y   ( f i g .   3 ) .   W i l p o l t  and o t h e r s  ( 1 9 4 6 )  

d e s c r i b e   t h e  Yeso i n   t h e  Chupadera Mesa a rea  as fo l lows: '  

The Meseta  Blanca  sandstone member [at 

uniformly  bedded,  red-brown  and  variegated 
the   base]   o f   the  Yeso Formation  consis ts  of 

ranges  from 1 0 4  t o  222  f e e t .  The Torres 
sandstone and sandy  shale.  The th ickness  

member comprises  the  bulk of t h e  Yeso. 
Formation. It  c o n s i s t s   o f   a l t e r n a t i n g   b e d s  
of  orange-red and buff  sandstone and 

thickness   ranges from 350 t o  600 f e e t .  The 
s i l t s t o n e ,  gray  limestone,  and gypsum. The 

Canas gypsum member conta ins  some t h i n  
g y p s i f e r o u s   s i l t s t o n e  and l imestone  but  i s  
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up t o  103 f e e t .  The Joyi ta   sands tone  member 
ch ie f ly   wh i t e  gypsum. It  r anges   i n   t h i ckness  

cons i s t s  ent i re ly   of   orange-red,   buff   and 
yellow  sandstone,  si l ty  sandstone,  and 

' s i l t s t o n e ,  and  ranges  in  thickness  from 60 
t o  9 0  f e e t .  

Near the   base  of the  north-facing  scarp of Chupadera Mesa 

i n  T. 3 N. ,  R. 9 E .  t he   uppe r   pa r t   o f   t he  Canas .Gypsum 

Member c r o p s   o u t   a s  a s ingle   mass ive  gypsurn bed 20 t o  30 

f t  t h i ck .  The lower   par t  of t h e  member is  mostly  covered, 

bu t   s ca t t e r ed   l oca l   exposures   sugges t   an   aggrega te  

th ickness  of about 1 0 0  f t  of gypsum. 

The Yeso i n   t h e   s u b s u r f a c e   i n   t h e - e a s t - c e n t r a l   p a r t  

of  Estancia  Valley i s  more than 1 , 0 0 0  f t  t h i c k ,   a s  is 

shown by s e v e r a l   o i l  t e s t  holes.  The Gardner-Kidwell t es t  

i n   t h e  SE%SE%SW% sec. 2 1 ,  T. 6 N., R. 1 0  E. ;  which i s  

immediately  east   of   the   playa-depression  f ie ld ,   penetrated 

the   uppe r   pa r t   o f   t he  Yeso benea th   t he   va l l ey  f i l l ,  and 

d r i l l e d  1 , 0 2 0  f t  o f   the   format ion   before   en te r ing   the  Ab0 

Formation a t  a depth  of 1 , 2 8 0  f t .   . D r i l l i n g   s a m p l e s  from 

t h i s   h o l e ,  on f i l e   a t  N e w  Mexico 'Bureau of Mines & Mineral 

Resources, show t h a t  between  depths  of 500 and 830 f t  t h e  

formation is  predominantly gypsum. About 4 miles west of 

t he   p l aya -depres s ion   f i e ld ,   i n  sec. 1 9 ,  T. 6 N.,  R. 9 E . ,  

t h e  Murphree  and  Bond-Berkshire tes t  penetrated  only  about  

1 5 0  f t  of sands tone   in   the   lower   par t  o f  t h e  Yeso b e f o r e  

en te r ing   t he   unde r ly ing  Abo. The Yeso was beveled  by 

e ros ion   i n   t he   cen t r a l   pa r t   o f   Es t anc ia   Va l l ey   p r io r   t o  

d e p o s i t i o n   o f   t h e   v a l l e y   f i l l .  

The formation  decreases  i n  gypsum c o n t e n t   t o   t h e  
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north,   and  l imestone  grades  into  sandstone  (Bates  and 

o t h e r s ,  1 9 4 7 ,  p.   32).   In  the  Sandia  Mountains,   Kelley 

(1963) shows 7 0  t o  150 f t  of t h e  Meseta  Blanca  Sandstone 

Member and 250 t o  4 0 0  f t  o f   t he  San  Ysidro Member 

(equiva len t  t o  the  Torres ,   Canas,  and J o y i t a  Members a t  

Chupadera Mesa) . The $an Ysidro Member ' i n   t h e   S a n d i a s  

c o n s i s t s  of sandstone and cavernous  l imestone, and is only 

loca l ly   gyps i fe rous   in   the   upper   par t .   (Kel ley ,   1963) .  

&, 

-The Yeso Formation rests conformably  on  the A b 0  i n  

t h e  normal s t r a t ig raph ic   s equence ,   bu t  it over laps  t o  l ie  

d i r e c t l y  on Precambrian rocks i n   t h e   P e d e r n a l   u p l i f t . o n  . 

t h e   e a s t   s i d e -  of  Estancia  Valley.   Erosion  has removed 

the   uppe r   pa r t  of the  formation from outcrops  south  of  

the  Pedernal  H i l l s ,  and t h e  maximum remaining  thickness 

i s  a few hundred f e e t .  

Permeabi l i ty   and   poros i ty   in   the  Yeso is mostly i n  

sandstones,   al though some water wells produce  from 

" f r ac tu red   rock"   o r   cav i t i e s   i n   l imes tone   beds .  Of 145 

wells t abu la t ed  by  Smith  (1957, t a b l e  1 4 ) . ,  a l l  b u t  a f e w  

produce less than 15 gpm ( R .  Smith, 1957,  p.   32).  Among 

the   excep t ions   a r e  two municipal wells for   Mountainair  

i n  sec. 23, T .  4 N . ,  R. 7 E . ,  which were capable  of 

y i e l d i n g  500 and 4 6 0  gpm from c a v i t i e s   i n   l i m e s t o n e  when 

. d r i l l e d  i n  1 9 4 4 ,  bu t  had dec l ined   t o  240  and 133 gpm by 

1956 (R. Smith, 1957 ,  p. 3 1 ) .  Two i r r i g a t i o n  wells i n  

secs. 1 8  and 1 9 ,  T. 7 N . ,  R. 1 0  E. , ,which R. Smith (1957,  

t a b l e  1 4 )  thought  produced 2 , 0 0 0  t o  3,000 gpm from t h e  

Yego, a r e  now bel ieved t o  be  bottomed i n  and t o  pxoduce 



from t h e  San  Andres  Formation. 

The Glorieta   sandstone,  which o v e r l i e s '   t h e  Yeso 

Formation, is whi t e   t o   ye l low,   c l ean ,  and u s u a l l y  well 

so r t ed .  . I t - i s  generally  thick  bedded,  cemented  to 

modera te ly   f r iab le ,  and is  i n  many places  crossbedded. 

Small   i ron  oxide  concret ions commonly are   disseminated 
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in   t he   s ands tone .  The formation  crops o u t  i n   t h e   c e n t r a l  

p a r t  of t h e  east s ide   o f   Es tanc ia   Val ley   and   in   the   scarp  

of  Chupadera Mesa a t   t h e   s o u t h  end  of t h e   v a l l e y  (R.Smith, 

1957,  p. 33-35; Bates   and  others ,  1947., p..32-33).  Smith 

r e p o r t s  280 f t  o f   G l o r i e t a   a t   t h e   n o r t h  end of  Chupadera 

Mesa, and Read and o t h e r s  ( 1 9 4 4 )  show 150  t o  200  f t   i n  

the   ou tcrop   a rea  esst of Lobo H i l l .  

. .  

About 4 miles nor theas t   o f   Mor iar ty   the   Glor ie ta  

c r o p s   o u t   i n  2 s m a l l   h i l l s   t h a t   p r o j e c t   t h r o u g h   t h e   v a l l e y  

f i l l   ( f i g .   3 ) .   T h i s   p r e - T e r t i a r y   b e d r o c k   h i g h  is  probably 

due   t o   f au l t i ng   a long   t he   ax i s   o f   t he  Lobo' H i l l  u p l i f t  t o  

the   south .  'Well r eco rds   i n   t he   S t a t e   Eng inee r  District 

Of f i ce  i n  Albuquerque,   and, those  tabulated by R. Smith 

(1957, t a b l e  1 4 ) ,  show t h a t   t h e   f o r m a t i o n   h e r e  .is t h e  m o s t  

p roduc t ive   aqu i f e r   i n   t he   va l l ey .  One i r r i g a t i o n  w e l l  i n  

sec. 35, T. 10 N., R. 8 E. had a discharge  measured by 

Smith a t  3,040 gpm with  only 6 f t  of drawdown, and many 

wells i n   t h e   a r e a   p r o d u c e  more than 1 , 0 0 0  gpm from t h e  

formation. Drillers' log5   sugges t   tha t   the   h igh  

permeabi l i ty  is due   to   in tense   f rac tur ing   of   the   sands tone .  

I n  t h e  area  of .  t h e  high-yield wells,  t h e   G l o r i e t a  is 

ove r l a in  by sa tu ra t ed   va l l ey  f i l l  which i s  t h o u g h t   t o  
. .  

L\'\ 
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provide   recharge   to   the   aqui fe r   dur ing  pumping. 

The San  Andres   Formation  consis ts   of   f inely  crystal l ine 

gray  l imestone  with some gypsum and sandstone. The formation 

is  200 t o  300 f t  t h i c k  on  Chupadera Mesa (Bates and o t h e r s ,  

1 9 4 7 ,  p .   34)   but   thins   northward  to   about  1 0 0  f t  a t  t h e  

n o r t h e a s t  r i m  of   Estancia   Val ley (Read and  others ,  1 9 4 4 ) .  

R. Smith  (1957,  p.  35)  reports 1 0 0  f t  o f   the   " l imes tone  

member" nea r   C l ines   Corne r s ,   w i th   t he   uppe r   pa r t   o f   t he   un i t  

having  been removed  by erosion.  The  San Andres is 

pa r t i cu la r ly   suscep t ib l e   t o   deve lopmen t  of s o l u t i o n   f e a t u r e s ,  

a s  i s  indica ted   by  a complex ka r s t   t opography   t ha t   an t eda te s  

the   ove r ly ing   T r i a s s i c   rocks  ( R .  Smith,  1957,  p.  35)  and  by 

numerous s inkholes   tha t   have  formed in   p resent   ou tcrops   on  

t h e   e a s t   s i d e  of Estancia   Val ley.  

. .  

R.  S m i t h  (1957 ,  p.  35,  36)  concluded  that  the  San 

Andres  Formation  in  Torrance  County was everywhere  above 

t h e   w a t e r   t a b l e ,  and t h a t  no wells derived  ground water. 

from it. However, Nor thrup ,   in  a detai led  sample  log  on 

f i l e   a t  New Mexico Bureau  of  Mines E, Mineral  Resources, 

i d e n t i f i e d  '224 f t  of San  Andres  below a depth  of  324 f t  

i n   t he   Ca l i fo rn ia -Mine rman   o i l  t es t  i n  .sec. 32, T. 7 N . ,  

R .  1 0  E. about 1 0  miles south of Lobo H i l l .  Drillers' 

l o g s  from severa l   water  wells, such 2 wells i n  sec. 1 9 ,  

T. 7 N . ,  R. 1 0  E .  (Appendix A ) ,  s u g g e s t   t h a t   t h e  San 

Andres  here i s  s e p a r a t e d   f r o m   t h e . b a s e   o f   t h e   v a l l e y   f i l l  

by  up t o  275 f t  of Triassic rock. It  is  i n  secs.'18 and 

1 9  o f   t h i s   t ownsh ip   t ha t  2 i r r i g a t i o n  wells capable   o f .  

y i e ld ing  2 , 0 0 0  to   3 ,000  gpm are   thought  t o  be completed 

r: t 5 

n 
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i n  t h e   S a n . A n d r e s   r a t h e r   t h a n   i n   t h e  Yeso as concluded  by 

Smith. 

Triassic 

Triass ic   rocks ,   undiv ided   on   the   geologic  map 

( f ig .   3 ) ,   i nc lude   t he   San ta  Rosa  and the  Chinle   Formations.  

The Santa Rosa in   the   Sandia   Mounta ins   cons is t s  of u p   t o  

4 0 0  f t  of sandstone and  mudstone,  and t h e   C h i n l e   c o n s i s t s  

of  1,500  to 2 , 0 0 0  f t  of  red  to  variegated  mudstone  and 

l e n t i c u l a r  sandstone  (Kelley,   1963).  The rocks  are above -  

the   wa te r   t ab l e   i n   t he   ou tc rop   a r ea   a long   t he   no r theas t  

r i m  o f   t he   va l l ey .  The lower   pa r t   o f   t he   s ec t ion   c rops  

o u t   a t   t h e   s o u t h  end  of t h e  Lobo H i l l  up1and;and exten$is 

' southward a s  a narrow  tongue  beneath  the  valley f i l l  f o r  

s e v e r a l  miles. T r i a s s i c   r o c k s   a r e  i n  c o n t a c t   w i t h   t h e  

base   o f   t he   va l l ey  f i l l  i n   t he   no r the rn   pa r t   o f   Es t anc ia  

Val ley,   but   the   locat ion  of   the  subcrop is known i n   o n l y  

a few p l a c e s   ( f i g .   3 ) .  

Jurassic a n d  Cretaceous 

Rocks  of J u r a s s i c  and Cre taceous   age   do   no t   c rop   ou t  

i n  t h e   v a l l e y ,   b u t   t h e y   a r e   i n   c o n t a c t   w i t h   t h e   b a s e  of 

the  alluvium  high  on  the  slope a t   t h e   n o r t h  end  of t h e  

b a s i n .   I n s u f f i c i e n t   d a t a  are a v a i l a b l e  t o  map subcrop 

contacts  between  rocks of Triassic to   Cretaceous  age  on 

f i g .  3. ,  
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Struc tura l   Fea tures   o f   the   Bas in  

The west s ide  of   Estancia   Basin is bourided b y   t h e  

s t r u c t u r a l l y   u p l i f t e d  and eastward-t i l ted  block of  t h e  

Manzano Mountains. On the   no r thwes t   t he   s t ruc tu ra l  

boundary i s  marked  by Precambr ian   rocks   tha t   c rop   ou t  i n  

a small   area  a long t h e  topographic r i m  i n  TPs.  11 and 

1 2  N., R. 6 E. On t h e   e a s t ,   t h e  boundigg u p l i f t  is t h e  

Pederna l   pos i t ive  element  which  has  been shown by  Foster.  

and S t i p p  (1961) t o  have  Precambrian  rocks a t  a l t i t u d e s  

of  more  than 6 , 0 0 0  f t  a long   near ly   the  e n t i r e  leng-th of 

t h e   b a s i n   ( f i g .  6 ) .  The lowest   poink  in   the  Precambrian 

r i d g e  i s  near ly   coincident   with  the  topographic  low p o i n t  

i n   t h e  r i m  near  Cedarvale a t   t h e   s o u t h e a s t   c o r n e r  of t h e  

bas in .  

Configurat ion  of   the  Precambrian  surface a t  t h e  

no r th  end of E s t a n c i a   V a l l e y   s u g g e s t s   t h e   p o s s i b i l i t y   t h a t  

ground water could  leak  from  the  basin  and'move 

northwestward  through  pre-Tertiary  rocks  toward  the  Rio 

Grande s t ruc tu ra l   t rough .  The no r th  end of t h e   E s t a n c i a  

t o p o g r a p h i c   b a s i n   o v e r l i e s   t h e   G a l i s t e o   s t r u c t u r a l   b a s i n  

( f i g .  6 ) .  Contours  on t h e  Precambrian  surface a t  t h e  

no r thwes t   s ide   o f   t he   Ga l i s t eo   s t ruc tu ra l ' bas in   have   been  

subs t an t i a l ly   mod i f i ed  on f i g .  6 f rom  those  of   Foster  and 

S t i p p  (1961)  t o   a d j u s t  t h e  l e v e l   o f   t h e   s u r f a c e  to  t h e  

inferred  thickness   of   overlying  Pennsylvanian-Tert iary 

s t r a t a .  The effect  of   the  modif icat ion i s  t o  show t h a t  

the   Gal i s teo   s t ruc tura l   bas jn   opens   wes tward   toward   the  
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FIGURE 6 - Relief map of  the  Precambrian surface i n  t h e  
v i c i n i t y  of Estancia   Val ley  (modif ied from 
Fos te r  and S t ipp ,  1 9 6 1 ) .  (Contours  and wells 
show e l e v a t i o n   o f   s u r f a c e ) .  
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Rio  Grande s t ruc tura l   t rough.   Cons idera t ion   of   l and-sur face  

e l e v a t i o n   i n   G a l i s t e o  Creek nor th   o f  Madrid  (about 5 ,700  f t )  

and thickness   of   Paleozoic  and Mesozoic s t r a t a   u n d e r l y i n g  

the   l and   sur face   (es t imated  a t  more than 7 , 0 0 0  f t )   i n d i c a t e s  

tha t   the   Precambr ian   sur face   here  is below sea l e v e l .  

Similar ly ,   the   Precambrian f loor  o f   t h e   G a l i s t e o   s t r u c t u r a l  

bas in   under   the   nor th  end of   Estancia   Val ley i s  concluded 

t o   b e  below s e a   l e v e l .  From the   sou th  end  of  the Es t anc ia  

Basin, the  a x i s   o f   t h e   s t r u c t u r a l   t r o u g h ,  as ind ica ted   by  

Foster   and  St ipp 's   contours ,   cont inues  southward,   wi th  the 

Precambrian  surface  a t   an  e levat ion  of   between  2 ,500.and 

3 , 0 0 0  f t .  The trough  connects by way of the  Claunch  sag 

wi th   t he   deep   S i e r r a   B lanca   s t ruc tu ra l   bas in  beyond t h e  

map a r e a   o f   f i g .  6 (Kelley and Thompson, 1 9 6 4 ) .  

, 

The e a s t  side of the  Estancia   Basin  has   probably  been 

f a u l t e d  down a g a i n s t   t h e  w e s t  s i d e  of t h e ' p e d e r n a l   u p l i f t .  

Darton  suggested  the  presence of such a T a u l t  (1928, 

f i g .  1 2 0 1 ,  a s   d i d  Read and o t h e r s  ( 1 9 4 4 ) .  Kelley shows 

(1972 ,  f i g .  3 )  'approximately 1 , 0 0 0  f t  of downfaulting i n  

t h e   s o u t h e a s t   p a r t  of t he   bas in ,  and p r o f e s s e s   s u r p r i s e  

(p .   37)   that   the   displacement  i s  t h i s  great. During 

c o l l e c t i o n   o f   s t r a t i g r a p h i c   d a t a   o n   t h e  Yeso where it 

under l i e s   t he   va l l ey   f i l l ,   ev idence .was   found   t ha t   t he  

Super ior -Blackwel l   o i l  tes t  i n  sec. 31, T. 6 N., R. 11 E. 

w a s  d r i l l ed   t h rough  a f a u l t   a t  a dep th   o f :2 ,590   f t ,   where  

the   ho le   pas ses  from t h e  Madera in to   Precambr ian   gne iss ic  

g r a n i t e .  Electric31 logs  and  samples show t h a t  above  the 

h o r i z o n   a t   w h i c h   t h e   f a u l t  was encountered,   the  



s t r a t i g r a p h i c   s e q u e n c e   i n   t h i s   h o l e  is c o r r e l a t i v e   w i t h   t h e  

sequence   in   the  Murphree  and  Bond-Berkshire t e s t  1 2  miles 

t o  t h e  west, i n  sec. 1 9 ,  T. 6 N., R. 9 E. A t  t h e   f a u l t   t h e  

Superior  hole  passes  through 1 0  t o  15 f t  of f a u l t  gouge (?)  

into  the  Precambrian,   whereas   the  Murphree  and Bond hole  ' 

continues  through  about 650  f t . o f  Madera be fo re   en t e r ing  , . 

the  Precambrian. NO a t tempt  was made to' estimate t r u e  

ver t ica l  displacement ,   but  it i s  c e r t a i n l y  more t h a n   t h e  

ind ica ted  minimum of 650 f t .  
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STRATIGRAPHY AND HYDROLOGIC PROPERTIES 

OF THE VALLEY FILL 

The v a l l e y   f i l l   c o n s i s t s  of 2 major   uni ts :  an earlier 

a l l u v i a l   u n i t ,   h e r e  named the  Estancia   Val ley  formation,  

t h a t   c r o p s   o u t  on the   s lop ing   s ides   o f   t he   va l l ey   and  is 

found i n   t h e   s u b s u r f a c e   i n   t h e   c e n t r a l   p a r t  of t h e   v a l l e y ;  

and a l a t e r   l a c u s t r i n e   u n i t ,   h e r e  named t h e  Dog Lake 

formation,  consisting  of  upper  and lower l a c u s t r i n e  members 

separa ted  by a medial  sand member, wh ich ' c rops   ou t   i n   t he  

v a l l e y   f l o o r  and i n  some p laces  l o w  o n   t h e   v a l l e y  sides 

( f i g .  7 )  . A l l u v i a l   f a c i e s   o f   t h e   l a c u s t r i n e  members can 
. .  

I be   recognized   loca l ly   res t ing  on the  a l luvium  of   the 

Estancia   Val ley  formation  in   the  bot toms of stream v a l l e y s .  

The l a rqes t   ou tc rops  are a few square miles i n  area. 

Because  of   dif f icul ty   in   dis t inguishing  between  the  younger  

and o lde r   a l l uv ium,   on   t he   bas i s   o f   e i t he r   l i t ho logy  or  

hydrology, a l l   t h e   a l l u v i a l   s e d i m e n t   i i i n c l u d e d   i n   t h e  

Estancia  Valley  formation.  Recent  dunes  scattered  over  the 

s u r f a c e  of t h e  Dog Lake fo rma t ion   i n   t he   . sou th -cen t r a l   pa r t  

of t h e   v a l l e y   f l o o r ,  and t h i n  modern sediment  beneath 

p layas  i n  t h e  same a rea   a r e   no t   cons ide red   pa r t  of e i t h e r  

of t h e  above-named formations,  and t h e y   a r e   d i s c u s s e d  

l a t e r ,   i n   t h e   s e c t i o n  on,  geology of the   p laya   depress ions  

and dunes. 

I n   h i s   d e s c r i p t i o n  of t h e   s u r f i c i a l   u n c o n s o l i d a t e d  

sediment   in   Estancia   Val ley,  R. Smith.  recognized 2 u n i t s .  

"Valley f i l l , "   S m i t h ' s   o l d e r  u n i t  (1957 ,  p. 38-39),  i s  
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FIGURE 7 - Geologic map of t h e   v a l l e y   f i l l ,  showing 
outcrops and e a r l y  Lake Es t anc ia   sho re l ine  
f e a t u r e s .  
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i d e n t i c a l  w i t h  the  Estancia  Valley  formation. It  c o n s i s t s  

of "sand, g rave l ,  silt, and  clay"  derived  mainly from t h e  

u p l a n d s   t o   t h e  west and  "deposi ted  in  a s t r u c t u r a l   b a s i n  

which  formed as a - r e s u l t  of mild downwarping r e l a t e d  t o '  

l a t e  s tages   of   the   development   of   the   adjacent  Rio  Grande 

t r o u g h . "   S m i t h   c o r r e l a t e d   t h e   v a l l e y   f i l l   w i t h   t h e   u p p e r  

beds  of  the  Santa  Fe  Formation  north  of  Galisteo  Creek, 

and assigned them an  age  of   la te   Pl iocene(?)   and 

Ple i s tocene .   Smi th ' s   va l ley  f i l l  rests on the   Pa leozoic  

and  Mesozoic  bedrock  and i s  ove r l a in  i n  par t   by   h i s   second 

u n i t ,   t h e   " l a k e  and  dune  depsits."  Smith's  lake and  dune 

depos i t s   i nc lude   s t r a t a   o f   t he  Dog Lake formation  and  a lso 

include  the  dune  and  playa  sediments   that   are   considered 

s e p a r a t e l y  i n  t h i s   r e p o r t .   S m i t h   d e s c r i b e d   h i s   u n i t s   o n l y  

ve ry   b r i e f ly ;   h i s   emphas i s  was on a v a i l a b i l i t y  of  ground 

water  and  not  on  determination  of  the  sequence  of  geologic 

and  hydrologic  events.  

The Estancia   Val ley and Dog Lake format ions   o f   th i s  

r e p o r t   a t t a i n  a combined th ickness  of more than 4 0 0  f t  i n  

a na r row  zone   a long   t he   ax i s   o f   t he   va i l ey   ( f ig -  a ) .  The 

sediment  accumulated  in  the 2 broad  subbasins  forming  the 

northern  and  southern  par ts   of   Estancia   Val ley and i n   t h e  

narrow  sect ion of t he   va l l ey   t ha t   connec t s   t he   subbas ins  

west of Lobo H i l l .  

Estancia  Valley  Formation 

Th i s   a l l uv ia l   fo rma t ion   has  a thickness   of   f rom 300 ?t 

t o  more than 4 0 0  f t  a long  most   of   the   axis   of   the   val ley.  

. .  
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R. 6 E. R. 7 E, R. 8 E . '  R. 9 E. R, 10.E. R. I1 E. R:i2 E. 

FIGURE 8 - Map showinq th i ckness  of t h e   v a l l e v  fill 
(modified from New Mexico S ta t e   Eng inee r  
Off ice ,  1 9 6 5 ) .  
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I n  a tes t  h o l e   d r i l l e d   f o r   t h i s  and o t h e r . p r o j e c t s ,  270 f t  

of alluvium w a s  p e n e t r a t e d   a t  a l o c a t i o n   i n   t h e  SE%SE%NW% 

sec. 22,  T. 6 N . ,  R.  9 E. Here the   format ion  is o v e r l a i n  

by 1 0 4  f t  of t h e  Dog Lake formation (see sample logs i n  

Appendix B). The formation is more than 400  f t  t h i c k  i n  

t h e  central pa r t   o f   t he   no r th   subbas in   ( f ig .  8) ;  it t h i n s .  

w i th   i nc reas ing   d i s t ance  from t h e   a x i s  of t h e   b a s i n  and 

terminates in   an   i r r egu la r   f ea the r   edge ,   wh ich  lies mostly 

below an e leva t ion   of  6 ,800  f t .  The upper   sur face   o f   the  

alluvium is  s t r o n g l y   d i s s e c t e d  by  stream erosion i n  most 

p l aces  on t h e   s i d e s  of t h e   v a l l e y .  

On t h e  west s i d e  and a t   t h e   n o r t h  end   of   the   bas in  

the  Estancia   Val ley  formation  crops  out  i n  a band 3 t o  1 0  

miles wide tha t   s epa ra t e s   ou tc rops   o f   p re -Te r t i a ry   rock  

from those   o f   the  Dog Lake formation. On t h e   e a s t  s ide  

and a t   t h e   s o u t h  end,  i n   c o n t r a s t ,   t h e   o u t c r o p   w i d t h  i s  

h i g h l y   v a r i a b l e   w i t h  Dog Lake 1 a c u s t r i n e . s e d i m e n t   i n  

p laces   over lapping   pre-Ter t ia ry   rock   ( f ig .  7 ) .  The s lope  

i n t o   t h e   b a s i n  i s  gene ra l ly   s t eepe r  and much less r e g u l a r  

i n  these a reas   t han   e l sewhere   on .   t he   bas in   s ides ,  [and t h e  

alluvium was deposi ted on a d i s sec t ed   su r f ace  by subsequent 

streams .] 
A type   s ec t ion   fo r   t he   fo rma t ion  i s  not   proposed 

among t h e  outcrops owing t o  t h e   v a r i a b i l i t y   o f   t h e  

s t r a t i g r a p h y .  One d r i l l   h o l e  i n  t h e   c e n t r a l   p a r t  of t h e  

va l l ey   t ha t   comple t e ly   pene t r a t e s   t he  section is descr ibed  

l a t e r ;   o t h e r   d r i l l   h o l e s   s u p p l e m e n t   t h e   s t r a t i g r a p h i c   d a . t a .  
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These w i l l  serve t o   d e s c r i b e  a s t a n d a r d   s e c t i o n   f o r   t h e  

formation 

Stratigraphy 

Alluvium  of   the   Es tanc ia   Val ley   format ion   cons is t s  

in   ou tcrops   o f   reddish-brown  to   t an  s i l t  and  sand, 

in te rbedded   wi th   g rave l .   Clay   beds   a re  rare, b u t   c l a y  is 

a common c o n s t i t u e n t   o f  silt and sand  beds.  There i s  a 

marked  tendency  for gravel t o   b e   c o a r s e   a t ' h i g h   l e v e l s  on 

t h e   s l o p e s ,  and t o   b e   f i n e r   t o w a r d   t h e   c e n t e r   o f   t h e   b a s i n .  

However, gravel   of   cobble  s i z e  i s  not  uncommon well down 

the   s lopes .  S i l t  and s i l t y  sand  beds  const i tute   more  than 

80  percent   of   the   exposed  sediment   in   most   locat ions.  Most 

sand and g r a v e l   s t r a t a   a r e   t h i n  bedded,  and i n  most 

l o c a l i t i e s  are crossbedded .   Cut -and-f i l l   s t ruc ture   and  

l en t i cu la r   bedd ing  i s  found in near ly  a l l  outcrops.   Without 

exception,  observed  bedding  planes  dip  toward  the 'center of 

the   bas in .   In   mos t   p l aces   t he   d ip  is n o t   p a r a l l e l  t o  t h e  

present   s lope   o f   the   l and   sur face ,   a l though it is usually 

c lose .  

Al luvium  of   the   format ion   var ies   l i tho logica l ly  f r o m  

p l a c e   t o   p l a c e  i n  the  basin  depending  upon  the  source  rocks 

for   the   sed iment .   Grave l   in   ou tcrops   on   the  west s i d e  of 

t h e   v a l l e y  i s  composed predominantly  of  limestone  eroded 

from t h e  Madera,  and  sandstone  fragnents  from  the  Madera 

and t h e  Abo Formations  are  lesser cons t i t uen t s .  Toward t h e  

south  end of the  basin,   fragments  of  red  sandstone,  arkose,  

and some buf f   t o  p i n k  l imestone  derived  from  the ?bo o r  
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uppermost   par t   of   the  Madera, are common. F a r t h e r  t o  t h e  

south,  between  Mountainair and Willard,   sandstone  fragments 

from- khe Yeso and Glorieta   Formations,  and limestone 

fragments  from  the  San  Andres  Formation are recognizable .  

G r a v e l s   i n   t h e   s o u t h e a s t e r n   p a r t   o f   t h e   b a s i n   c o n s i s t  

of Precambrian  rock and  of sandstone  and  l imestone  from  the 

Yeso, G lo r i e t a ,  and San Andres   Formations.   In   the  vicini ty  

of Lobo H i l l  the   a l luvium  contains   f ragments   of  white 

q u a r t z i t e  f rom  Precambrian  rock  forming  that   h i l l .   North 

of 1-40 ,  limestone  and  sandstone  derived  from  nearby 

outcrops of t h e   G l o r i e t a ,  San  Andres,  and t h e  Triassic 

rocks make up   the   g rave l .  

The composition of g r a v e l   i n   t h e   f o r m a t i o n  a t  t h e  

north  end of Es t anc ia   Va l l ey   d i f f e r s  f r o m  t h a t  anywhere 

else in   the  basin;   monzoni te   porphyry  predominates   over  

o t h e r  t y p e s  of   rock.   In  sec. 23,  T. 1 2  N., R. 9 E. ,  

where NM-41 crosses t h e  no r th  r i m  o f   t he   bas in ,   cobb le  

g r a v e l   o f   t h i s   t y p e   c o n s t i t u t e s  more  than. 50 p e r c e n t  of. 

the   a l luv ium.  The Estancia  Valley  formation,  which  here 

rests on a gent ly   southward-dipping  surface  cut  on t h e  

Xancos Formation, i s  about 1 6 0  f t   t h i c k   a t   t h e   b a s i n  r i m  

where  erosion  has   t runcated  the  northward-thinning  a l luvial  

wedge. The coarseness and composition of t h e   g r a v e l ,  and 

the  high  proport ion  of   gravel  t o  f iner   sed iment   sugges t  

t h a t   t h e   s o u r c e  terrane comprised  nearby  small   outcrops  of 

Ter t ia ry   in t rus ive   rock   which   a re   composi t iona l ly   s imi la r  

to   l a rger   ou tcrops   in   South   Mounta in  and  San  Pedro 

Mountain tha t   have  been  described  by  Atkinson  (1961). 

) 
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. T e r t i a r y   i n t r u s i v e s  of l i t h o l o g y   s i m i l a r   t o   t h a t  of 

cobbles i n  t he   g rave l   c rop   ou t  on  Cerro  Pelon, a l a r g e  

rounded h i l l   a b o u t  5 miles nor thwes t .of   the   Es tanc ia   Val ley  

r i m ,  and i n  small   areas  between  Cerro  Pelon  and  San  Pedro 

Mountain.  Cerro  Pelon is the   mos t   l i ke ly   sou rce  area f o r  

t h e   g r a v e l  on t h e  rim i n   t h e   s o u t h   h a l f   o f  T. &2 N., R. 9 E. 

D r a i n a g e   i n   t h e   v i c i n i t y  of Cerro  Pelon is  now northward 

toward  Galisteo Creek, b u t   i f   t h e   i n t r u s i v e   r o c k   i n   t h a t  

h i l l  was the   sou rce  of t he   g rave l ,   t he   t opograph ic   d iv ide  

has  been moved a t   l e a s t  5 miles southward  by  headward 

e ros ion  of t h e   G a l i s t e o  Creek t r i b u t a r i e s .  

The e l e v a t i o n  a t  t h e  r i m  is now about 6 ,700  f t ,  and 

the   h ighes t   peak  of Cerro  Pelon is below  6,900 f t .  

P ro jec t ion  of t h e   d i p  of bedding  planes a t  t h e  r i m  toward 

Cerro  Pelon  suggests   that   erosion  has   reduced  the  height  

o f   t h e   h i l l  by severa l   hundred   fee t  sirice t h e  time t h a t  

it i s  presumed t o  have   con t r ibu ted   g rave l   t o   t he   Es t anc ia  

Valley  formation. The c i rcumstances   sugges t   tha t  

depos i t i on  of t h e   g r a v e l  on t h e  r i m  took   p l ace  a t  an e a r l y  

geologic  time re la t ive  t o   t h e   a g e  of o t h e r  features i n  

Es tanc ia   Val ley .   S tearns   (1953,   f ig .  9 )  conc luded   t ha t  

t h e   a r e a  now drained by the   upper   reaches  of Gal i s teo   Creek  

probably  was,   in  middle and l a t e   S a n t a   F e  t i m e ,  p a r t  of 

Es tanc ia   Val ley   d ra inage .   Thus ,   the   cor re la t ion  of  t h e  

base of t h e  a l luv ium  wi th   l a t e   P l iocene (? )   San ta   Fe  

sediment to t h e  nor th ,  as made by Smi th ,   appears   to .be  

reasonable  ( R .  Smith, 1 9 5 7 ,  p.  38-39). 
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Caliche,  common i n  outcrops  of   the   a l luvium  but   not  

un ive r sa l ly   p re sen t ,  i s  usual ly   found  around  the  north end 

Of the   bas in   on ly   above   an   e leva t ion   of   about  6 , 3 0 0  f t .  

Here it i s  moderately  to  well developed. On most   s lopes 

of   the  west s ide   o f  t h e  bas in   ca l i che  i s  t h i n  to  absent .  

West of Willard, however,  where the   fo rma t ion   c rops   ou t   i n  

b l u f f s  1 0 0  f t  h igh   ove r look ing   t he   va l l ey   f l oo r ,   c a l i che  

thicknesses   of  up t o  20 f t  a r e  exposed i n  t h e   b l u f f s  and 

i n   r a i l r o a d   c u t s .  Two t o   f i v e  f t  of   wel l -developed  cal iche 

forms a r e s i s t a n t   c a p   t h a t   i n   t h i s   a r e a   h a s   p a r t i a l l y  . ' .  

protec ted  a high-level   surface  on  the  a l luvium  from 

d e s t r u c t i o n  by e ros ion .  

Cal iche i s  a l s o  w e l l  developed  in  t h e  a l luvium  on  the 

e a s t   s i d e  of   the  basin i n  TPs. I t o  9 N . ,  R. 1 0  E., where 

.outcrops  exposing more than 1 0  t o ' 2 0   f t   a r e  common. I n   t h e  

NW% sec. 1 9 ,  T. 9 N . ,  R. 1 0  E . ,  J. T. Everhear t   (ora l  

communication,  1968)  has  observed more than 15 f t  i n  a p i t  

dug  by a loca l   r e s iden t .   Sou theas t   o f  Lucy, i n   t h e  

southwestern  par t   of  T. 5 N . ,  R.  11 E. ,  a r e s i s t a n t   c a l i c h e  

zone  of   s imilar   thickness   crops  out   high  on  the  s ides  of 

s t r e a m   v a l l e y s   c u t   i n t o  the alluvium. 

The  well-developed  caliche  in  the  upper  zone  of the 

. a l l u v i a l   f o r m a t i o n   a t   t h e   l o c a t i o n s   d e s c r i b e d  is  thought  

t o  have  formed  under a r e l a t i v e l y   s t a b l e   l a n d   s u r f a c e ,  

poss ib ly   dur ing  a s i n g l e   p e r i o d   o f   c a l i c h i f i c a t i o n .  

Es t ens ive   d i s sec t ion   o f   t he   su r f ace  w i l l  l a t e r  be shown 

t o  have   t aken   p l ace   be fo re   t he   l acus t r ine   phase   o f   bas in  

h i s t o r y .  The  p o s s i b i l i t y   e x i s t s   t h a t   t h e   p r e s e r v e d   s u r f a c e  
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is  in some p l a c e s   o n l y   s l i g h t l y  below t h e   h i g h e s t  

depos i t iona l   sur face   o f   the   Es tanc ia   Val ley   format ion .   The  

evidence,  al though  suggestive,  is not   conc lus ive .  

Younger a l l u v i u m ,   i n   a c t u a l i t y  a f a c i e s  of t h e  

l a c u s t r i n e  Dog Lake format ion ,   covers   the   f loors  of a r r o y o s .  

t h a t   d r a i n   t h e  sides o f   t h e   v a l l e y .   T r i b u t a r i e s   t o   t h e  

south   subbas in   t end ' to   be   in tegra ted   wi th  a f e w  master' 

s t reams,   and  here   the  lower  reaches  of   the  val leys   and  the 

outcrops  of  younger  alluvium are i n  some p laces  more  than 

a mile wide.   Li thological ly ,   the   younger   a l luvium is  . ' 

i nd i s t ingu i shab le   f rom  the   o lde r  material on which it rests, 

excep t   t ha t  nowhere  does it have  cal iche  developed  in  it. 

Mater ia l   forming  the  younger   uni t  was der ived  f rom  the 

o l d e r   u n i t  and  from t h e  same pre -Ter t i a ry   rocks   t ha t  

c o n t r i b u t e d   s e d i m e n t   t o   t h e   o l d e r   u n i t .   F o r   t h i s   r e a s o n ,  

the  overlying  a l luvium is  inc luded   i n   t he   Es t anc ia   Va l l ey  

fo rma t ion   i n   sp i t e   o f  i t s  younger 'age.  The  younger 

a l luvium,  a l though  occasional ly   cut  by minor  channel 

e r o s i o n   i n   t h e   a r r o y o s ,   g e n e r a l l y  is no t   i nc i sed .  Its 

upper   surface i s  nearly  everywhere  one  of  deposit ion,  

w h e r e a s   t h e   s u r f a c e   o f   t h e   o l d e r   m a t e r i a 1 . i ~   e r o s i o n a l   i n  

most  places.  

I n   t h e   c e n t r a l   p a r t  of   Estancia   Val ley,   the   Estancia  

Valley  formation i s  covered by t h e   l a c u s t r i n e   s e d i m e n t   o f  

t h e  Dog Lake format ion   ( f ig .  7 ) .  An a t tempt  was made to  

ex t r ac t   s t r a t ig raph ic   i n fo rma t ion   abou t   t he   Es t anc ia  

Val ley   format ion   f rom  dr i l le rs '   logs   on  f i l e  w i t h  t h e  . .  
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Sta te   Engineer   Off ice  and t h e  U.S. Geological  Survey,  but 

most  logs  proved too genera l ized   to   be   o f  use.  The  most 

r e l i a b l e   d a t a  were obtained  from test h o l e s   d r i l l e d  by 

personnel of New Mexico Ins t i t u t e  of  Mining  and  Technology, 

f o r   t h i s  and o t h e r   r e l a t e d   p r o j e c t s .  A l l  t h e  tes t  holes  

a r e  i n  T. 6 N . ,  ~ R .  9 E . ,  e a s t   o f   t h e  town of  Estancia, 

excep t   fo r  1 shallow tes t  6 miles south of Es tanc ia .  

. .  

Four deep  and s i x  shallow tes t  ho le s  were d r i l l e d  f o r  

t h e   p r o j e c t .  The l o c a t i o n s  and  depths of which a r e   a s  

fol lows:  

Location (sec:; T., R.  

NE%NW%SW% 1 2  - 6N - 9E 

SW%SW%SW% 1 6  - 6N - 9E 

same 

NE&NE%SE% 20 - 6 N  - 9E 

SE%SE%NE% 20 - 6N - 9E 

SE&SE%NW% 20 - 6N - 9E 

same 

SEkSE%NW% 22 - 6N - 9E 

same 

NW%SE%NI.Y% 1 2  - 5N - 8E 

Depth  (f t) Name - 
133 

360 

4 2  

38 

59 

355 

4 2  

390 

45 

55 

Means #.l 

School  Section #1 

School Section 81-A 
( s h a l l o w   o f f s e t  t o  #1) 

Berkshi re  # 3  

Berkshi re  # 4  

Berkshi re  #2  

Berkshi re  #2-A 

( s h a l l o w   o f f s e t  t o  # 2 )  

Berkshi re  #1 

Berkshi re  #1-A 

( s h a l l o w   o f f s e t  t o  #l) 

Reinauer. #1 

Only t h e  4 deeper  holes  passed  through  the Dog Lake  formation 

and  reached t h e  alluvium  of  the  Estancia  Valley  formation, 

and only  the  Berk'shire #l t e s t   r e a c h e d   t h e   b a s e   o f   t h a t  
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formation. Sample l o g s   f o r   t h e  4 deep tests a r e . i n c l u d e d  

i n  Appendix B, and loca t ions   o f  a l l  ho le s  are shown on 

f i g s .  7 and 9.  When the  Reinauer test  a t   t h e  

southwesternmost  location was s t a r t e d ,   t h e   i n t e n t i o n  w a s  

t o   d r i l l   t o   t h e   b a s e  of t h e   v a l l e y  f i l l ,  b u t  equipment 

d i f f i c u l t i e s  and  poor  weather  conditions  forced  the 

abandonment  of t he   ho le .  A l l  ho les  were d r i l l e d  as 

multipurpose tests, and were completed t o   a l l o w   a q u i f e r  

tests i n  them as p a r t   o f  a r e l a t e d   p r o j e c t .  The 

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

a re   . r epor t ed   he re .  . .  

The deeper  holes  are  open  below  depths  of  about 70  

t o  1 0 0  f t ,   b u t  are cased  above,  with  the  casing  cemented 

in   p lace .   Cas ing  was n e c e s s a r y   t o   p r e v e n t   c o l l a p s e   i n  a 

shallow  sand  zone  ( the  medial   sand member of t h e  Dog Lake 

format ion) ,  and  more impor t an t ly ,   t o   keep   ' s a l ty  water i n  

the  shal low  sand from c i r c u l a t i n g   i n t o   t h e   u n d e r l y i n g  

Es tanc ia   Val ley   format ion ,   which   conta ins .be t te r   qua l i ty  

w a t e r .   E l e c t r i c a l ,   r a d i a t i o n ,  and c a l i p e r   l o g s  were run  

in   Berkshi re   ho le5  #1 and # 2  and t h e  School Sec t ion  #1 by 

J. D. Hudson of   the  U . S .  Geological   Survey,   but   the   logs 

are incomplete  owing t o   c o l l a p s e   i n   t h e   l o w e r   p a r t s   o f  

some ho le s  and t o   t h e   n e c e s s i t y  of i n s t a l l i n g   t h e   c a s i n g  

b e f o r e   l o g g i n g .   C o r r e l a t i o n   o f   s t r a t a   i n   t h e   E s t a n c i a  

Val ley  formation  f rom  hole   to   hole  i s  tenuous  because  the 

u n i t   v a r i e s   l a t e r a l l y   w i t h i n   s h o r t   d i s t a n c e s   i n   t h e  

subsurface j u s t  as it does  in   outcrop.  Some gene ra l  

cha rac t e r i s t i c s   cou ld   be   co r re l a t ed ,   a ided   by   u se   o f   t he  

logs .  

I 
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The  a l l u v i a l   f o r m a t i o n   i n   t h e   a r e a   d r i l l e d  is o v e r l a i n  

by about  105 f t  of  mostly  clayey  sediment of t h e  Dog Lake 

formation.   Clay  in   the  a l luvium is  eas i ' l y   d i s t i ngu i shed  

from the   ove r ly ing   l ake   c l ay  by co lor .  The a l l u v i a l  c l a y  

i s  brown to   r edd i sh  brown,  becoming r e d   i n   t h e   l o w e r   p a r t  

of t h e   s e c t i o n ,  and i s  usually  sandy and s i l t y   i n   c o n t r a c t  

to   the   c leaner   l ake   c lays ' .  Gypsum, common i n   p a r t s   o f   t h e  

lake c l a y ,  i s  no t  a component  of t h e   a l l u v i a l   c l a y .  

. I t  i s  e x t r e m e l y   d i f f i c u l t   t o   d i s t i n g u i s h   b e t w e e n  

basal  Estancia  Valley  alluvium  and <he uppermost strata of 

t h e  Yeso from d r i l l -ho le   i n fo rma t ion .  The lower  part!  of 

the   a l luv ium  cons is t s   o f   red  s i l t  and clay  interbedded 

with  sand and v e r y   f i n e   g r a v e l ,  and t h e  strata are 

p a r t i a l l y  cemented,   appearing  during  dr i l l ing  to   be much 

l i k e  sands tone   in  t h e  Yeso.  During d r i l l i n g ,  it was 

concluded  that   each  of   the 3 holes   d r i l l ed   be low 350 f t  

had pene t r a t ed   t he  Yeso, bu t   l a te r   eva lua t ion   of   samples  

i n  t he   l abo ra to ry  showed t h a t   o n l y   t h e   d e e p e s t   h o l e ,  

Berkshire  #1 d r i l l e d   t o  390 f t ,  had ac tua l ly   done  so. 

The r e d   c l a y ' a n d  s i l t  near   the   base   o f   the   Es tanc ia  

Valley  formtion were probably  der ived  largely  f rom t h e  

Yeso subcrop   ( f ig .  3 ) .  S imi l a r   ma te r i a l  may a l so   have  

come from  the Ab0 and uppe r   pa r t   o f   t he  Madera, b o t h   a t  

t h a t  time c r o p p i n g   o u t   t o   t h e  west. 

Smal l , , b roken   p i eces   o f   t h in   gas t ropod   she l l s ,   one  

of   which  included  the  axis   of   coi l ing,  were c o l l e c t e d  

from c u t t i n g s  o f  r e d   s i l t y   c l a y  from 352 to  3 7 4  f t   i n   t h e  

Berkshire  +1 t e s t  hole .  A s i l t - f i l l ed   seed   pod ,   measur ing  

. .  lo" 
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about 2 . q  by 3 mm, was found embedded i n   c l a y   c u t t i n g s  

f rom. the   360-f t   to   362-f t   in te rva l .  D r .  C. L. Balk 

inspected the f o s s i l s  and   conf i rmed  the   in te rpre ta t ion  

t h a t   t h e i r   p r e s e n c e   i n d i c a t e d   v a l l e y   f i l l .  The Berkshire  

# 2  h o l e   a l s o  had  gastropod  fragments  near  the  bottom. I n  

Berkshire  #1, t h e  Yeso was p e n e t r a t e d   a t  374 f t ;  t h a t  

format ion   cons is t s   here  of r ed ,   s i l t y ,   s andy   c l ay ,   and  

gray  sandstone,  with  minor  amounts  of  pale  green  clay. 

White gypsum was encountered  near 390  f t ,  the  'bot tom of 

the   ho le .  

\ 

In   t he   Be rksh i r e  81 and Berkshire  #2  ho le s  a 10- f t  

bed  of tan  l imestone was found a t  342 and 330 f t ,  

r e s p e c t i v e l y  (Appendix B ) .  The l imestone i s  s i l t y  and 

clayey,  and appea red   du r ing   d r i l l i ng   t o   be   i n t e rbedded  

w i t h   o r   t o   c o n t a i n   c o a r s e   s a n d  and  possibly  red or gray 

c l ay .  The l imestone i s  e i t h e r  a well-developed  caliche,  

o r  a fresh-water  l imestone. The l imes tone   ch ips  showed 

no s ign   o f   fo s s i l s ;   t he   sna i l   f r agmen t s  were p r e s e n t  i n  

t he   coa r se   s and   f r ac t ion   o f   t he   cu t t i ngs .   Th i s   l imes tone  

bed d id   no t  show the   t yp ica l   l imes tone   cha rac t e r   on  

e lectr ical  logs ,  inasmuch a s   t h e   r e s i s t i v i t y   i n d i c a t e d  ' 

on t h e   l o g s  i s  no t  much g rea t e r   t han   t ha t   o f   s and   o r  

grave l   beds   h igher   in   the   ho les .  The spontaneous-potent ia l  

curve had a marked d e f l e c t i o n   t o   t h e   l e f t ,   s i m i l a r   i n  

magni tude   to   tha t .o f  t h e  higher  sands  and  gravels.  High 

r e l a t i v e   p e r m e a b i l i t y  of the  l imestone  stratum,  suggested 

by the   spontaneous   po ten t ia l ,  i s  v e r i f i e d  by t h e   f a c t   t h a t  

i n  the   Berkshi re  $1 h o l e ,   d r i l l i n g   f l u i d  was c o n t i n u a l l y  
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l o s t  from t h e   h o l e   a f t e r .   t h e   l i m e s t o n e '  was pene t ra ted .  

Cal iche i s  common in   t he   bu r i ed   a l luv ium  o f   t he  

Estancia   Val ley  formation,   occurr ing  both as nodules 

d isseminated   in   c lay  and sand   s t ra ta   and   as   beds   severa l  

f e e t   t h i c k .  The Means #1 hole  bottomed 2 f t  i n t o  a .  

w e l l .  developed  cal iche bed a t  133 f t .  In   Be rksh i r e  # 2  

a 7 - f t  c a l i c h e   s e c t i o n ,  from  128 t o  135 f t ,  c o r r e l a t e s  

w i t h   t h a t   i n   t h e  Means ho le .   Th i s   ca l i che  w a s  n o t  

encountered '   in   ' the   Berkshire  #1 or   School   Sect ion #1 

ho les ,   a l t hough   i n   bo th   o f   t hese   t he   ho r i zon ,   l y ing   a t  

t he   t op   o f  50 f t  of  sand  and red  c lay,   could  be  recognized 

from cor re l a t ion   w i th   Be rksh i r e  #2 .  Cal iche  w a s  a l s o  

found a t   d e p t h s  of 1 8 1  t o  184, and 209 to 218 f t  i n  

B e r k s h i r e  # 2 .  Th i s   i n t e rva l   i n   Be rksh i r e  8 1  c o n s i s t s   o f  

f i n e  t o   v e r y   f i n e  sandy  grave l   tha t  is v a r i a b l y  cemented 

by  calcium  carbonate. 

Jupe Means, rancher and  landowner i n   t h i s   p a r t  of 

t h e   v a l l e y ,   h a s   d r i l l e d   s e v e r a l   w a t e r  wells, each of which 

has  encountered a caliche  zone  between 1 0 0  and 1 2 0  f t  i n  

depth.  H i s  i r r i g a t i o n  w e l l  i n  NW%NW%SW% sec. 1, T..6 N.,  

R. 9 E.,  about a mile nor th  of the Means #l t e s t  hole ,  

bottomed a t  117 f t  a f t e r   p e n e t r a t i n g  11 ft of nodular 

ca l iche .   -Accord ing   to  Means ( o r a l  communication, 1 9 6 6 ) ,  

t h e  well w i l l  y i e l d  3 , 0 0 0  gpm wi th  33 f t  of drawdown, 

making it one  of   the more product ive wells i n   t h e   o l d e r  

alluvium. Means ' well  i n   t h e  NE%;WW%NW% sec. 7 ,  T. 6 N., 

R. 9 E . ,  a l so   r epor t ed ly   pene t r a t ea   ca l i che  a t  about 

1 1 0  f t .  
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Gravel was found i n  c u t t i n g s  from a l l   t h e   d e e p  

d r i l l i n g  tests. It  was most common i n  the Berkshire  #l 

t e s t  ho le ,   and   l ea s t  common i n  the  School   Sect ion #1 hole.  

All grave l   r ecove red   du r ing   d r i l l i ng  w a s  f i n e ,  the maximum 

s i z e  being  granules .  Whereas c o a r s e r   m a t e r i a l s  was 

recovered  from the d r i l l  holes and is f r equen t ly   r epor t ed  

by water-well drillers in   o the r   ho le s ,   ou r   expe r i ences  

s u g g e s t s   t h a t   t h e   c o a r s e r   m a t e r i a l  i s  usua l ly   nodular  

ca l i che .  The granule   g rave l  i s  most ly   quar tzose   bu t  

commonly contains  minor  amounts of pink   fe ldspar .  Gravel 

beds  could  not   be  correlated  f rom  hole   to   hole ,   but   there  

is a marked  tendency  for  gravel  to  occur  between  about ' . 

1 7 5  and 200  f t ,  and  between  about 300 and 350 f t .  

Because  of  fineness of t h e   g r a v e l ,   s p e c i f i c   s o u r c e  . 

a r e a s   f o r   s e d i m e n t   i n   t h e   c e n t r a l   p a r t  o f  t he   bas in   cou ld  

n o t   5 e . i d e n t i f i e d .  Where f r e s h   f e l d s p a r   g r a i n s   a r e  

p re sen t ,  however,  an A b 0  or  uppermost Madera source  i s  

suggested.  The a l luv ium  conta ins   no   mater ia l   tha t   can   be  

i n t e r p r e t e d  a s  autochthonous  except   for   cal iche  and  the 

l i m e s t o n e   i n   t h e   l o w e r   p a r t   o f   t h e   s e c t i o n   t h a t   h a s   e i t h e r  

a c a l i c h e   o r  a f r e s h - w a t e r   l a c u s t r i n e   o r i g i n .  

Environment  of Accumulation A T h r o u g h - f l o w i n g  River 
- 
i 

The a l l u v i a l   u n i t  i s  interpreted  as   having  accumulated 

i n  a s lowly  subsiding  basin  under   subaerial   condi t ions  while  

t h e  v a l l e y  was drained by a through-flowing river. 

Geomorphic evidence  for  a southward- f lowing   r iver   tha t  

turned  eastward  a t   the   south end o f   t h e . v a l l e y  i s  presented 
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l a t e r .   The ' r ed   co lo r   o f   c l ay  and s i l t  i n d i c a t e s   t h a t ,  

u n l i k e .   t h e   o v e r l y i n g   l a c u s t r i n e   c l a y e y   s t r a t a   o f   t h e  Dog 

Lake formation,   the   sediment  w a s  n o t   s u b j e c t e d   t o   s t r o n g l y  

r educ ing   cond i t ions   t ha t  would have   a l t e r ed   t he   co lo r  

i n h e r i t e d  from  source  rocks.   Horizontal   var ia t ions of 

s t r a t a   i n   t h e   s u b s u r f a c e ,  and the   p resence   o f   coarse   sand  

and f ine   g rave l ,   suppor t   the   conclus ion   tha t   the   sed iment  

was depos i ted   in   an   a l luv ia l   envi ronment .  

The lack   of   coarse   g rave l   in   the   sed iment   o f  the 

c e n t r a l   p a r t  of t h e   v a l l e y ,   a t   l e a s t   i n   t h e  limited area 

of   the  tes t  ho le s ,   imp l i e s   t ha t   t he  rate of  subsidence  of 

t he   bas in   f l oo r   app rox ima ted   t he   r a t e  of sediment 

accumulation.  If   subsidence a t  any  s tage had been rapid 

and t h e  amoLnt g rea t ,   coa r se   g rave l   p robab ly  would have 

been   t r anspor t ed   t o   t he   cen te r  of the  basin.   Furthermore,  

rapid  subsidence would have  c losed  the  basin  topographical ly ,  

causing  ponding and formation  of a lake .  Such may have  been 

t h e   s i t u a t i o n   f o r  a s h o r t  time e a r l y   i n   t h e   h i s t o r y  of t h e  

bas in ,   p rovided   tha t   the   10- f t   l imes tone  bed a t . a   d e p t h   o f  

about 340  f t ,  and t h e   s n a i l  shells, can   be   i n t e rp re t ed   a s  

evidence  of  temporary  lacustrine  conditions.  The e x i s t e n c e  

o f   ca l i che  a t  va r ious   dep ths   i nd ica t e s   t ha t   con tempora ry  

su r faces  were s t ab le   l ong  enough t o   a l l o w   s o i l   p r o c e s s e s   t o  

f?%m c a l i c h e .  

Slow subsidence  probably was accompanied by- 

i n t e r m i t t e n t   f a u l t i n g   a l o n g   t h e  east s i d e   o f   t h e . v a l l e y .  

The west faces   of  Lobo E I i l l ,  t h e  4 1 1  h i l l s  of outcropping 

Glorieta   north  of   Moriar ty ,  and t h e  h i l l  i n  which t h e  



Glor i e t a   c rops   ou t  1 0  miles e a s t   o f   t h e  town of   Estancia ,  

may be  remnants of f a u l t   s c a r p s   i n   t h e   c e n t r a l   p a r t  of t h e  

east s i d e  of t h e   v a l l e y   ( f i g .   3 ) .  The .Rat t lesnake H i l l s  

composed of  Precambrian  rock,  in T. 4 N.? R. 1 0  E., 'may 

a l so   ind ica te   the   p resence   o f  a f a u l t .  The impl ica t ion  

that  displacement  occurred  along a s i n g l e   f a u l t   l i n e  i s  

not   intended.  The na tu re   o f   t he   f au l t i ng ,  and also t h e  

l o c a t i o n ,  i s  i n f e r r e d ;   d i r e c t   e v i d e n c e   r e l a t e d   t o   f a u l t i n g  

was found  only i n  the   Super ior -Blackwel l   o i l  tes t  (Sec.31, 

T. 6 N . ,  R. 11 E.)  a t  a depth  of 2,590 f t ,  as descr ibed 

e a r l i e r   ( p .   3 9 ) .  If t h e   h i l l s  ment ioned   a re   ind ica t ions  

of  nearby  fault ing,   the  scarps  have  been  severely  eroded 

s i n c e   f a u l t i n g   t o o k   p l a c e .  

A g e  

R. Smith's   (1957,  p.   38-39)  correlation of t h e  

a l l u v i a l   u n i t   w i t h   t h e   u p p e r   p a r t   o f   t h e   S a n t a  Fe 

&mation t o  t h e  nor th ,   thus   g iv ing  it a l a t e   P l i o c e n e ( ? )  

t o  Pleis tocene  age,   has   a l ready bee.n noted. Myers (1967)  

mapped 3 small  remnants  of  pebble t o  boulder  gravel,  which 

he  cal led  pediment   deposi ts ,  on t h e   t o p s  of h i l l s   n e a r   t h e  

town of Manzano i n  T. 5 N., R. 6 E. The outcrops  now s t and  

100 t o  250 f t  above the   p re sen t  stream v a l l e y s ,   a n d . t h e  

g rave l  rests on both Abo and  Madera formations.  J. T.  

Everheart  (oral  communication,  1968)  has  found  outcrops of 

s i m i l a r   g r a v e l  i n  Sec. 1 5 ,  T. E N., R. 7 E .  

Myers assigned t h e  pediment  material a Quaternary ' . 

age;  however, i n   t h i s   r e p o r t  it is considered t o  be 



a 63  

corre la t ive  wi th   the   P l iocene   Ogal la la   g rave l   and   ca l iche  

mapped by Darton ( 1 9 2 8 )  on t h e   e a s t   s i d e  of the   Pederna l  

H i l l s ,  and  extended by F a l l i s  (1958,  p. 2 9 )  t o  inc lude  

sca t te red ,   d i ssec ted   remnants   on   the  west side of t h e  

Pedernals.  B r e t z  and  Horberg ( 1 9 4 9 ,  p. 482) ,  i n  a 

discussion  of   the  Ogal la la   Formation westof  the   L lano  

Es tacado,   suppor ted   the   cor re la t ion  of t he   Pede rna l   g rave l s  

and c a l i c h e ,  and o the r  similar outcrops  a long U.S.-60 west 

of Vaughn, wi th   the   P l iocene   Ogal la la .  

Rel ley ( 1 9 7 2 1 ,  a f t e r  mapping the   ex tens ive   depos i t s  

of Ogal la la  and the   a s soc ia t ed   ped imen t   depos i t s   i n   t he  

v ic in i ty   o f   the   Pederna l   Upl i f t   bounding   the   eas t   s ide  of 

Es tanc ia   Val ley ,   conc luded   tha t   the   Es tanc ia   Val ley  

probably  did  not  exis t  i n   O g a l l a l a  t i m e .  We env i s ions  a 

grea t   s lop ing   p la in   ex tending  from t h e  Manzano and  Sandia 

Mountains  eastward t o  the  present   Llano  Estacado,   with ' 

only a few h i l l s ,   inc luding   the   Pederna ls ,   s tanding   above  

it. If such is  the ,case ,   then   the   pediment   g rave ls   topping  

h i l l s   a t   t h e   f o o t  of t h e  Manzano Mountains  and  the  Ogallala 

remnants  on t h e  west s ide  of   the   Pedernal  Hills must  have 

cor re la t ive   pediment  strata a t  the   base  of t h e   E s t a n c i a  

Val ley  formation  deep  in   the  present   basin.  

The time of i n i t i a t i o n  of   val ley  subsidence may have 

b e e n   e i t h e r   l a t e   i n . 0 g a l l a l a  time o r   p o s s i b l y  somewhat 

a f t e r  tha t .   Subs idence   o f   t he   va l l ey   t ha t   a l l owed  

accumulation of the   Estancia   Val ley  formation  probably w a s  

accompaaied by renewed u p l i f t  of t h e  Manzano Mountains  on 

t h e  west, a s  i s  spggested by the   e ros ion   t ha t   has  l e f t  
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pediment   g rave ls   in   the  Manzanos high  above  present stream 

l e v e l s .  As eros ion   of   the   va l ley  sides proceeded, much of 

the  sediment was d e p o s i t e d   i n   t h e   s u b s i d i n g   v a l l e y   b u t  some. 

material w a s  removed from t h e   v a l l e y  by the  through-flowing 

r iver .   Kel ley  ( 1 9 7 2 ,  p. 4 8 )  refers t o   g r a v e l   d e p o s i t s  w e s t  

of Vaughn t h a t  are " t i l t e d   i n t o   t h e   s a g   a g a i n s t   t h e  Vaughn 

F a u l t ,  "and t o  o the r   g rave l   depos i t s   sou th   o f  Vaughn on t h e  

Vaughn Ridge. These  depos i t s   a r e   a long   t he   p ropose&  rou te  

o f   t he   r i ve r   t ha t   d i scha rged  from the   Es t anc ia   a r ea   du r ing  

and af te r   accumula t ion  of t h e  Estancia Valley  formation. 

Kelley i s  r e l u c t a n t   t o   c o n c l u d e   t h a t   t h e   g r a v e l s  w e r e  

depos i ted  as la te  as t h e  t i m e  t h a t   l a k e s   f i l l e d   t h e   E s t a n c i a  

Basin  in  Wisconsinan time. I concur   and  suggest   that  a 

more reasonable  time of'  o r i g i n   f o r   t h e   g r a v e l s  i s  dur ing  

e a r l i e r   P l e i s t o c e n e  time, whi le   the   Es tanc ia   Val ley  

formation was be ing   depos i ted   in   the   subs id ing   Es tanc ia  

Basin. 

This  chronology is  c o n s i s t e n t   w i t h   t h e   i n t e r p r e t a t i o n  

t h a t   t h e   a n c i e n t   E s t a n c i a  River cons t i tu ted   the   headwater  

dra inage  of t h e   r i v e r   t h a t  c u t ,  t h e n   f i l l e d   b a c k ,   t h e  

Portales b u r i e d   v a l l e y  on the  Llano  Estacado 8 0  miles t o  

t h e   e a s t .  The Es tanc ia   d ra inage  area is la rger   than   any  

o ther   tha t   can   be   p roposed   for   the   Por ta les   va l ley ,   and   the  

l o c a t i o n s  of t h e  2 va l ley   segments   a re   such   tha t   connec t ion  

i s  reasonable.   Furthermore,  no o the r   channe l   ac ross   t he  

L l a n o   E s t a c a d o   o f   s u f f i c i e n t   s i z e   t o   f i t   t h e   i n f e r r e d  s i z e  

of   Estancia   River   can  be  found  south  of   the  Portales   val ley.  

To ta l  volume  of the  Estancia   Val ley  formation is  
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e s t ima ted   t o   be  5 x 1OI2 cubic f t  (34  cubic miles) - I n  a 

bas in  of 2 , 0 0 0  square miles, erosion  of 9 0  f t  over   the  

whole  area  of t he  bas in  would produce  the  es t imated 

sed iment   vo lume, .assuming  tha t   the   dens i ty  of t h e  

second  generation  sediment i s  t h e  same a s   t h a t   o f   t h e  , , 

source  rock. 

If it i s  assumed tha t   e ros ion   occur red   in   on ly  

two- th i rds   o f   the   a rea ,   then   average   e r i s ion   of   135  f t  is  

r e q u i r e d   t o   p r o d u c e   t h e   v a l l e y   f i l l .  Greatest e ros ion  

would of course  occur  high on the   s lopes  a.nd lesser amounts 

on lower  slopes.   Because  the amount o f   ma te r i a l   t ha t   was .  

removed from  the  basin by the  r iver   cannot   be  es t imated,  

the   depth   o f   e ros ion   ca lcu la ted   above  is a minimum. It is 

s i g n i f i c a n t   t h a t   t h e   c a l c u l a t e d  minimum depth  of  erosion 

is of   the  same order  of  magnitude,  but somewhat less than,  

t h e  amount of l o c a l   e r o s i o n   t h a t   h a s   t a k e n   p l a c e   s i n c e   t h e  

deposi t ion  of   the  probable   Pl iocene  pediment   gravels  i n  

t h e   v i c i n i t y  of t h e  town of Manzano. 

I I r r i g a t i o n  Wells P u m p i n g   f r o m   A l l u v i u m  

R. Smith (1957,  t a b l e  1 4 )  l i s ts  more than 30 i r r i g a t i o n  

wells i n  Es t anc ia   Va l l ey   t ha t   y i e ld  more than 1 , 0 0 0  gpm 

from the   a l luv ium.   S ince   the  time of   Smi th’s   f ie ld  work, 

t h e  number of wells has   increased   subs tan t ia l ly . ,  A few 

y ie lds   o f  more than  2,300 gpm have  been  measured,  such  as 

from a well i n   t h e  NWkNWkSWk sec. 17,  T. 5 N . ,  R. 8 E. 

(R.  Smith, 1957 ,  p. 1 2 0 ) .  S p e c i f i c   c a p a c i t i e s ,  where d a t a  

a r e   a v a i l a b l e   f o r   t h e i r   c a l c u l a t i o n ,   g e n e r a l l y   r a n g e , b e t w e e n  

I 
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20 and 80  gallons  per  minute  per  foot  of  drawdown.in wells 

t h a t   a r e  known t o  be  producing  from  the E s t a n c i a  Valley 

formation. The h i g h e s t   s p e c i f i c   c a p a c i t y  is from a w e l l  

i n   t h e  SE%NE%SE% sec. 8 ,  T. 5 N., R. 8 E. which  produced 

1,360 gpm with a drawdown of  17 f t  (R.  Smith,  1957,  p.118). 

R. Smith  (1957,  p.  131) lists 6 i r r i g a t i o n  wells i n  

sec. 3, T.  I N., R. 8 E . ,  which   have   y ie lds   o f ,up  t o  1 , 4 0 0  

gpm, and  which h e  i n t e r p r e t e d  as producing from t h e   v a l l e y  

f i l l .   S p e c i f i c   c a p a c i t i e s ,   w h i c h   c a n   b e   c a l c u l a t e d   f o r  2 

o f   t h e  wells, a r e  312 and  375 gpm per f t  of drawdown. 

Spec i f i c   capac i t i e s   i n   t h i s   r ange   have   been   measu red  i p  

wells d r i l l e d   t h r o u g h   t h e   a l l u v i u m  and i n t o   t h e  Madera, 

and  which a re  known t o  produce  primarily from t h e  Madera 

( f i g .  5 ) .  Such wells tap  an  anomalously  permeable  part  

of t h e  Madera, as has  been  previously  mentioned. It is 

l i k e l y  t h a t  t h e  6 wells i n   s e c . . 3  are  pumping mainly  from 

t h e  Madera, bu t   d i scharg ing   bo th   the  Madera  'and t h e  

a l l u v i a l   a q u i f e r s .  

The d i s t r i b u t i o n  of  water wells tha t   p roduce  from 

t h e   v a l l e y   f i l l  are c o n t r o l l e d  by 3 factors :   chemical  

qua l i ty   o f   the   g round water, saturated  thickness ,   and 

ava i l ab iL i ty   i n   t he   s a tu ra t ed   zone  of s i g n i f i c a n t  

thicknesses   of   gravel   beds.   These  factors  have re 'sul ted 

i n   c o n c e n t r a t i o n   o f   i r r i y a t i o n  wells on t h e  w e s t  s i d e  and 

a t   t h e   n o r t h  and south   ends   o f   the   va l ley .  The chemical 

qua l i t y   o f  water i s  probably  the  most   important   of   the  

three f a c t o r s  ( R .  Smith,  1957, p. 60) .. 
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Dog Lake  Formation 

This   l acus t r ine   format ion ,   here  named t h e  Dog Lake 

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

crops out  extensively,   has  a t h i c k n e s s   o f   s l i g h t l y  more 

than 1 0 0  f t  i n  t h e   c e n t r a l   p a r t   o f  Estancia Valley.  The 

f o r m a t i o n   s t r a t i g r a p h i c a l l y   o v e r l i e s   t h e   a l l u v i a l   E s t a n c i a  

Valley  formation and cons i s t s   o f  a l ower   c l ayey   l acus t r ine  

member, a medial  sand member, and  an  upper   c layey  lacustr ine 

member. Each o f   t he   l acus t r ine   c l ayey  members i s  surrounded 

by a l a c u s t r i n e   c o a r s e - c l a s t i c   f a c i e s .  The 3 members of 

the   format ion   have   been   d i s t inguished   on ly   in   the   cen t ra l  

p a r t   o f   t h e   v a l l e y   w h e r e   t h e   l a c u s t r i n e  strata c o n s i s t  

predominantly of c l ay .  The t o p  2 0  t o  4 0  f t  of  the  upper 

member i s  exposed i n  t h e   w a l l s   o f   t h e  numerous playa 

depres s ions   i n   t he   cen t r a l   pa r t   o f   t he   sou the rn   subbas in .  

The lower and medial members and t h e   b a s a l   p a r t   o f   t h e  

upper member a re   desc r ibed  from d r i l l -ho le   i n fo rma t ion  

obtained from tes t  d r i l l i n g .  The outcrop area o f   t h e   u n i t  

is shown on f i g .  7 ,  and t h e   g e n e r a l   s t r a t i g r a p h i c  

r e l a t i o n s h i p s   a r e  shown on f i g .  9. 

The Pleis tocene  succession  of   geologic   and  hydrologic  

events  i s  d e s c r i b e d   l a t e r ,   b u t  it is  impor tan t   to   ment ion  

here   tha t   l ake   f looding   of   the   va l ley  became poss ib l e   on ly  

a f t e r   subs idence   o f   t he   bas in   f l oo r   c lo sed   t he   va l l ey  

topographical ly .   Subsidence  of   near ly  4 0 0  f t  i s  i n d i c a t e d  

by the   p re sen t   d i f f e rence   i n   e l eva t ion   be tween   t he   base   o f  

t h e  Do9 Lake formation and the  topographic .s i l l  on t h e  

' . 7 d  



FIGURE 9 - Fence diagram of test holes drilled in 
T. 6 N., R .  9 E .  
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southeas t ,   th rough  which   the   p re lacus t r ine  r iver  dra ined  

the   va l ley .   Presumably   the   subs idence   resu l ted   main ly   f rom 

downwarping of   the  broad  val ley  but   probably was accompanied 

by  renewed f a u l t i n g ,   e s p e c i a l l y   a l o n g   t h e  w e s t  s i des   o f  

Lobo H i l l  and the   Ra t t l e snake  Hills. 

Stratigraphy 

The 4 deep tes t  h o l e s   i n  T. 6 N. ,  R.  9 E .  were d r i l l e d  

through  the Dog Lake formation, and t h e  6 s h a l l o w . t e s t  

ho les ,  3 of  which a r e  pa' ed  with  deep  holes,  were d r i l l e d  

to   the   media l   sand  member of the  formation t o  be   used   for  

aqu i f e r  tests. Only the   deepe r   ho le s ,   t he re fo re ,   cou ld   be  

used   for   s t ra t igraphic   in format ion   about   the   lower  

l a c u s t r i n e  member: the   sha l low  holes   p rovided   addi t iona l .  

information  about  the  medial   sand  and the  uppe r   l acus t r ine  

member. Drillers' l ogs  from p r i v a t e l y  owned water w e l l s  

proved  useful   in   determining  the  extent   and  depth  of   the 

formation. It  w a s  found  from the   s tudy   o f   nea r ly  9 0  l o g s  

i n  Tps. 4-8 N . ,  R s .  8-9 E .  t h a t ,   i n   t h e   u p p e r   p a r t s  of t h e  

wells where the   s t r a t a   i nc lude   c l ay   beds   o f   t he  Dog Lake 

formation,   approximate  correlat ion i s  f r equen t ly   poss ib l e  

w i t h   t h e  tes t  holes .  The th i ckness   o f   t he   fo rma t ion   i n  

t h e   c e n t r a l   p a r t   o f   t h e   v a l l e y  i s  about 100 f t ;  i n   t h e  

test holes  it ranged  f rom.98  to  1 0 5  f t .  

K 

The base   o f   the   lower   l acus t r ine  member rests i n  

most  places  on a c a l i c h e   z o n e   t h a t  is up t o  20 f t  t h i c k .  

The ca l i che , i s   men t ioned   i n   t he   l ogs   o f   mos t   wa te r  wells 

d r i l l e d  i n  t h e  c e n t r a l   p a r t   o f   t h e   v a l l e y   b e c a u s e  i t . i s  
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usua l ly  a producing  zone.  In  the tes t  ho le s ,   t he   ca l i che  

was p e n e t r a t e d   e i t h e r  a t  the   base   o f   t he  lake c l a y  or  wi th in  

15 f t  below it. I n   t h e  Means #1 test  hole  a few f l akes   o f  

carbonized wood from 1 0  f t  below  . the  lake  clay  suggests,   the 

presence  of a s o i l  zone. The c a l i c h e   c l e a r l y   i n d i c a t e s  

s u b a e r i a l   c o n d i t i o n s   p r i o r   t o   i n u n d a t i o n  by the   l ake .  

The lower   l acus t r ine  member, where  penetrated by test  

holes ,  i s  2 0  t o  24  f t   t h i c k   e x c e p t   i n   t h e   B e r k s h i r e  #1 tes t  

where it is only 1 0  f t   t h i c k   ( f i g .  1 0 ;  Appendix 5 ) .  I t  

cons i s t s   o f  t an ,  very  pale   orange,  and g r a y   c l a y   s i m i l a r   i n  

appea rance   t o   cu t t i ngs  from t h e  c lay   o f   the   upper  member. 

Some impor tan t   d i f fe rences  e x i s t ,  however, f o r   v e r y  f e w  

ostracods  and  very l i t t l e  gypsum a r e  found in   the,   sediment .  

Gypsum c r y s t a l s  were found i n   c u t t i n g s  from t h e  Means t e s t  

ho le ,   bu t   t hese  were only  near the top  of   the member. The 

lower   l acus t r ine  member is gene ra l ly  more s i l t y   t h a n   t h e  

uppe r   l acus t r ine  member, and the  lower member a l so   appears  

to   conta in   th in   sand   s t r ingers   o r   sandy  zones ,   as  w e l l  a s  

a few thin  zones  of  pale-red s i l t .  From study  of 

water-well d r i l l e r s '   l o g s ,  it appea r s   t ha t   t he   l ower  

l a c u s t r i n e   c l a y  member is progress ive ly  more red wi th  

d i s t ance   f rom  the   cen te r   o f   t he   va l l ey ,  and t h a t   i n   t h e  

marginal   zone  of   the  val ley  f loor   the member has a 

reddish-brown,   c layey  facies .  Geomorphic evidence and 

i n t e r p r e t a t i o n  of t h e  l a c u s t r i n e   h i s t o r y  O f  t h e   b a s i n  

i n d i c a t e   t h a t  t h e  lower   l acus t r ine  member es tends  well 

beyond t h e  edge  of t h e  upper   lake  c lay member, and rests 

much higher  on the s ides   o f  t h e  b a s i n   ( f i g .  7 ) .  
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The medial  sand member i s  l i t h o l o g i c a l l y   d i s t i n c t i v e  

from the  overlying  and  underlying  lake  c lays ,   and,  because 

it is  commonly a problem t o  wel l  d r i l l e r s ,  it i s  u s u a l l y  

repor ted  i n  t h e i r   l o g s .  It  occurs   in   the   subsur face   under  

most of t he   a r ea   o f   t he   va l l ey   f l oo r . ,   Dr i l l i ng   s amples  

from t h e  tes t  ho le s  show t h a t   t h e   s a n d  is  quartzose,   and is  

m o s t l y   f i n e   t o  medium, wel l  so r t ed ,  well rounded,   f rosted,  

and unindurated.  It  t e n d s   t o   r u n   i n t o  drill h o l e s   f r e e l y  

. .  

dur ing   a l l   phases   o f  wel l  cons t ruc t ion ,   and   even   a f te r  

cas ing  i s  ins ta l led ,   cav ing   f requent ly   can   be   t roublesome.  

An example i s  a n   i r r i g a t i o n  well i n  t h e  SEk sec. 18, T. 5 N . ,  

R. 9 E .  which,   according  ' to   the  owner ,   f inal ly   col lapsed 

'after  pumping.large  amounts  of  sand, even though  the 

uncemented  casing  extended wel l  below the   base   o f   t he   s and .  

Ground water i n  the   media l   sand   conta ins  more ch lor ide   and  

s u l f a t e   i n   t h e   c e n t r a l   p a r t   o f   t h e   v a l l e y   t h a n  water i n   t h e  

Estancia  Valley  formation;  therefore,   most wells a r e  

d r i l l ed   t o   t he   deepe r   fo rma t ion ,  and the  medial   sand is  ' . 

c a r e f u l l y   c a s e d   o f f .  The u n i t   c a n   b e   e f f e c t i v e l y   s e a l e d  

of f   on ly  by dr iv ing   overs ize   cas ing   th rough it wi th  a c a b l e  

t o o l   r i g  o r  by very  careful  cementing. 

A t a n   1 a c u s t r i n e . c l a y  bed 1 2  f t  t h i c k  was encountered 

i n   t h e   B e r k s h i r e  #1 tes t  hole  beneath 1 l . f t  of f i n e   t o  

medium sand, and a th inne r  bed  of  gray t o   w h i t e   c l a y  was 

encountered   in   the   Berkshi re  # 2  test ( f i g .  10 ;  Appendix B).. 

C o r r e l a t i v e   s t r a t a  were not  found i n  t h e  o t h e r  2 d e e p , t e s t  

holes .  The middle and lower  par ts  of the  medial   sand 

member i n  some p laces   cons i s t   o f  sand t h a t  is coarser   than  
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t h a t   i n   t h e   u p p e r   p a r t .  Well-rounded  granule  gravel and 

some c lay   can   a l so   be  mixed wi th   the   sand   or   in te rbedded  

wi th  it i n   t h i s   p a r t  of t h e  sec t ion ,  and where   g rave l   o r  

coarse  sand  predominate,   the member i s  o f t e n   p a r t l y  cemented 

by  calcium  carbonate. The member i s  51 f t   t h i c k   i n   t h e  

Berkshire  81 tes t  b u t   i n   t h e   o t h e r  tes t  ho le s  is 18 t o  37 

f t  thick.   Except  a t  the   loca t ion   of   Berkshi re  #l, t h e  

combined thickness  of  the  medial   sand  and  the  overlying 

uppe r   l acus t r ine  member i s  near ly   uniform a s  a consequence 

of the  upper  member be ing   th inner   over   th ick  sections of 

the   media l   sand   ( f ig .  1 0 ) .  I n   t he   Be rksh i r e  #1 test t h e  

medial  sand  sequence is t h i c k  a t  the   expense   o f   bo th   the  

upper  and  lower  lake  clay  sequences,   and  the  lower  15 f t  o f  

t h e  medial sa;ld consists  of  sandy,  well-rounded  granule 

g rave l .  

The s t r a t i g r a p h i c ,   l i t h o l o g i c ,  and t e x t u r a l   c h a r a c t e r  

of   the  medial   sand  suggests   that   the  member w a s  depos i ted  

main ly   under   a l luv ia l  and poss ib ly   pa r t ly   unde r   eo l i an  

condi t ions .  I t  i s  un l ike ly   t ha t   t he   g rave l   and   coa r se   s and  

could  have  been  transported by l a k e   c u r r e n t s   t o   t h e   c e n t r a l  

p a r t  of t h e   v a l l e y   f l o o r .  The th inness   o f   t he  lower 

l a c u s t r i n e  member and the   15  f t  o f   g rave l   found   i n   t he  

Berkshire  #1 t e s t  i s  t h o u g h t   t o   i n d i c a t e   c u t - a n d - f i l l  

s t ru .c ture  and stream depos i t ion .  Cemented zones,   and  the , , 

c a l i c h e l i k e   f r a g m e n t s   t h a t   a r e  commonly found  with  them, 

suggest  subaerial   exposure  and  cementat ' ion  by  formation  of 

c a l i c h e .  The f ine -g ra ined ,   we l l - so r t ed ,   f ro s t ed   s and   t ha t  

i s  found  mainly i n  the   upper   par t   o f .   the 'media l   sand  member 

. .  



i s  infer red  t o   b e  a t  least p a r t l y   t h e   r e s u l t  o f   eo l ian  

t r a n s p o r t a t i o n  and deposi t ion,   hence may b e   p a r t l y  dune. 

deposi ts .   This   conclusion i s  c o n s i s t e n t   w i t h   t h e   i r r e g u l a r  

upper   sur face  of t h e  member. The l a c u s t r i n e   c l a y  stratum 

wi th in   t he   med ia l   s and   i n   t he   Be rksh i r e  #l and #2  tests 

p robab ly   i nd ica t e s  a sho r t - l i ved ' l ake   w i th in   t he   pe r iod   o f  

subaer ia l   depos i t ion .  The conclus ion   tha t   the   media l   sand  

was depos i ted   a f te r   d i sappearance  of t h e   . e a r l y   l a k e  is 

supported  by  the  presence of gypsum c r y s t a l s  a t  t h e   t o p  of 

t h e  lower l a c u s t r i n e  member, which   sugges ts   p rec ip i ta t ion  

of gypsum as the   ea r ly   l ake   evapora t ed .  The s i g n i f i c a n t l y  

higher   concentrat ion of d i s so lved   so l id s   i n   g round  water 

in   t he   med ia l   s and   t han   i n  water i n   t h e   E s t a n c i a   V a l l e y  , 

formation  beneath  the lower l a c u s t r i n e  member may be p a r t l y  

due t o   r e d i s s o l v i n g  by  ground water of p r e c i p i t a t e s  l e f t  

by evaporation  of  the  early  lake  (Appendix C). 

The uppe r   l acus t r ine   c l ay  member was depos i ted  over 

t h e   i r r e g u l a r   s u r f a c e  a t  t h e   t o p  of the  medial   sand.   The 

sequence, when seen i n  d r i l l   c u t t i n g s ,  is g ray ,   t an ,  or 

pa le   ye l low  to   pa le   o range .  It  is s l i g h t l y   s i l t y ,  

e s p e c i a l l y   i n   t h e   t a n   p a r t s ,   a n d  it commonly con ta ins  

os t r acod   she l l s .  Gypsum, as small s e l e n i t e   c r y s t a l s ,  i s  

very common throughout   the   sec t ion .   Quar tz   sand   gra ins  

are  r a r e   i n   t h e   s a m p l e s ,   b u t  small a r a g o n i t e   c r y s t a l s ,  

e a s i l y   m i s t a k e n   f o r   q u a r t z  grains ,  are common i n   t h e   m i d d l e  

and  upper  parts of the  sequence.   Fibrous  organic  material, 

t h e   v e g e t a t i v e   p a r t  of charophytes ,   i s ' found  most ly  i n  t h e  

lower  par t  of t h e   s e c t i o n .  

I '43 
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Clay is  the   dominant   cons t i tuent   in   ou tcrops   o f   the  

t o p  20 t o  4 0  f t . o f   t h i s  upper member i n  walls of the   p laya  

dep res s ions ,   cons t i t u t ing  an  estimated 70 t o  8 0  percent  of 

the sediment. The c l a y   o c c u r s   i n   s t r a t a   t h a t   a r e  from a 

s m a l l   f r a c t i o n  o f  an inch  ( laminae)   to  more than  a f o o t  

t h i c k .  The sequence  a lso 'contains   aragoni te ,   which  occurs  

in   l aminae  a f r a c t i o n  of   an   inch   th ick   as   T ine   to   very- f ine  

sand-s ized   c rys ta l s ;   os t racod .she l l s ,   which  may b e   e i t h e r  

concentrated  in   laminae  or   disseminated i n  c l ay ;  and gypsum, 

which  occurs as s m a l l   s e l e n i t e   c r y s t a l s   d i s s e m i n a t e d   i n   t h e  

c l a y  or  f i l l i n g   p a r t i n g s  and f r a c t u r e s   i n   t h e   c l a y .  

Dis t inc t ive ly   l amina ted   sed iment   sec t ions   severa l  

f ee t  t h i c k   a r e  found i n   t h e   o u t c r o p s  and  have  been  traced 

f o r   n e a r l y  2 miles a l o n g   t h e   c e n t r a l   p a r t   o f   t h e   e a s t   w a l l  

of Laguna de l   Pe r ro   w i th  l i t t l e  change i n   c h a r a c t e r .  

Probable   cor re la t ive   sec t ions ,   o f   s imi la r   th ickness  and i n  

s imi l a r   s t r a t ig raph ic   pos i t i on ,   have   been   s een   s eve ra l  

miles away on t h e  same wa l l  and i n  walls of dep res s ions   a s  

much a s  1 mile t o   t h e  east .  The laminat ion i s  t h r e e f o l d  

where bes t   deve loped ,   cons is t ing   in   ascending   order   o f  

t r i p l e t s  of gray  clay,   aragonite  crysta1s;and  ostracod 

s h e l l s   o f t e n   w i t h   i n t e r m i x e d  gypsum s i l t .  I n  some zones 

t h e r e  i s  mixing  of  l i thologies  between  laminae.   The 

t r ip l e t s   gene ra l ly   r ange   i n   t h i ckness   f rom  0 .5   i nch   t o  

1.5 inches.  The p r e s e n c e   o f   t h e   t r i p l e t s  is suggest ive  of  

a par t icular   l imnologic   environment   that   has   been  proposed 

by G. I. Smith  from h i s  work on the  geology  of  Searles 

%+ 
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Lake  in  the  California  section  of the.Great Basin. The 

Searles  se,diment  contains  aragonite  laminae that.alternate 

with  clay  laminae (G. Smith, 1966, p. 173-174). Ancient 

Searles  Lake,  according  to  Smith,  is  known  from  evidence 

other  than  the  aragonite  laminae  to  have  been  highly  saline. 

Lake  Estancia  can  also  be  shown  to  have  been  saline 

during  deposition  of  the  upper  lacustrine  member  from 

a)  gypsum  in  the  sediment, b),lack of  surface.discharge from 

the  basin,  c)  hydrologic  evidence,  and  d)  faunal  evidence 

(Bachhuber, 1971). The  mechanism  proposed  by  Smith  €or 

precipitation of aragonite  in Searles.Lake depends on  the fact 

that  solubility of calcium  carbonate  is  substantially  reduced 

by  high  salinity.  Hence,  water  carrying  dissolved  calcium 

and  bicarbonate  that  flows  into  a  saline  lake will  precipitate 

calcium  carbonate  when it mixes  with  highly  saline  lake  water. 

Precipitation  would  be  expected  to oc,cur near  the  margins of 

the  lake,  but  the  wide distributionid even,  bedding of  the 

Lake  Estancia  aragonite  laminae,  like  those of  Searles  Lake 

sediment,  suggest  that  the  calcium-  and  carbonate-bearing 

water  spread  widely  over  the  lake  before  precipitation  took 

place. 

The  mechanism  for  distribution  proposed  by G. Smith 

is  a  chemically  stratified  lake  with  fresh,  low-density 

water  separated  by  a  chemocline  from  saline  water'below. 

Transportation of dissolved  calcium  and  carbonate  ions 

over the'lake area  would  occur  in  the  fresh  water  where 

their  solubilities  are  high.  The  mechanism, as envisioned 
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by Smith,  involves   per iodic   mixing  across   the  chemocl ine,  

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

precipi ta t ion  of   the  calcium  carbonate .   There is a 

well-known d i f f i c u l t y ,  however,  with  mixing water of 

d i f f e ren t   dens i t i e s   ac ross   an   i n t e r f ace ,   and  it appears  

t h a t   m o d i f i c a t i o n   o f   t h e  mechanism proposed.by  Smith is 

necessary.  

I n  a c h e m i c a l l y   s t r a t i f i e d  lake, i f   t h e   s a l i n i t y  .of 

water  below  the  chemocline i s  v e r y   h i g h   r e l a t i v e   t o   t h a t  

Of water above,  neither  strong  winds  nor  temperature 

d i f fe rences   be tween  the  layers can  induce much mixing 

ac ross  t h e  i n t e r f a c e .  The dens i ty   d i f fe rence   be tween 

bottom  water  containing 3 5 , 0 0 0  ppm (pa r t s   ' pe r   mi l l i on )  

d i s so lved   so l id s  and top  water containing  aboirt 1 , 0 0 0  ppm 

i s  more than 2 .5  percent.   (For  comparison,  the maximum 

temperature-induced  density  difference t h a t  can  reasonable  

be assumed f o r  2 water   layers  of t h e  same s a l i n i t y  i s  0.18 .' 

percent  where  the  bottom  layer is a t  4OC. and t h e   t o p   l a y e r  

i s  a t  20°C.) A t  p re sen t  there is  .no way o f   c a l c u l a t i n g  

t h e   s a l i n i t y  of t h e  bottom  water  in  Lake  Estancia,   but 

because gypsum p r e c i p i t a t e d  from t h e  water du r ing  

I 

accumulat ion  of   the  lake  sediment ,   the   concentrat ion  of  

d i sso lved   mater ia l  i n  t h e  water must  have  been  very  high. 

The  upper  layer of water, fed by runoff  and  ground-water 

inflow  mostly  from t h e  west s ide   o f  t h e  basin,   probably 

contained no more t h a n  1 , 0 0 0  ppm immediately a f t e r   t h e  

per iod of spr ing   runoff .  

A clay l a n i r a  forms t h e  lower member of  each  sediment 



t r i p l e t .   T r a n s p o r t a t i o n  and depos i t ion  of the   c l ay   p robab ly  

was accomplished by 1 of 2 mechanisms.. Storms  whipping  the 

su r face  of the  lake  might   have  caused  c lay t o  b e   l i f t e d  from 

the   bo t tom  in   sha l low  pa r t s   o f   t he   l ake ,   a l l owing ' i t  t o  be  

t ranspor ted  i n  suspens ion   ove r   t he   en t i r e   l ake  area. This 

would r e q u i r e   t h a t . s o u r c e  areas be above the  chemocl ine 

because  surface-induced  turbulence i s  d r a s t i c a l l y   r e d u c e d  

a t  a d e n s i t y   i n t e r f a c e ,  and flow does   no t   t ake   p lace  across 

t h e   i n t e r f a c e .  A more l i k e l y  mechanism is  t h a t   t h e   c l a y  

was in t roduced   i n to   t he   l ake   du r ing  a spr ing  season  of  

heavy  runoff   f rom  the  basin  s ides .  The lake   ex is ted   under  

climatic condi t ions  that   produced  heavy  winter  snow 

accumula t ion   in   the   d ra inage  area (Leopold, 1951), hence 

the   per iod   of   g rea tes t   runoff  would  have  been  during t h e  

spr ing  melt. Runoff,   consisting  of water low i n   d i s s o l v e d  

so l id s ,   cou ld   sp read   suspended   c l ay   ove r   t he   en t i r e  area 

o f , t h e   l a k e   i f   t h e   w a t e r   f l o a t e d   a b o v e   t h e   c h e m o c l i n e .  A s  

c l ay   pa r t i c l e s   s e t t l ed   t h rough   t he   p roposed   chemoc l ine  

some mixing  of waters may h a v e   o c c u r r e d ,   r e s u l t i n g   i n   t h e  

of ten  marly s ta te  o f   t h e   c l a y   l a y e r .  The poss ib l e  

seasonal c o n t r i b u t i o n   o f   c l a y   i m p l i e s   t h a t   t h e   t r i p l e t s  

i n   t he   l ake   s ed imen t  may have  been  deposited  during  an 

annual   cycle  of events.  

. 

Aragoni te ,   fo rming   the   second  layer   o f   the   t r ip le t s ,  

may have   prec ip i ta ted   s imply   because   o f   evapora t ive  

inc rease   i n   chemica l   concen t r a t ion   i n   t he   uppe r   l aye r  
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carbonate   ions was provided   to   the   l ake  by  ground water 

d i scha rg ing   t he   l imes tone   t e r r a in   o f   t he  Madera t o  the west, 

and  most of the   d i scha rge  would  have  been a t   s h a l l o w   d e p t h s  

i n   t h e   l a k e  3. t h e r e f o r e   t o   t h e   f r e s h e r  ,water zone  during 

t h e  summer months. The fact  t h a t   t h e   l e v e l   o f  Late Lake 

E s t a n c i a   f l u c t u a t e d   w i t h i n   d i s t i n c t  limits i n d i c a t e s   t h a t  

annual  evaporation  approximately  equalled  annual  inflow. 

A s  summer evaporat ion  proceeded  the  chemical   concentrat ion 

of a l l  cons t i t uen t s   i nc reased ,  and a t  some po in t   du r ing  

t h e  summer the   water  would  .have become sa tu ra t ed   w i th  

.calcium  carbonate.  

- 
& 

Aragonite i s  more l i k e l y   t o  form  than is c a l c i t e  

when p r e c i p i t a t i o n  i s  r ap id  (G. Smith, 1966 ,  p. 1 7 4 ) ,  and 

it is  also more l i k e l y   a t   h i g h e r   t e m p e r a t u r e s .  The p u r i t y  

of t h e   a r a g o n i t e   l a m i n a e   s u g g e s t s   t h a t   p r e c i p i t a t i o n  may 

have  taken  place  during a r e l a t i v e l y   s h o r t   p e r i o d   o f  time; 

hence, it i s  poss ib l e   t ha t   l ake   wa te r s  were supersa tura ted  

be fo re   p rec ip i t a t ion   occu r red .  

. .  

The os t racods   tha t   occur   p redominant ly   in   the   upper  

l a y e r   o f   t h e   t r i p l e t s ,  and a r e  sometimes also  found i n  the  

o ther   l ayers ,   a re   main ly   benthonic   types ;   they   inc lude  

types   t ha t   a r e   gene ra l ly   f r e sh -wa te r   i nd ica to r s  as well as 

types   t ha t   a r e   s a l in i ty - to l e ran t   (Bachhuber ,  1971) .  If 

the  proposed  sedimentat ion mechanism  of t h e   t r i p l e t s  i s  

va l id ,   then   one   in ference  i s  t h a t   t h e   f r e s h - w a t e r . o s t r a c o d s  

thr ived   seasonal ly   in   sha l low  par t s   o f   the   l ake   where   they  

were  above t h e   l e v e l  of the  chemocline.  Death of t h e  
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organisms may have  been  brought  on  annually  by  increased 

s a l i n i t y ,   p o s s i b l y  by  mixing  across  the  chemocline. The 

os t r acod   l aye r  commonly con ta ins  gypsum s i l t  intermixed 

w i t h   t h e , f o s s i l s .  The gypsum probably  precipi ta ted  f rom 

t h e   l a k e   w a t e r   l a t e   i n   t h e  summer as a r e s u l t   o f   t h e  

evaporat ive  concentrat ion  of   lake  water .  

Charophyte   remains,   consis t ing  most ly   of   the  .; . .  

v e g e t a t i v e   p a r t  of t he   p l an t   bu t   a l so   con ta in ing  the 

ca lc ium  carbonate   she l l  of t h e  oogonium (gyrogoni te ) ,  

form  mats up t o  0 .5  i nch   t h i ck ,   i n  many p laces   a s soc ia t ed  

wi th   l amina ted   par t s  of t he  sediment   sect ion.  The 

charophyte   laminae  appear   to   be  most  common i n   t h e  lower 

p a r t   o f   t h e   o u t c r o p s ,   t h a t  is ,  20 t o  4 0  f t  below t h e   t o p  

of the  upper   lake  sequence.  

Modern charophyta   l ive  i n  sha l low,   f resh ,   o r  

brackish  water  (Peck, 1957 ,  p. 4 ) .  Peck, c i t i ng   O l sen  

( 1 9 4 4 ,  p. 1011, states t h a t ,  

t he   spec ie s   mos t   o f t en  c i ted a s   l i v i n g   i n  
..... the   ou ter   occur rence   o f  Chara b a l t i c a ,  

marine  waters,  i s  drawn i n   t h e   B a l t i c  Sea 
a t  abou t   t he   i soha l ine  1 8  p a r t s   c h l o r i d e  
per 1,000. .... Olsen ( 1 9 4 4 ,  p. 200,  222)  
found  tha t   mos t   spec ies   could   to le ra te  
cons ide rab le   r ange   i n   t he  amount of  calcium 
c a r b o n a t e   i n   t h e  w a t e r  b u t   t h a t   t h e  pH 

According t o  Olsen ( 1 9 4 4 ,  p. 1 9 7 )  
condi t ions  were of d e c i s i v e  importance. 

charophytes   are   not   found  in   highly  acid 
waters, a few are found i n   f l u c t u a t i n g  
ac id -a lka l ine  waters, and  most  occur  only 
i n   a l k a l i n e   w a t e r s .  

Modern charophytes  are  growing i n  a very   smal l   p iaya   in   the  

ME%SE% sec. 2 0 ,  T. 6 N . ,  R.  9 E .  Water d e p t h   i n   t h e  p1ay.a 

is r a r e l y  more than a few inches ;   the   p lan ts   a re   recumbent ,  
. .  
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but  growth is  luxur i an t .  Two water samples  from  the  playa,  

analyzed  by  the U.S. Geological  Survey,  have  dissolved-solids 

concentrat ions  of  '40 ,800  ppm and 20',900 ppm; c h i o r i d e  

concen t r a t ions   a r e  1 7 , 6 0 0  and 8 ,700  ppm, and pH v a l u e s   a r e  

7 . 6  and 7 .7  r e spec t ive ly .  Sodium and s u l f a t e  are t h e   o t h e r  

 two^ impor tan t   cons t i tuents   o f   the  water, and  calcium  and 

carbonate-bicarbonate   are  low. The chemical   concentrat ion 

of  water on t h i s   p l a y a  seems t o   r e p r e s e n t   n e a r   t h a t   o f   t h e  

maximum to le rance   o f   charophytes ,   as   they   a re   no t   found  in  

waters   o f   o ther   p layas   tha t   conta in   h igher   concent ra t ions  

of s a l t s .  The presence   o f   these   l iv ing   charophytes   in  

water  containing less than 5 0 , 0 0 0  ppm disso lved   mat te r  may 

sugges t   the   concent ra t ion   tha t   ex is ted   in   the   lower   sa l ine  

l a y e r   i n   L a t e  Lake Es tanc ia .  

From t h e   c e n t r a l   p a r t  o f   the   l ake   a rea  as one moves 

outward   toward   the   shore l ine ,   ident i f ica t ion   of   c lays  of 

t h e   u p p e r   l a c u s t r i n e  member becomes i n c r e a s i n g l y   d i f f i c u l t .  

The c l ay   beds   t h in  and in te r f inger   wi th   sand   and   grave l   o f  

a marg ina l   coa r se -c l a s t i c   f ac i e s .  In t h i s   a r e a  of 

shallow-water  deposit ion  calcium  carbonate i s  common, and 

d r i l l e r s   r e p o r t   s u b s t a n t i a l   t h i c k n e s s  of caliche,   which 

i n  t h i s   c a s e  i s  an   i nco r rec t  term. This   area  probably 

r ep resen t s   t he   chemica l   de l t a   o f  G .  Smith (1966 ,  p-   173)  

i n  which  calcium  carbonate-bearing  water;both  runoff  and 

ground-water  inflow, entered t h e   s a l i n e  lake. Mixing of 

the  water   caused  unusual ly   heavy  precipi ta t ion  of  calcium 

carbonate   in   the  marginal   zone.  



8 2  

Fish  bones were found i n   t h e  uppe r   l acus t r ine  member 

of t h e  Dog Lake  formation i n  1 9 6 7  by  John  Bradbury,  and 

Bachhuber   subsequent ly   col lected  addi t ional  foss i l  material. 

In a d d i t i o n   t o  many fragments,  2 complete  specimens were . 

found,  only 1 of which  could  be removed i n t a c t .   T h i s  

specimen was 24 cent imeters   long.  The f i s h  have  been 

t e n t a t i v e l y   i d e n t i f i e d  as Salmo c l a r k i   ( c u t t h r o a t   t r o u t ) ,  

and a radiocarbon data on   the   bones   ind ica te   an  age o f .  

11,7401.900 - years   before   present   (Bachhuber ,   1971) .  

Bachhuber f e l t  t h a t   t h e   p r e s e n c e   o f   t r o u t   i n   t h e   l a k e ,  

as well as the   p re sence  of some o t h e r   b i o l o g i c a l   s p e c i e s  

such as o s t r a c o d s ,   r e q u i r e d   t h a t  Late Lake Es tanc ia  w a s  a t  

times f r e s h ;  however, he   ag reed   t ha t  a t  o t h e r  times dur ing  

accumulation of the   uppe r   l acus t r ine  member o f   t h e  Dog 

Lake   format ion   the   l ake  was c l e a r l y   s a l i n e .  On the b a s i s  

of h i s   i n t e r p r e t a t i o n  of v a r y i n g   s a l i n i t y ,  he concluded 

f u r t h e r   t h a t   d u r i n g  times of low s a l i n i t y   t h e   l a k e  was a t  

a h igh   s t age  a t  which it overtopped  the  topographic  sill 

and sp i l l ed   e s tward   t h rough   t he   ances t r a l  river channel.  

The d ischarg ing   r iver ,   he   sugges ted ,   p rovided  a r o u t e  

through  which   the   t rou t  and o ther   f reshwater   o rganisms 

c o u l d   e n t e r   t h e   l a k e  from downstream.  The  argument,'while 

cons i s t en t   w i th   h i s   ex t ens ive   l imno log ica l  data, I f e e l  

cannot   be   accepted   for   reasons  summarized  below. . .  

C\ 

A 

I f   t he   l ake   ove r topped   t he  s i l l  dur ing  Late Lake 

Es tanc ia  time, a s  it unques t ionably   d id   dur ing   Ear ly  Lake 

Es tanc ia  time, then   t he   h igh - l eve l   s t r and l ine   f ea tu re s  



83 

(descr ibed   la te r1   should   be   near ly   as  well preserved as t h e  

well-known beaches a t  lower  elevations  because  they  would 

be   o f   near ly   the  same age .   In   f ac t   t he   h ighe r   beaches   a r e  

q u i t e   d i s s e c t e d  by erosion,   and  are   recognizable   as  

s t r a n d l i n e   f e a t u r e s   o n l y   i n  a f e w  1 o c a l i t i e s . w h e r e   f o r   o n e  

reason  or  another  they  have  been  protected.   Therefore,  

they are much o lder   than   La te  Lake Es tanc ia  time. 

Kelley ( 1 9 7 2 ,  p. 48)  has   concluded  f rom  s t ructural  

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

amount of  overflow  from Lake Es tanc ia  was probably  never 

ve ry   g rea t  and  fur thermore  that   the   overf low  never  "fed 

a s u r f a c e  stream t r i b u t a r y   t o   t h e   P e c o s  River",. Any 

surface  water  f lowing down the   ances t r a l   r i ve r   channe l  was 

diverted  southward  from  the  route  of  the  channel west of 

Vaughn and i n t o  a kars t   t e r rane   where   the   water  w e n t  

underground j u s t   a s  it does  today. T h i s  being t h e  case, 

the   l ike l ihood  tha t   t rou t   could .have   been   in t roduced  is 

diminishingly  small .  

It  is  no t   necessa ry   t ha t  a r o u t e   f o r   t r o u t . i n t r o & u c t i o n  

be  provided  each time t h e r e  i s  evidence  of   f resh  water   in  

t h e   l a k e .  I t  has  been shown t h a t  a r i v e r  flowed  from t h e  

basin  from l a t e  Pl iocene(?)  time through much of   P le i s tocene  

time p r i o r   t o  and during t h e  time of basin  subsidence  and 

a l luv ia t ion .   Dur ing  a l l  t h i s  time a r o u t e  w a s  open . fox  f i sh  

migrat ion.   Perennial   s t reams  surely  drained  f rom  the 

Manzano Mountains  during times t h a t  Lake Estancia   occupiea 

t h e   b a s i n ,  and t h e s e  would b e   q u i t e   f a v o r a b l e   h a b i t a t s   f o r  

I (3.1, , ..- 
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t r o u t  and other   f resh-water   organisms  whether   or   not   the  

lake was s a l i n e .  From the  permanent   s t reams,   t rout   could 

have made e x c u r s i o n s   i n t o   t h e  lake a t  any time t h e  water 

chemistry was favorable .  

It can   be   specu la t ed   t ha t   t he   l ake  would con ta in  

f r e s h  water under 2 kinds of condi t ions:  a)  t h e   s e a s o n a l  

chemocline  with  f resh  water   above  sal ine water, o r  b)  any 

sequence  of  years  in  which climatic condi t ions  were such 

tha t   i n f low  to   t he   l ake   subs t an t i a l ly   exceeded   evapora t ion .  

L i t t l e ' n e e d   b e  added to   p rev ious   s t a t emen t s   abou t   t he  

chemocline.   Regarding  the  second  kind  of  condition,  each 

time t h a t   t h e   l a k e   e v a p o r a t e d   t o  a low level as a r e s u l t  

of a per iod of low precipi ta t ion  and/or   high  evaporat ion,  

much of i t s  dissolved-ion  load would have.been removed a s  

m i n e r a l   p r e c i p i t a t e  on t h e   l a k e   f l o o r .  When t h i s  

i n e v i t a b l y  was followed by a period  of  increased 

p r e c i p i t a t i o n ,   t h e  lake water  obviously was freshened.  

I f  a chemocline  prevailed  during  the  lake-expansion 

i n t e r v a l ,   t h u s   p r o t e c t i n g   t h e   e v a p o r i t e   m i n e r a l s  on t h e  

l a k e   f l o o r  from d i s s o l u t i o n  by  exposure to f r e s h  water, 

t hen   t he  water c m l d   r e m a i n   r e l a t i v e l y  low i n   d i s s o l v e d  

so l id s   un t i l   evapora t ion   aga in - inc reased   concen t r a t ion .  

During  such times fresh-water  organisms of many t y p e s  

c o u l d   t h r i v e   i n   t h e  lake. Bachhuber (1971,  p. 216)  

recognized   tha t   condi t ions   such   as   th i s  were necessa ry   t o  

explain t h e  ex is tence   o f   f resh-water   fauna   in   the  l a k e  

sediment a t  times when the   l ake   c l ea r ly   cou ld   no t   have  

been  deep enough t o   d i s c h a r g e  from the   bas in .  

. .  
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Hydrolog-ic P rope r t i e s  

Both t h e  lower and upper   l acus t r ine  members o f   t h e  

Dog Lake  formation are  confining  beds f o r  ground water 

under   p ressure   in   the   Es tanc ia   Val ley   format ion  and i n  

the.media1  sand member of   the  Dog Lake. The piezometr ic  . 

surfaces f o r  t h e  2 aqu i f e r s   bo th  l i e  below t h e   g e n e r a l  

s u r f a c e   o f   t h e   v a l l e y   f l o o r   b u t  w e l l  above   t he   l eve l  of 

f l o o r s  of the   p laya   depress ions ;   thus   they  are wi th in  

t h e   u p p e r   l a c u s t r i n e  member. ,The  piezometr ic   surface 

for   the   Es tanc ia   Val ley   format ion  is  i n  most  places a 

few feet   h igher   than  that   of   the   medial   sand.  Ground 

water i n  t h e  medial  sand i s  pumped by a f e w  s tock  wells 

i n   t h e   c e n t r a l   p a r t  o f   t he   va l l ey ,   bu t   because   wa te r~ in  

t h i s   a q u i f e r  is more highly  mineral ized  than water i n  

t h e   a l l u v i a l   u n i t ,  it i s  not   of ten  used.   Al though  the 

permeabi l i ty   of   the   upper   lake  c lay member i s  l o w ,  a 

very small amount of water . i n f i l t r a t e s  from r a i n f a l l  and 

moves very  slowly  toward  the  playa  depressions.  
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GEOMORPIIOLOGY OF BASIN,  DESCRIPTION OF POST- 
LAKE SEDIMENT 

The  highest  and  oldest  depositional  remnants in 

Estancia  Valley  related  to  the  valley  fill are  the  pediment 

deposits  on  the  west  side  that  were  mapped  by  Myers (1967). 

and  the  probable  Ogallala  gravel  and  caliche on the  east 

side  that  were  mapped  by  Fallis (1958). As has  been  mentioned, 

these  probably  represent  deposition  immediately  preceding, 

or in  the  earliest  stages of, accumulation of sediment in 

the valley. Thus they  are  probably  lateral  equivalents of 

the  basal  part  of  the  Estancia  Valley  formation. 

Erosion  of  Estancia  Valley  Formation 

The  surface of the  Estancia  Valley  alluvium was cut to 

its  present  form  during 2 distinct  stages of stream  erosion 

that  were  separated  in  time  by  the.period of existence of 

Lake  Estancia.  The  first  stage of stream  erosion was controlled 

by  the  through-flowing  river  that  continued to discharge  from 

the  valley  for  some  time  after  deposition of the  formation 

ceased.  Following  this  the  valley  was  topographically  closed 

by  a  final  pulse  of  subsidence  that  lowered  the floor several 

hundred  feet  below  the  level  of  the  topographic  sill. The 

topography  left  by  the  first  stage  of  stream  degradation was 

then  locally  modified  by  lacustrine  standline  processes. 

Subsequently  the  surface  was  further  cut by streams  of a 

centripetal  system  that  drain  toward the  present  floor of the 

valley. 
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On  the  west  side  and  at  the  north  end  of  the  valley, 

where  the  outcrops of alluvium  are  broad  and  uninterrupted, 

the  centripetal  drainage  is  closely  spaced  and  subpa.ralle1, 

a  consequence  of  the  depositional  slope on which  the  streams 

initially  formed.  The  upper  surfaces  of  some  outcrops  high 

on  the  sides  of  the  valley  probably  are  remnants of this 

depositional  surface,  the  largest  area  in  which  the  suxface 

may  be  preserved  is  in  the  northwest  part of the  basin near 

the  foot  of  South  Mountain  and  San  Pedro  Mountain.  Stream 

dissection of the  surface  in  this area.is minimal,  and 

bedding  in  the  alluvium  parallels  the  surface. 

In the S4, T. 11 N., R. 7 E. (noythwest  corner  of the 

basin),  and  from  this.  area  southward  through T. 5 N., R. 7 E., 

streams  have  eroded  more  deeply  into  the  alluvium.  The 

closely  spaced  channels  generally  have  narrow  floors, and 

their  sloping  sides  +rise  steeply  to  rounded  divides. 

Interstream  areas  here  have  been  degraded as the  streams cut 

down,  with  the.  result  that  few  if  any  remnants  of  the  depositional 

surface  remain.  The  slope  of  the  arroyos is nearly  everywhere 

greater  than 40 ft per  mile,  and  the  angle is maintained  until 

the  channels  descend  to  about  the  6,200-ft  elevation  where, 

at  the  edge  of  the  lake  floor,  the  slope  decreases  abruptly. 

The arroyos  now  seldom  carry  runoff  for  any  great  distance 

before it infiltrates,  and  the  floors  as  well  as  the  sides 

of  the  valleys  are  mostly  overgrown  with  grass.  Except at 

higher  elevations  in  the  Manzanos,  the  arroyos do not appear 

to  either  be  cutting  or  filling  under  present  climatic 

conditions. 
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In  the  southwestern  part  of  the  valley  a  probable 

remnant  of  the  depositional  surface  has  been  preserved in 

T. 4 N., Rs. 5 - 6E.,  between  the  town  of  Mountainair on 

the  south  and  a  spur  of  outcropping  Ab0  Formation on the 

north  (fig. 7). Erosion  has  hardly  affected  the.surface 

in Rs. 5 - 6 E., and  the  surface  can  be  followed  upward  to 
the  west  to  elevations  of  more  than 8,200 ft on  the  east 

side  of  Manzano  Peak.  Northeastward  from  Moun.tainair, 

stream  erosion  has cut progressively  deeper  into  the  surface, 

but  long  parallel  ridges  can  be  followed  from  the  undissected 

area  to  their  abrupt  terminations  in  wave-cut  bluffs a few 

miles  west  of  Willard  (fig. 11). The slope  of the.surface 

decreases  steadily  northeastward.  Thick,  well-developed 

caliche  has  resisted  erosion,  and  bedding  in  the  alluvium 

is  parallel  to  ,the  caliche  layer.  Geomorphic  and  stratigraphic 

relationships  strongly  suggest  that  the  ridge  crests  are 

very  near  the  original  depositional  surface of  the  dluvium. 

The  ends  of  the  ridges  are  about 100 ft  above  the  valley 

floor, and  if  the  slope  of  the  surface is projected 8 miles 

northeastward  to  the  axis  of  the  valley in sec. 15, T. 5 N., 

R. 9 E.,  which  is  immediately  west  of  Laguna del Perro, it 

is  found  that  the  projected  surface  is  more  than 75 ft  above 

the  present  level  of  the  valley  floor.  At  this  location  the 

eroded  top  of  the  alluvium  is  buried  beneath  about 110 ft 

of lacustrine  sediment.  Therefore,  nearly 200 ft of the 

Estancia  Valley  Formation  was  removed  from  the  center of 

the  valley  by  erosion  prior  to  establishment of Early  Lake 

Estancia. 
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. showing  remnant of probable depositional  surface of the Estancia 
FIGURG 11.--Topographic map of parts of TPs. 4 and 5 N., R. 8 E, 

Valley  Formation, and bars  built by Late  Lake Estancia (base from 
U.S. Geological Survey, Mountainair  quadrangle, 1:62,500). 
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Near  the  bluffs at the  edge  of  the  lake,  the  thickness 

of  lacustrine  beds  cannot  be  determined  accurately,  but 

1.5 miles  east  of  the  bluffs  the  lake  sediment may.be as 

thick  as 50 ,ft, based  on  measurements of the lowest  gray 

clay-recorded in  several  drillers'  logs.  Inasmuch  as  the 

ridges  are 100 ft  high,  approximately 150 ft of  alluvium 

was  removed  from  near  the  'present  bluffs  before  the  lake 

was  formed. 

The degradation  of  150 to 200 ft of  Estancia  Valley 

formation  from  the  southwest  and  south-central  parts of 

the  valley  prior  to  formation  of  Lake  Estancia  requires  the 

conclusion  that  vigorous  stream  erosion  preceded  the  lacustrine 

. phase  of  valley  history.  Truncation  of  the  ridges west of 

Willard  was  due  mainly  to  stream  erosion  during  this  perioa 

rather  than  to  wave-cutting,  although  waves in Late  Lake 

Estancia  undoubtedly  smoothed  the  ends of  the  ridges and 

may  have  cut  them  back  short  distances. 

Removal  of  such  sediment  volumes  from  the  basin  must 

have  been  by  the  river  which  still  discharged  from  the 

southeast  corner of the  valley.  Whereas  no  other  likely 

depositional  surfaces on the  alluvial  unit  were  recognized 

near  the  edge  of  the  valley  flat,  stripped  surfaces  on  the 

alluvium  that  project  to  elevations  well  above  the  contact 

between  the  alluvium  and  the-  base of the  lacustrine  unit 

in  the  central  part  of  the  valley  are  common. A minimum 

limit  for  prelacustrine  stream  erosion is established  by 

the  projections  of  the  stripped  surfaces. 
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On  the  east  side  of  the  valley,  outcrops  of  the 

Estancia  Valley  alluvium  are  mostly  found in already 

existing  valleys  c.ut  into  pre-Tertiary rock, and  in  much 

of.  the  area  pre-Tertiary  rock  crops  out  near  $he  6,200-ft 

shoreline  of  the  lake  (fig. 7). Stripped  surfaces on  the 

pre-Tertiary  rock  have  erratic  orientations,.and  their 

projection  is  meaningless  because  the  drainage is subsequent, 

being  controlled  mainly  by  stratigraphy  and  structure. 

Geomorphic  Features  Formed  by  Early Lake  Estancia 

Harbour (1958), in  an  unpublished  master's  thesis, 

described  in  detail  the  straigraphy of a  pond  deposit 

at  an  elevation  of  about  6,320 ft in the NE%I\TE%sec. 26, 

T. 4 N., R. 10 E. (fig. 7). At  this  location, knowwas. 

the  Lucy  Site,  members  of  the  University of  New  Mexico 

Anthropology  Department  found  early  man  artifacts  of  the 

Sandia  culture.  Harbour's  work  related  the  artifacts to 

local  and  regional  geology.  The  site  is in a  wind-blowout 

area  well  up  on  the  slope of the  southeast side,of the  basin, 

and is east  of  Rattlesnake  Hills,  an  isolated  group of 

hills  of  Precambrian  rock  that  reach  an  elevation  of 6,500 ft. 

Present  drainage,  which  has  partly  dissected  and  exposed 

the  thin-bedded  sand  and  clay,  is  northwestward  around the 

north  end of Rattlesnake  Hills.  The  possibility  that  the 

"pond"  sediment  was  actually rnarsh or  lacustrine  sediment 

associated  with a previously  unrecognized  high  stand  of 

Lake  Estancia  stimulated a search  for  shoreline  evidence. 



91 

A stand  of  the  lake at this  elevation,  which  is  near  the 

level  of  the  topographic  sill  to  the  southeast,  would 

indicate  that  the  lake  overflowed  its  basin  ana  discharged 

to  the  east. 

Evidence  for  such  a  high  stand  of  the  lake was found in 

restricted  areas  on  the  east  and  west  sides  and  around the 

entire  north  end  of  the  valley  (fig. 7) .  A s  many  as 7 levels 

of  beaches  and  bay-mouth  bars  were  found in remnants  on  the 

east  side  (Titus,  1969).  Lyons  (1969)  found  additional' 

indications  of  the  high  lake  stage,  and  Bachhuber  (1971) 

subsequently  added  new  observations. . .  

In  every  case  erosion  has  strongly  mod'ified the high-level 

strandline  deposits  and  erosional  features; in fact,  strandline 

features  that  are  clearly  recognizable  occur  only  in 

topographically  protected  areas.  The  condition' of the  outcrops 

alone  is  sufficient  evidence  that  the  features are much  older 

than  the  very  well  preserved  strandlines at lower  elevations 

on  the  basin  sides.  Each  student of the  basin  geomorphology 

has  recognized  the  apparent  great  age  difference  between the 

high  and  low  series  of  beaches  (Lyons,  1969, p: 55; Titus, 

1969;  Bachhuber,  1971, p.  67). Correlation  of the high-level 

shorelines  with  Early  Lake  Estancia  was  initially made  for  this 

reason. 

Lobo Hill area 

The  shoreline  features  are  best  preserved  between  Lobo 

Hill  and  Interstate  HIghway 40 near  the  Longhorn  Ranch, in 

an  area  about 4 miles  square  that  includes  the  southwest 



9 2  

corner  of  T. 9 N., R. 10 E.  (fig.  12). The  highest  feature 

is a wave-cut,  gently  sloping  bluff  in  the E% sec.  21, 

T. 9 N., R. 10 E.: the  elevation  of  the  base  of  the  bluff is 

about  6,360  ft.  Immediately  below  the  bluff  are  .patchy 

remnants  of  a  depositiona1,beach  having  a cres.t  elevation of 

about  6,355 ft and  an  elevation at the  toe,  several  hundred 

feet  west, averaging  about  6,340  ft. A correlative  wave-cut 

bluff can also  be  seen  about 2 miles  south,  along  the  east 

line of sec. 33, although at this  location it is  poorly 

preserved. A subsequent  drop  of  lake  level  to about 6 , 3 3 5  ft 

is  indicated  by  a  small  wave-cut  bluff in  the SW%  sec. 3 3 ,  

and  by  beaches  around  a  former  island  that  includes most of 

the  W+  sec.  20. 

A relatively  long  stand  at  6,320 ft is  indicated  by a 

beach  that  is  about 0.5 mile  wide  and 2 miles  long,  in  parts 

of  secs. 29  and  32.  The  beach  deposit  has  been  highly  modified 

by  wind,  but  the  preserved  thickness  seems  to be 8 to 10 ft. 

Two  small,  breached  bay-mouth bars.in the SW% sec.  33  and in 

the  NW%  sec. 4, T. 8 N., R. 10 E., are  at  the same elevation. 

Successively  lower  beaches  were  formed  at  about  6,305  and 

6,290 ft;  only  small  patches  of  sand  remain of the 6,305-ft. 

beach,  but  the  6,290-ft  beach,  although  thin  and  partly 

removed,  is  easily  distinguishable  near  the  west  line of 

Secs. 30 and 31, T. 9 N., R. 10 E. Each  of  these  .2  lake  levels 

also  produced  a  small  bay-mouth  bar  and  wave-cut  features in 

secs.  5  and 8 ,  T. 8 N., R. 10 E. An unbreached  bay-mouth 

bar,  representing  the  6,290-ft  lake  level,  blocks  a  small 

I 
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FIGURE 12.--Topographic map of parts of TPS. 8.and 9 N., Rs. 9 and 

0'. S. Geological Survey, Lobo Hill quadrangle, 1:62,500). 
10 2 .  showing Early Lake Estancia shoreline features (base from 

. ,  

I ' ,  

I .  

. .  
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channel  near  the SW corner,  sec. 19, T. 9 N., R. 10 E. 

At least  2 la?er  stands  of  the  lake are  indicated  by 

breached  bay-mouth  bars  across  the  same  channel in sec. 24, 

T. 9 N., R. 9 E. Crest  elevations  of  the  bars  are 

approximately  6,270  and  6,260  ft.  Continued  stream  flow 

in  this  channel  with  lowering  lake  levels was assured  by 

subaqueous  construction in the  lake  of  natural  levees. The 

levees  are  preserved  as  low  sand  ridges  standing  a few feet 

above  the  general'surface  on  either  side  of  the  channel. 

Additional  bay-mouth  bars  may  have  been  constructed  as the 

lake  continued  to  fall,  but  the  topography  and  sand  distribution 

do  not  clearly  indicate  this;  lience, it is inferred  that 

lowering  of  the  lake  may  have  proceeded  rapidly  below  a  level 

of 6,260 ft. 

The  high-level  shorelines  are  probably  preserved  in this 

area  because  of  the  Lobo  Hill  upland  to  .the west. The main . 

stream  channel  that  now  drains  the  area  turns  southward  to. 

flow  around  the  Lobo  Hill  upland  before  entering the floor 

of  Estancia  Valley.  Its  length is'thereby substantially 

increased,  and  as  a  consequence,  its  gradient  is less  than 

half  that  of  streams  to  the  north  and  south.  The  Lobo Hill 

upland  also  disrupts  the  up-slope  flow  of  strong west winds. 

The  combined  effect  has  been  that  the  high-level  shorefine 

is better  preserved  at  this  site  than  anywhere  else in  the valley. 

In most  of  the  area  just  described,  alluvium  directly 

underlies  the  beach  and  bar  sediment,  but  i.t is only  a  thin 

veneer  over  the  Glorieta  Sandstone.  Shallow,  sediment-filled, 

sinkholes  with  gently  sloping,  soil-  and  caliche-covered  sides 

' .  
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are  common. A useful  relationship  is  exhibited  here,  in 

which  old  sinkholes  tend  to  be  concentrated  at  elevations 

near  the  past  lake  levels.  This is also the situation at the 

south  end  of  the  high  surface  around  Lobo HI11 (fig. 12) . 
The  elevation  over  most  of  this  rolling  upland  surface  is 6,300 

to 6,360 ft,  with  hillocks  at  each  end  rising 10 to 20 ft 

higher.  The  symmetrical  cone  of  Lobo  Hill,  composed of 

Precambrian  quartzite,  projects  above  the  center of the  surface 

to 6,501 ft. Most  of  the  surface  south  of  Lobo  Hill  is 

underlain  by  limestone of  the  San  Andres FoAation, and  in 

thisterrane  there are  more  than 25 sinkholes  between  the 

elevations  of 6,250 and 6,360 ft;  these  are  clearly  associated 

with  the  shorelines  above  and  below 6,300 ft.  Northeast  and 

northwest of Lobo Hill 4 closed  depressions  in  the  same 

elevation  range  suggest  that  the  San  Andres  underlies  the 

soil-mantled  surface. At the  south  end of.the h i l l ,  between 

elevations  of 6,200 and 6,220 ft,  are 14 sinkholes  (some not 

shown on fig. 12) associated  with  shoreline  features  prominently 

cut below 6,210 ft on theslope.  Only 3 closely  spaced  sinks 

have  been  found  that  did  not  fall  into  one of  the 2 groups; 

these  are at about 6,240 ft  at  the.south end of  the hill. 

One  sinkhole  near  the  head  of  a  small  valley in the 

SE%NWP’sec. 19, T. 8 N., R. 10 E. doubled  the  width of the 
I 1- 

$1 
valley  by  its  formation. The  soil-filled  bottom of the 

sinkhole  is on grade  with  the  valley  floor.  This sink is 

unusual  in  that  immediately  downstream, a bay-mouth  bar 

was constructed  across  the  valley.  The  bar is 8 ft high, 

has  a  crest  length  of 300 ft, and is 400 ft wide. The height 

of the  crest  is  depressed abouf a foot f o r  a shart’ distance 

- 
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in  the  center.  The  crest  of  the  bar  reaches  an  elevation of 

about 6,315 ft. A hole,  dug 3 ft into  the  crest,  exposed 

unstratified;  medium  to  fine,  uncemented,  well-sorted 

quartzose  sand  containing  a  small  amount  of  silt. The sand 

grains  are  rounded to subangular.  A  few  layers of.scattered, 

well-rounded  caliche  nodules  were  found,  most of  which  were 

less  than 0.5 inch  in  diameter. No fossils  were  found  in 

these  deposits.  In  one  other  sink,  about 0.5 mile  northwest, 

is  a  similar  though  smaller  bar,  and  several  other  sinks in 

the  area  may  also  have  had  bars,  but  erosion  has  removed 

enough  material so .that  identification  cannot  be  positive. 

The  formation  of  sinkholes  near  the  lake  shoreline is 

probably  the  result  of  backflooding of the  limestone  by  water 

containing C02 which  was  taken  in  at  the  lake  surface. The 

mechanism  is  suggested  by  the  work of Thrailkill (1968 ,  

p. 40-41), who  ascribes  some  cave  development  near  streams 

to  the  backflooding  phenomenon. 

North End of Basin 

A change  in  general  slope  and  in  topographic  form  of the 

land  surface is obvious  around  the  north  end of Estancia 

Valley  at  elevations  between 6,300 and 6,360 ft.  Arroyos 

and  intervening  divides  slope  at  gradients  of 30 to 6 0  ft 

per  mile  above 6,300 ft,  but  the  gradients  decrease  by  a 

factor  of  more  than 2 at  the  old  shoreline,  and  continue  to 

decrease  with  distance  downstream.  Above  the  shoreline the 

channels  are  entrenched 4 0  to 6 0  ft, but  the  topography  opens 

considerably  and  the  arroyo  valleys  are  more  broad  and  shallow 

below 6,300 ft.  Beaches  and  other  shoreline  features  are  not 

) ,;I i, .. 
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well  preserved  in  the  soft  clayey  sediment  but  bars  were 

found  preserved  at  several  locations  between  elevations of 

6,290 and 6,340 ft. 

Tan  to  pale-red  sandy  clay  and  tan  silty  sand form the 

surface  and  can  be  seen a few  feet  beneath  the  surface i n  

rare  exposures  on  the  open  slopes  below  about 6,300 ft. The 

thickness  of  these  deposits  is  not  known. This  sediment is 

thought  to  have  been  deposited in the  shallow-water  zone of 

Early  Lake  Estancia,  and is correlated  with  the  lower  Lacustrine 

member  of  the  Dog  Lake  formations  found  in  test  holes in the 

central  part of  the valley. A few  small  pieces  of  broken 

gastropod  shells,  too  fragmentary  to be  identified,  were 

found  in  the  sediment at several  locations.  These  tend to 

support  the  interpr.2tation  of  a  moist,  possibly  lacustrine 

depositional  environment.  Identification of  the  environment 

depends  as  much  on  topographic  relafions  and  on  depositional 

history  determined  elsewhere  in  the  basin as it  does on 

lithology. 

The  sediment  does  not  contain  noticeably  iarge  amounts 

of  calcium  carbonate  cement,  the  presence of which  would 

suggest  the  carbonate  precipitation  that  occurs  where  runoff 

enters  a  saline  water  body.  When  the  lake was  higher  khan 

about 6,350 ft, it  discharged  over  the  sill at the  south, 

and  therefore  probably  contained  fresh  water. 

West Side of Basin 

On  the  west  side  of  Estancia  Valley,  shoreline  features. 

related  to  the  high  stand  of  the  lake  have  been  mostly  remc-ved 
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by  erosion.  Drainage  density  is high,  and  slopes  of  the 

channels  decrease  slightly  below  the  6,300-ft  level  but do 

not  change  appreciably  until  they  approach  the  6,200-ft 

level.  Slopes  along  the  crests of rounded  stream  divides 

are  similar  to  those of the  arroyos. If clastic  sediment 

deposited  in  shallow water of  the  early  lake  remains in  this 

area,  it  has  not  been  distinguished  from  the  alluvium on 

which  it  rests.  Outcrops in arroyo  walls  commonly  show 

cut-and-fill  sedimentary  structures  and  stream  gravel,  which 

strongly  suggest  alluvial  deposition. A5 the  6,200-ft 

elevation  is  approached  .from  upslope,  soil  cover  obscures  the 

surface  and  outcrops  are  more  scarce.  Shuman (1961), mapped 

the soils of  a  small  area  extending  westward  about 5 miles 

from  Estancia.  Shuman  (p. 59) found  chemical  and  soil- 

morphological  evidence  northwest.of  Estancia  of  an  old  soil 

buried at. a  depth  of 65 inches  below  a  modern soil profile. 

Conceivably,  the  65-inch  interval  is  what  remains  here of 

sediment  deposited  in  Early  Lake  Estancia.  The  site  is at 

an elevation of 6,200  Et,  which  is  within  the  range of  lake 

fluctuation  during  the  lower  stand  of  the  lake,  hence  the 

upper  sediment  could  represent  a  beach  constructed  during 

Laxe  Lake  Estancia  time,  although  high  clay  content does not 

seem  to  favor  this  explanation. 

+- 

Extensive  pebble  to  cobble  gravel  deposits  up  to 10 ft 

thick  in  a  broad  valley, 7 miles  north of Mountainair 

(secs. 29 and  32,  T. 5 N., R. 7 E.) may  have  been  formed as 

gravel  bars  during  stands  of  the  lake  at 6,320 to  6,330 ft 

.. 
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elevation.  The  gravel  is  overlain by.severa1  feet of 

silt  and  clayey  sand,  but  where  exposed  by  excavation  for 

road  material,  it  is  very  similar  in.appearance  to  gravel  in 

bars at  lower  elevations  that  formed  in Late Lake  Estancia. 

Two  broad,  closed,,  shallow  depressions at 6 , 3 7 0  and 6,310 ft, 

on  rounded  .stream  divides  nor-th of the  gravel  deposits, are 

probably  soil-filled.sinknoles  in  the  Madera  Limestone  similar 

to  the  sinkholes  near  Lobo  Hill. 

An exposure  of  probable  beach  rock was found 4 miles 

west Of Moriarty (SWgSEg sec. 17, T. 9 N.; R. 8 E.) at an 

elevation of 6,310 ft. The outcrop  consists of several  thin 

ledges of hard,  calcium  carbonate-cemented  sandsione.  that 

wraps  down  the  sloping  brow  of  a hill, apparently  cutting 

across  bedding  of  the  alluvial  sediment in  which it is' 

developed.  Several  deposits of probable  beach  rock  were  also 

seen  in  the N% T. 4 - N . ,  R. 8 E. 

The  consistent  elevation  range of the  high-level 

shoreline  fea-tures  that  have-  been  preserved  indicate  that  there 

has  been  little  or no tilting  of  the  basin  since it was 

closed  by  structural  down-warping.  Although  remnants  of  the 

shorelines  are  discontinuous  and  highly  eroded,  their 

distribution  is  conclusive  evidence of. lakeshore  origin. 

Included  as  part  of  this'evidence  are  the  pond  deposits 

described  by  Harbour (1958) at  the  Lucy  site.  The  deposits 

must  now  be  assigned a lake-margin  or  shallow-water  origin 

in  Early  Lake  Estancia.  The  thin  bedding  that  to  Harbour 

indicated a pond  environment  probably  resulted  from  protection 

afforded  by  the  offshore  islands  of  Rattlesnake  Hills west 

I 
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of   the  Lucy S i t e .  The cyc les   o f   depos i t ion  and e r o s i o n   t h a t  

Harbour  described  probably r e su l t ed  from  subaqueous  erosion, , 

a l though  the   cause   could   have   been   f luc tua t ions   o f   l ake  

leve l .  Ear ly  Lake Estancia   had  surface  drainage from its 

south  end,  hence, it probably was n o t   s u b j e c t  t o  g r e a t  

f l u c t u a t i o n s  of  1evel;unless  occasional  periods  of 

r e l a t ive   d ryness   caused   t he  level t o   d r o p   b e l o w , t h a t   o f   t h e  

sill .  

The  maximum depth   for   Ear ly  Lake Estancia  w a s  383 f t .  

T h i s   f i g u r e  i s  c a l c u l a t e d   f r o m   t h e   d i f f e r e n c e   i n   e l e v a t i o n  

between the   h ighes t   shore l ine   remnants   and   the   base  of t h e  

l o w e r   l a c u s t r i n e   u n i t   o f   t h e  Dog Lake  formation.  During 

the   ea r ly   l ake   s t age ,   l acus t r ine   s ed imen t   accumula t ed - to  

a present   th ickness   o f   about  30 f t .  

Topographic S i l l ,  i t s  Valley,  and its Ances t ra l  River 

The  geomorphology  of t h e  low p o i n t   i n   t h e  r i m  of 

Estancia   Basin,  and t h e   v a l l e y   i n   w h i c h  'it l ies,  i s  worthy 

of   spec ia l   no te .  The r i v e r   t h a t   d r a i n e d   E s t a n c i a . V a l l e y  

during  accumulation of t h e  a l l u v i a l  uni t   d ischarged  through 

t h i s   v a l l e y .  When t h e  cent ra l  p a r t  of  Estancia  Valley was 

lowered   by   the   s t ruc tura l   ad jus tment   tha t   es tab l i shed  

present   topographic   c losure ,   the  sil'l w a s  l e f t  several 

hundred f e e t  above   the   l eve l   o f   the   bas in  f loor .  .The   bas in  

was s u b s e q u e n t l y   f i l l e d  by  Early  Lake Es tanc ia  t o  t h e   l e v e l  

of t h e  s i l l ,  and surface  water   again  discharged  f rom  the 

lake   th rough  the  r iver  val ley  a l though,   according t o  Kelley 

I 
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( 1 9 7 2 1 ,  p robab ly   no t   i n   l a rge  amounts. A t  the   end .  of 

Ear ly  Lake Estancia  time, as t h e   l a k e  was lowered  below 

sill e leva t ion  by evaporat ion,   surface-water   discharge 

through  the river va l ley   ceased  and has   no t   recur red .  

From the   sou th  end  of the   Es tanc ia   Bas in ,  a broad 

v a l l e y  now s lopes  upward to t h e  e,ast. toward  the '   topographic 

s i l l  no r th  of Cedarva le   ( f ig .  7 ) .  The g rad ien t   a long   t he  

ax is   in   the   13-mi le   reach  is  about 1 2  f t   p e r  mile. The 

v a l l e y   f l o o r  i s  underlain by s i l t ,  sand,  and  some,gravel 

over  most of i t s  length ,   bu t   in   the   upper   reaches   o f   the  

v a l l e y  and a t   t h e  s i l l  t h e  Yeso Formation i s  a t  t h e  

surface,   covered by a th in   veneer  of s o i l .  

' A large,  bowl-shaped,  solution-induced  subsidence 

f e a t u r e   i n   t h e  Yeso, the  Big  Sink  described  by Lyons ( 1 9 6 9 ) ,  

opens   i n to   t he   no r th   s ide  of t h e   v a l l e y   i n   t h e  E%, T. 3 N . ,  

R. 11 E. The f l a t   f l o o r  of  Big  Sink,  which i s  about 7 

square rniles i n   a r e a ,  i s  a t  and s l i g h t l y   h i g h e r   t h a n   t h e  

l e v e l  of   the   ax is   o f  the va l l ey .  The amount of   so lu t ion  

co l l apse   appea r s   t o   be  5 0  t o  7 5  f t .   S u b s i d e n c e   f e a t u r e s  

of t h i s  s i z e  a r e  common i n   t h e  Yeso t e r r ane   sou th   o f   t he  

Pedernal H i l l s .  Another  example is t h e  Dunmoor Basin 

(Bachhuber, 1971, p. 6 7 - 6 9 ) ,  a closed  depression  more  than 

4 square miles i n  a rea   i n   t he   Pede rna l s  5 miles south  of 

US-60 (Tps. 4 and 5 N . ,  R.  1 2  E . ) .  Both of  these'  s a t e l l i t e  

b a s i n   f e a t u r e s   c o n t a i n   l a k e   s h o r e l i n e   f e a t u r e s .  

The con tac t  between  alluvium  and Yeso i n   t h e   f l o o r  of 

t h e   v a l l e y  west of t h e  s i l l  i s  obscured by 'a 2-mi le  wide 

. .  
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l i n e a r   d e p o s i t  of eol ian  quartz   sand blown  from  Chupadera 

Mesa more than 20 miles t o   t h e  west'  ( f i g .  7 ) .  This  sand 

depos i t  i s  well defined  where it c r o s s e s   t h e   v a l l e y   a n d  

drapes  over t h e   d i v i d e   i n t o   P i n o s  Well Basin. ' West of a 

small peak of  Precambrian  rock  that  i s  immediately  north 

of t h e  sill, i n  sec. 2 9 ,  T. 3 N . ,  R. 1 2  E . ,  t h e  sand is 

about 10 f t  t h i ck .  Its su r face  i s  i r r e g u l a r l y  hummocky, 

wi th  a l o c a l   r e l i e f  of  about 5 f t .  A dense  growth.of 

.mature   juniper  trees is  r e s t r i c t e d   t o   t h e   a r e a   o f   t h e   s a n d  

deposit ,   probably  because  the  sand  absorbs more moisture  

from r a i n  than  do  the  surrounding  soi ls .  The sand, now 

f ixed   f rom  fur ther  wind erosion by t h e  jun ipe r s ,   b locks  

t h e  flow  of  surface  water down t h e   v a l l e y ,  .and a l a r g e  

area  of  temporary  ponding l ies  on the  upstream side o f . t h e  

sand dam i n  sec. 2 ,  T. 2 N . ,  R. 11 E .  The  pond probably 

quickly  empties by seepage  through  the  sand after a 

ra ins torm.   Channels   on   the   va l ley   f loor  west of the 

l i n e a r   s a n d   d e p o s i t   a r e   i n d i s t i n c t   f o r  a d i s t ance   o f   abou t  

2 miles, bu t  below t h i s  and   ex tend ing   nea r ly   t o   t he   po in t  

of d i scha rge   i n to   t he   sou th  end  of Es t anc ia   Va l l ey ,   gu l l i e s  

have  been  cut   into  the  a l luvium. 

The present   topographic  paill, which  during  deposi t ion 
5 

of t h e  a l luv ia l   un i t   i n   Es t anc ia   Va l l ey  was on  grade  with 

stream dra inage   ou t   o f   t ha t   va l l ey ,  i s  now a broad   d iv ide  

between t h e  Es t anc ia   Bas in   t o   t he  west and s t e e p l y   s l o p i n g  

t r i b u t a r i e s  of Pinos Wells B a s i n   t o   t h e   e a s t   ( f i g .  13). 

The s u r f a c e   a t  t h e  s i l l  is pock-marked  by smal l   s inkholes  



R, 1 2  E. x. 13 E, R. 14 E. R. 15 E. 

FIGURE 13 - .Topographic map of Pinos Wells and  Encino 

va l l ey   (base  from U.S. Geological  Survey 
Basins  showing  axis of t h e  abandoned r i v e r  

F o r t  Sumner map, 1:250,000). 
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i n   t h e  Yeso, and t r i b u t a r i e s   t o   P i n o s  Wells Basin are 

c u t t i n g  headward in - to   t he   ea s t   s ide   o f   t he   d iv ide .  The 

h ighes t   e l eva t ion  of t h e  s i l l  was surveyed a t  about 

6,350 f t .  

The wid th   o f   t he   va l l ey   sugges t s   t he   s i ze   o f   t he  

a n c e s t r a l   r i v e r   t h a t   c u t  it p r i o r   t o   t h e  impoundment of 

Lake Es tanc ia .  The v a l l e y   a t   t h e   s o u t h .  end of t h e   E s t a n c i a  

Bas in   f loor  i s  6 miles wide ,   be ing   cons t r ic ted   there  begween 

Rat t lesnake  H i l l s  on t h e   n o r t h  and the  high  escarpment  of 

Mesa Jumanes on the  south.   Eastward  toward  the  present  

topographic sill, and a t   t h e  s i l l ,  t h e   g e n t l y   s l o p i n g   s i d e s  

o f  the   va l ley   spread   over  a breadth  of  approximately 1 0  

miles. Af te r   pass ing   th ’e   p resent   loca t ion   of   the  s i l l ,  t h e  

r iver   tu rned   nor theas tward   for  a d i s t a n c e  of about 20 miles 

before  again  swinging  eastward  to  f low  toward  the  Llano 

Es tacado   ( f ig .   13 ) .  The v a l l e y   i n  i ts northeastward  reach 

is  5 t o  1 0  miles wide. A r e a d i l y  drawn inference  is t h a t  

t h e   v a l l e y  was c rea ted  by a r i v e r   o f   s i g n i f i c a n t  size. 

The topographical ly   c losed  depressions  of   Pinos Wells 

and  Encino  Basins l i e  on t h e   a x i s   o f   t h e   r i v e r   v a l l e y  

no r theas t   o f   t he  s i l l .  Although  formation  of  these  basins 

has   subs t an t i a l ly   mod i f i ed   t he   f l oo r   o f   t he   r i ve r   va l l ey ,  

an   i nd ica t ion  of i t s  or ig ina l   g rad ien t   can   be   ob ta ined   f rom 

e l e v a t i o n s  of t h e   v a l l e y   f l o o r   a t   t h e   l o c a l  s i l ls  between 

t h e   b a s i n s  and e a s t  of Encino  Basin. The e l eva t ion  of t h e  

low divide  between  the  Pinos Wells and  Encino  Basins is. 

6 , 2 4 0  f t  (Kelley,  1 9 7 2 ,  p. 4 7 ) .  So lu t ion   i n ’ the   unde r ly ing  

Yeso has  probably  lowered t h e  l e v e l  of t h i s   d i v i d e  somewhat, 
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a s  i s  suggested by t h e  existence of a playa on t h e   d i v i d e .  

Meinzer   be l ieved   tha t   the   p laya   f loor  i s  w e l l  above  the 

l o c a l  water table   (Meinzer ,  1911 ,  p. 8 4 ) .  A t  t h e  downstream 

d i v i d e  6 miles e a s t  of the   cen ter   o f   Encino   Bas in ,   the  

e l e v a t i o n  i s  6 , 2 6 0  f t .  Hence t h e   a x i s   o f   t h e   v a l l e y   d r o p s  

about 1 0 0  f t  over a d i s t ance   o f  27 f 2 miles (depending on 

unknowns i n   t h e   c o u r s e  of t h e  r i v e r )  between  the'   Estancia 

topographic s i l l  and t h e   d i v i d e  east  of  Encino  Basin.  This 

- 

impl ies   an   average   r iver   g rad ien t   o f  somewhat less than  4 

f t  per  mile. For   comparison,   the   gradient   of   the  modern 

Rio Grande i s  4 . 5  f t  per  mile. 

Pinos Wells Basin  has a dra inage   a rea  of about  180 

square miles, and i n   t h e   c e n t e r  of t h e   b a s i n  are 2 p layas  

t h a t  oc*cupy depres s ions   s imi l a r  t o  but   shal lower  than  those 

found i n  Estancia  Valley.. A s  in   Estancia   Val ley,   dunes 

composed of  material   derived  from  the  playas  have  formed 

to   t he   ea s t .   Un l ike   Es t anc ia ,  however, t he   bas in   does   no t  

conta in   l acus t r ine   sed iment ,  and  no s h o r e l i n e s  are ev iden t  

around  the  sides  of  the  basin.  (Smith,  1957,  p.  84-86; 

Meinzer, 1 9 1 1 ,  p. 82-84;  Bachhuber, 1971 ,  p. 7 0 ) .  The 

sediment   of   the   basin  f loor  and t h e  low d i v i d e  t o  t h e  

no r theas t  is mostly  thin-bedded s i l t ,  sand,  and  clay,   but 

layers   o f   g ranule   to   pebble   g rave l   a re   in te rbedded   wi th  

t h e   f i n e r   g r a i n e d   c l a s t i c s .  Wind e r o s i o n   t e n d s   t o   l e a v e  

a pebble  pavement t h a t   l o c a l l y   p r o t e c t s   t h e   s u r f a c e ,  a 

phenomenon a l s o  noted by Meinzer (1911 ,  p. 83 ) .  The 

sediment,  which i s  very   s imi la r  i n  appearance t o  

f lood-p la in   depos i t s  i n  the  present  Ria  Grande  and Pecos 
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Rivers,  may be  a l luvium  deposi ted  by  the  ancient   r iver .  

Encino  Basin,   only  sl ightly  1ar.ger  than  Pinos Wells 

Basin,  has a. h i s t o r y   s i m i l a r   t o   t h a t   o f   E s t a n c i a   V a l l e y  

i n  t h a t  a f te r   format ion   of   the   bas in  it contained a lake 

i n  which  more than 20 f t  of l acus t r ine   sed iment  was 

deposited  (Meinzer, 1911, p. 75-82 ;  Smith,  1957,  p.  80-84). 

A s ingle   p laya   depress ion   occupies   the   cen ter   o f   the   va l ley  

f l o o r ,  and  dunes  of gypsum and c l a y  l i e  immedia.tely eas t   o f  

t he   dep res s ion .   Shore l ines   s imi l a r   t o   t hose   o f  L a t e  Lake 

Es tanc ia  were descr ibed by  Meinzer;  he a l so  found 4 f t  of 

l amina ted   l acus t r ine   s ed imen t   r e s t ing  on yellow  sand and 

g r a v e l   i n  a dug wel l  less than a mile south  of t h e  town of 

Encino ( 1 9 1 1 ,  p.  76-78). A p robab le   co r re l a t ive  of t h e .  

sand and g rave l ,  found in   exposures   about  a mile t o   t h e  

southwest, is t h i n l y  bedded  and s i l t y ;   t h e s e  are thought 

t o   be   r i ve r   a l l uv ium.  

Both  Pinos Wells and  Encino  Basins. a r e   u n d e r l a i n  by 

bedrock of t h e  Yeso Formation.  The.Glorieta and Sari Andres 

Formations  crop  out   high  on  the east side of t h e   d r a i n a g e  

a reas   o f   bo th   bas ins   i n  a r i d g e   t h a t   s e p a r a t e s   t h e s e . b a s i n s  

from  the  Pecos  River  drainage  system. The r i d g e  is 

breached by the   va l l ey   o f   t he   anc ien t  r iver  e a s t   o f   t h e  

center  of  Encino  Basin.   Localized  stream  erosion  has  taken 

p l ace  i n  each of t h e   1 o w . d i v i d e   a r e a s   a d j a c e n t   t o   b a s i n s  

since t h e  r i v e r   c e a s e d   t o  flow i n   t h e   v a l l e y .  However, 

except   for   obvious   loca l   gu l ly ing ,   the  amount  of degrada-tion 

i s  small ,   and  the  general   cross-sect ional   shape of t h e  

o r i g i n a l   v a l l e y  seems well preserved a t   t h e   d i v i d e s .  

j 1 L >  



Pinos Wells and Encino Basins,  l i k e  the previous ly  

mentioned  Big  Sink (T.  3 N., R. 11 E. ). and t h e  somewhat 

sma l l e r   dep res s ions   i n   t he  Yeso t e r r a n e  t o  t h e   n o r t h ,  

formed  by  subsidence  following  solution of gypsum i n .   t h e  

underlying Yeso Formation. The f l o o r s  of Pinos Wells and 

Encino  Basins are  n e a r l y  200 f t  below t h e  levels of t h e  

intervening  divides .   Encino  Basin formed e a r l y  enough t o  ' 

have  contained a l a k e   t h a t  was probabiy  contemporaneous 

wi th  L a t e  Lake Es tanc ia ;   the   absence   o f  correlative l a k e  

s t r a t a   i n   P i n o s  Wel.ls Basin  can  be  explained by one of 

two  hypotheses. 

One p o s s i b i l i t y  i s  that   Encino  Basin  developed more 

r a p i d l y  by gypsum s o l u t i o n   i n   t h e  Yeso, hence could  conta.in 

a l ake   du r ing   La te  Lake Es tanc ia  time, whereas  Pinos Well:; 

Basin has   only  completed  subsidence  s ince  the  end of t h a t  

p l u v i a l   c y c l e .  The d i f f i c u l t i e s   w i t h   t h i s   e x p l a n a t i o n ,  

which I proposed  several   years  ago (Titus,   1969, p.  93) ,  

re la te  t o   t h e  many s i m i l a r i t i e s  between t h e   b a s i n s   ( s i z e ,  

s t r a t ig raph ic   and   s t ruc tu ra l   s e t t i ng ,   t opography ,  

. .  

hydrologic  and  geomorphic  history)'  and t o  the required 

conclus ion   tha t   P inos  Wells Basin  evolved not  du r ing  a 

p luv ia l   pe r iod ,  when  maximum water w a s  available for 

so lu t ion ,   bu t   du r ing   pos t -p luv ia l  time. 

However, a s  a second  poss ib i l i ty ,  it is  assumed t h a t  

the   bas ins   deve loped   s imul taneous ly ,   then   the   absence   o f  

l acus t r ine   s ed imen t   i n   one   sugges t s   t ha t  it simply was n o t  

v e r y   e f f i c i e n t  a t  ho ld ing   water .   In  view of a )  t h e  

s o l u t i o n  ar:d subsidence  or igin, .   b)   the   presence of a s'mall. 
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subsidence(?)   playa  between  the  basins ,  an.d c) t h e   k a r s t  

t opography   t ha t   deve lops   r ead i ly   on   t h i s , and   , ove r ly ing '  ' 

formations,  a l e a k y   b a s i n  i s  easi ly   envis ioned.   Both 

. .  

Bachhuber  and  Kelley  remarked  on  the  absence of obvious 

s t r a n d l i n e s   a t   t h e   o v e r f l o w   i e v e l .   f o r   E n c i n o  Basin, and 

it may b e   t h a t   t h i s   b a s i n   l e a k e d   t o o ,   b u t  a t . a  ra te  s low 

. .  

enough f o r  a l ake   t o   be   ma in ta ined '   i n   wh ich  lacus t r ine .  

sediment  could  accumulate. 
. .  

I n   t h e   a b s e n c e  of o ther   in format ion ,   the   mos t  . . .  

r e a s o n a b l e   d i r e c t i o n  of underf low  f rom  the  basins  is a long  

t h e  axis  o f . t h e   v a l l e y .  Such  being  the  case,  water' t h a t  

l eaked   ou t  of Pinos Wells Bas in   cou ld   d i r ec t ly  enter t h e  ' I 

lake  of  Encino  Basin.  An eastward  cornionent of' l eakage  

. .  

arguments   support   formation  during  pluvia1, t imes  but  not  

wh i l e  the '  v a l l e y  was occupied  by a flowing river. A 

r i v e r  would l i k e l y  . .  d e p o s i t  .?ill$vium in   any-   subs id ing  par t  

o f   5 t s   f l o o r   a s   r a p i d l y  as subsidence  occurred.  Thus,  

w h i l e   s o l u t i o n  of under ly ing   rocks   could   t ake   p lace ,  . .  

formation  of a topographic   basin would be  precluded.  

Applying  this   argument ,   Pinos Wells,, and  Encino  topographic 

b a s i n s  +7OUld not   have   formed  un t i l   a f te r   the   headwaters  

o f   t h e   r i v e r  were c u t   o f f  by  downwarping of E s t a n c i a  

Valley.   Furthermore,   topographic  subsidence  could  begin 

' i n  Ea r ly  Lake Estancia  time only   i f   over f low  f rom  Ear ly  

Lake Es tanc ia  1.7a.3 m t l a r g e .  I t  seems p r o b a b l e   t h a t  most 

of the topographic   bas in   format ion   took   p lace   in  L a t e  Lake 
. .  

. 

- . .  . .  ! i T:. 
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Es tanc ia  time when t h a t   l a k e  was well below t h e  level of 

i t s  s i l l .  

Kelley ( 1 9 7 2 ,  p. 4 8 )  has   imp l i ed   t ha t   t he  r a t e  of 

s u r f a c e - w a t e r   d i s c h a r g e   i n t o   t h e   r i v e r   v a l l e y  from Early 

Lake Es tanc ia  was small, and  such may have  been  the case. 

It  i s  i n t e r e s t i n g  t o  note ,  however, t h a t   i n   t h e  axis  of  

t h e  Vaughn Sag,  which  probably  existed  in  Eariy  Lake 

Estancia  time, he   descr ibes  200 t o  300 f t  of  gravel.  The 

Vaughn Sag, a f t e r  it had  formed,  would  have d i v e r t e d  

southward  into a kars t   t e r rane   any   f low down t h e   a n c e s t r a l  

river channel.  The th i ck   g rave l   depos i t s  suggest a r a t h e r  

vigorous  f low  of   reasonably  long  durat ion  af ter   development  

of the   s ag .  

Geomorphic Features  Formed by Late Lake Estancia  

Meinzer ( 1 9 1 1 ,  p -  1 9 - 2 2 )  desc r ibed   t he   gene ra l  

charac te r   o f   the   beaches ,   bars  and o t h e r   s h o r e l i n e   f e a t u r e s  

formed  between elevations  of  about.  6,100 and  6,200 f t  by 

waves  and c u r r e n t s   i n  Late Lake Estancia.  Harbour (1958)  

mapped the  beaches  and  described them i n  some de ta i l ,  

p a r t i c u l a r l y   i n   t h e   s o u t h e a s t e r n   p a r t  of t h e   v a l l e y .  The 

i n t e n t i o n  i s  t o  p resen t  here  only   in format ion   tha t  w i l l  

expand  on work of  previous  authors and t h a t  i s  p e r t i n e n t  

t o  unders tanding   the   ro le   o f  water i n . t h e   g o l o g i c  

development  of  the  valley.  

Uarbour ' s   carefu l  mapping  and  measurement  of  beach 

he igh t s  ( 1 9 5 8 )  was fu l ly   conf i rmed by f i e l d ' w o r k   i n   t h i s  
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study.  T h e  1 2  main  beaches in  Harbour's  Group A are found 

a t  remarkably   pers i s ten t   l eve ls   a round  the   edge   of   the  

basin  f loor   between.6,160 and 6,225 f t .  The 2 h ighes t  

shorel ines ,   a l though well developed and e a s i l y   i d e n t i f i a b l e  

i n  many p l a c e s ,   a r e   i n   o t h e r   p l a c e s  more s t rongly   e roded  

than  those  below. I t  is  p r o b a b l e   t h a t   t h e s e  were formed 

e a r l y   i n   t h e   L a t e  Lake Es tanc ia   s tage ,  and were eroded 

s l igh t ly   before   the   lower   beaches  were b u i l t .  

The maximum depth of Late  Lake  Estancia,  as ind ica t ed  

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

f e a t u r e s  and the   base   o f   t he   uppe r   l acus t r ine  member of t h e  

Dog Lake formation, was about Z O O  f t .  Dur ing   t h i s   l ake  

s t age  50  t o  60 of  sediment  accumulated  on the f l o o r   o f   t h e  

bas in .  

The  6,209-ft  beach and bar  sys t em,  t h e   t h i r d   h i g h e s t  

l e v e l ,  i s  one  of t h e  most p e r s i s t e n t   i n   t h e   g r o u p ,  and i n  

many p l a c e s   t h e   l a k e   a t   t h i s   l e v e l  formed an   o f f shore   ba r  

hundreds of yards   in   f ront   o f   the   h igher   beaches .   This  

i s  par t icu lar ly   demonst rab le  on t h e   e a s t  side of t h e   l a k e  

where   s t reams  dra in ing   the   eas t   s lopes   f lowed  in to   a rcua te  

bays impounded by t h e   b a r .  Upon subsequent  lowering  of 

t he   l ake   l eve l ,   d ra inage  from the  bays  developed a t  t h e  

lowest o r  weakest   point  i n  t h e   b a r ,   w i t h  the r e s u l t   t h a t  

modern s t ream  channels   turn  behind  the  bar  and f low  as  

much a s  1 . 5  miles a long   t he   ax i s   o f  a bay be fo re   r each ing  

the   b reach   as  i s  t h e  c a s e   n e a r   t h e   n o r t h   l i n e   o f  T .  6 N . ,  

R. 11 E.  (See Meinzer ,  1 9 1 1 ,  p.  20 ,  f o r   h i s   d e s c r i p t i o n  

of t h i s  f e a t u r e )  . 
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The 6,209-ft  beach was formed  during a s t i l l s t a n d  

during  recession  of   Late  Lake Es tanc ia .  Clear evidence 

that  beaches  below 6 , 2 0 9  f t  were formed i n  sequence  with 

lower ing   lake   l eve l  i s  found t o  the   sou th  of t h i s   l o c a t i o n ,  

near  US-60. Streams tha t   b roke   th rough  the   bar   here  

eroded  channels  downslope,  and,.   as  successively lower 

beaches were bu i l t ,   t he   ends   o f   t he   beaches  wrapped 

upstream  into  the  channels  a s h o r t   d i s t a n c e  on e i t h e r  side. 

The streams have  not   t ransported  large  amounts   of-sediment  

s i n c e   t h e  time of  breaching,  and  the volume of  sediment 

spread  on  slopes  below  the  breaches i s  l i t t l e  more than 

can  be  accounted  for by e ros ion   of   the   b reach   and   the  

slope  below. 

Broad f la t - f loored   a r royos  on the   no r theas t   and  

northwest  shores  of  Late Lake Estancia  are obvious 

i n d i c a t o r s   t h a t   t h e   l a k e  drowned the   l ower   pa r t s  of a 

preexis t ing   d ra inage   sys tem.   These   axe   bes t   deve loped   in  

t h e   v i c i n i t y  of Moriar ty   where,   t ravel ing  up  the  channel ,  

one sees t h e   f l a t   f l o o r s  become narrow,   the  s loping walls 

c l o s e  i n  and become h ighe r ,   and   t he   va l l eys  become ' '  

V-shaped above  an  elevation  of  about 6,22+ f t .  Streams 

e n t e r i n g   t h e   l a k e  a t  t h e   h e a d s o f   b a y s  dumped a l luv ium  to  

p a r t i a l l y   f i l l   t h e  submerged v a l l e y s . .  " 

(5 

Bay-mouth b a r s  were b u i l t  as h igh   a s  20 t o  25 f t  
. .  

whi le   the   l ake   s tood  a t  6 ,209  f t .  A bar  of t h i s   h e i g h t  

completely  c loses  a sma l l   va l l ey  i n  sec. 3 4 ,  T. 5 N . ,  

R .  8 E. ( f i g .  11). The depth  of   the clos.ed depress ion  

behind,   the   bar  is about 20 f t .   P r o j e c t i o n  of the   channel  

J :?.i 
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prof i l e   t h rough   t he   dep res s ion  and   under   the   bar   ind ica tes  

t h a t   v e r y  l i t t l e  sediment  has  accumulated  behind  the  bar. 

Bay-mouth ba r s  on t h e   o r d e r  of 1 0  f t  i n   h e i g h t   a r e  more 

common on   bo th   s ides   o f   t he   va l l ey   t han  are the   h ighe r  

b a r s .  An 11- f t  bay-mouth bar  is shown by  topographic 

c o n t o u r s   i n  sec. 30,  T. 5 N . ,  R. 8 E. ( f i g ;  11) . An 

opening   near   the   cen ter   o f   the   bar  remained dur ing   bar  

c o n s t r u c t i o n ,   a s  i s  ind ica t ed  by low s p i t s   t h a t  grew i n t o  

t h e  lake' from  each s ide   o f   the   opening .  A t  t h e i r   p o i n t  

of i n i t i a l  g r o w t h ,   t h e   s p i t s   a r e  a t  r i g h t   a n g l e s  to t h e  

main bar ,   but   each  curves  away from the  channel   through 

the  opening.  

. Very few o f   t he  numerous b a y s   t h a t  are p a r t l y   c l o s e d  

by b a r s  show s igns  e i the r  of l a t e r  stream erosion  through 

the   opening   or  of deposit ion  behind  the  bar,   and  none of 

the   depress ions   behind   c losed  bay-mouth bars   have   rece ived  

a s i g n i f i c a n t  amount of   sed iment   s ince   c losure  by t h e   b a r .  

It  must   be  concluded  that   there   has   been little eros ion  of . . 

t h e   s i d e s  of Es tanc ia   Val ley   s ince   d i sappearance   o f  Late 

Lake Es tanc ia .  

Numerous s p i t s  formed  simultaneously  with  the  beaches,  

and t h e s e   a r e   e x c e l l e n t   i n d i c a t o r s   o f  water c i r c u l a t i o n  

p a t t e r n s   i n   t h e   l a k e .  One long spit ,  project ing  northward.  ' . 

from US-60 i n  sec. 2 4 ,  T. 5 N., R. 1 0  E. ,  began  growing 

during  the  6 ,209-f t   s tand  of   the  lake,   and 'grew northward 

more than a mile d u r i n g   t h i s  and the   nex t  2 lower  s tands 

a t  6 , 2 0 5  and 6 , 2 0 0  f t .  The main t r a n s p o r t i n g   c u r r e n t  was 

northward, t h u s  sugges t ing   counter -c lockwise   c i rcu la t ion  

.. 
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i n  t h e  main p a r t  of t he   l ake .  A c lockwise   cu r ren t   i n   t he  

g r e a t  bay to   the   eas t   depos i ted   sed iment   s imul taneous ly  

on t h e  east o r  back s i d e   o f   t h e   s p i t .  The v igo r  of t h e  

main current   during  ,ear ly   s tages   of   growth is  shown by 

the   cobble   g rave l   o f   which   the   sp i t  is cons t ruc ted .  

Curren t   ve loc i ty   decreased   dur ing   the   6 ,200-f t   l ake   s tand ,  

and sand was the   dominant   mater ia l   depos i ted .  

The d i rec t ion   of   cur ren t   f low reversed dur ing   t he  

nex t   l ower   l ake   s t and ,   a t   6 ,193   f t ,   ana   c i r cu la t ion  

a p p a r e n t l y   c o n t i n u e d   i n   t h e   r e v e r s e   d i r e c t i o n   u n t i l   t h e  

l a k e  had withdrawn  from t h i s   p a r t   o f   t h e   v a l l e y   f l o o r .  

The c u r r e n t   r e v e r s a l  i s  indica ted   by   e ros ion   on   the   nor th  

end of t h e   s p i t  by an   impinging   cur ren t   tha t  c u t  away t h e  

po in t .  The c u r r e n t   s p l i t   a t  t h e  p o i n t ,   w i t h   t h e   e a s t  

branch  turning  into  the  great   bay  and  deposi t ing  sand 

eroded  from t h e   s p i t   t o  form a long,  narrow  secondary  bar 

that   extends  eastward  near ly  2 miles. The d i r e c t i o n  of 

current   f low  a long  the  secondary  bar  is, ev iden t  from 

hor se t a i l - l i ke   s t r eaks   o f   s and   ca r r i ed   ove r   t he   ba r   and  

depos i ted  on t h e  back   ( south)   s ide .   Spi t s   on   the .wes t  

s ide   o f   t he   l ake   a s soc ia t ed   w i th   l ake   l eve l s  a t  and  above 

6 , 2 0 0  f t  conf i rm  c lockwise   c i rcu la t ion ,   bu t   ev idence   tha t  

sugges ts  a g e n e r a l   c u r r e n t   r e v e r s a l  a t  lower   l eve ls  of t h e  

l a k e  is less conclusive.  
. .  

Nost   beaches  and  bars   are   constructed  of .coarse   sand 

to   f ine   g rave l .   Grave l   o f   cobble  s i z e  is not   comon  except  

i n  a f e w  local  arqas.   Beaches  and  bars  above t h e  l eve l  of 

6 , 1 5 0  f t  derived  most  of the i r  mater ia l   f rom the a l l u v i a l  
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Estancia   Val ley  formation,   a l though some beaches  on  the 

eas te rn   shores   der ived   sed iment  from pre-Ter t ia ry  outcrops. 

Where t h e   l i t h o l o g y  is  d i s t inc t ive ,   such  as t h a t   o f  

Precambr ian   rock ,   the   source   a rea   usua l ly   can  be found 

nearby. 

Lacus t r ine   Fea tu res  Formed i n  Shallow  Rejuvenated  Lake 

Harbour (1958)  ass igned  3 beaches  lying  between 

e l eva t ions   o f  6 , 1 3 0  and 6 , 1 4 5  f t  t o  h i s  Group B. These 

beaches were b u i l t  on a much more gen t ly   s lop ing   su r f ace  

and t h e i r  crests a re  more wide ly   s epa ra t ed   t han   t he  

beaches a t  h i g h e r   l e v e i s .  The e l eva t ion  of t h e   h i g h e s t  

of t h e  Group B s h o r e l i n e s  i s  v e r y   n e a r l y   t h e  same as t h e  

e l e v a t i o n  of a p e c u l i a r  20-mile-long sed iment   bar   tha t .  

formed 1 t o  2 miles o f f s h o r e   o n   t h e  east s i d e  of t h e   l a k e ,  

and now bounds t h e  east  s ide  of   the   playa-depression  and 

dune area i n  T .  4-7 N . ,  X. 10 E. ( f i g .  1 4 ) .  The bars a t  

h i g h e r   l e v e l s  were r a r e l y   b u i l t  more than  a f e w  hundred 

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

from  older   bars  a t  h i g h e r   l e v e l s  by i t s  r e l a t i v e l y  great 

d i s t a n c e  from shore,   by i t s  l eng th  and  even crest a l t i t u d e ,  

and also by i t s  shape  and  composition.  The crest of t h e  

bar,  which i s  1 5  t o  20 f t  above t h e  l.ake f loor ,  i s  

sca l loped  by t ransverse   channels  4 t o  8 f t  d e e p   t h a t  are 

reguiar ly   spaced  a f e w  hundred f e e t   a p a r t .  The channels  

probably  were'formed  by  water  surging across t h e  crest ,  

with  the  surge  being  induced by pe r iod ic   s t rong   sou thwes t  
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FIGURE 14 -. Map showing l o c a t i o n s  of playas, grea t   dunes ,  
and the   gyps i fe rous   o f fshore   bar .  



o r  west winds t h a t   p i l e d  water up in   t he .   ea s t e rn   pa r t   o f  

the '   lake and r e l eased  it when they  diminished.  Tide- and 

wind-surge  channels   across   bars   are  common on  marine 

coas t s .  

The sediment  from  which  the  bar is cons t ruc ted  is 

more than 50 pe rcen t  gypsum and  about 1 0  pe rcen t  calcium 

carbonate ,   as   ind ica ted  by  microscopic  examination  and 

chemical  analyses.  The rest of the  sediment is  c l a y  and 

s i l t ,  with  minor  amounts  of  f ine  quartz  sand.  Sediment 

i n   t h e   c o r r e l a t i v e   b e a c h ,  and . in   lower   beaches ,   a l so  

c o n t a i n s   l a r g e  amounts  of gypsum, i n   c o n t r a s t  t o  the 

quartzose  sand  of  highex  beaches. The source  of   the 

gypsum appears   to   have  been a system  of   small   dunes  that .  

now l i e  t o   t h e  west of t h e   b a r .  Hence the   ba r   and   t he  ' 

Group B beaches  of  Harbour  (1958) were formed i n  a shallow, 

temporary  rejuvenation  of Lake Es tanc ia   tha t   fo l lowed a 

per iod   of   dess ica t ion  i n  t he   bas in .  Maximum depth  of t h e  

l ake   du r ing  t h i s  s t a g e  was about 7 0  f t .  

The f l o o r  of t h e   v a l l e y   a f t e r   e v a p o r a t i o n   o f  Late 

Lake Es tanc ia ,   bu t   before   format ion  of the  playa  depressions. ,  

s loped  gent ly   toward  an  axis   that  was approximately 

co inc iden t   w i th   t he   p re sen t   l oca t ion  of  Laguna del Per ro  

( f i g .  1 4 ) .  Slopes on both   s ides   a re   about   equa l ,   and   range  

from 6 t o  9 f t  per  mile toward   the   ax ia l   e leva t ion   of   about  

6 , 0 7 5  f t .  The s u r f a c e ,   e s p e c i a l l y  west of t h e   a x i s   w h e r e  

not  now dune  covered  or  destroyed by the   p l aya .dep res s ions ,  

i s  v e r y   s l i g h t l y   r o l l i n g ,   w i t h  no i n t e g r a t e d   d r a i n a g e .  

Near the   ou ter   edges ,   the   courses  of t h e   l a r g e s t   a r r o y o s  

I 
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can be recognized  on the  fo rmer   l ake   f l oo r   by   i nd i s t inc t  

b ra ided   depos i t s  t h a t  have a maximum length  of a f e w  miles. 

Only ra re ly   today  do extremely  heavy  rains  produce  runof€ 

t h a t  reaches beyond the  ancient  lake  margin, '   hence 

t r a n s p o r t a t i o n  of a l l iv ium  onto  t h e  lake  floor i s  minimal. 

under   present  climatic condi t ions .  



117 

GEOLOGY O F  THE PLAYA  DEPRESSIONS AND DUNES 

The  topography of t h e   c e n t r a l   p a r t  of t h e . v a l l e y  

f l o o r  i s  dominated  by  numerous  playa  depressions  and  their 

associated grea t   dunes  ( f i g .  $1 . Laguna del Perro, . t h e  

narrow,  12-mile-long  playa  estending  north^ from US-60, is % 

many times larger than  any of t h e   o t h e r   p l a y a s .  It averages 

less than  a m i l e  wide  and is  7 .5  square  miles i n  area. 

Sa l ina  Lake,  south  of Laguna de l   Pe r ro ,  is  t h e  second 

largest  playa,  measuring  about 1 . 5  miles long  and 1 m i l e  

wide. None of the   o the r   p l aya   dep res s ions  are as large as  

a square  mile i n  area. I n  a l l  t h e r e  are roughly 85 

perennia l ly   mois t   p layas   tha t   have  a combined area of about  

1 9  square miles. 

Laguna d e l   P e r r o  and S a l i n a  Lake are  on the l o w  

topographic a x i s  of   the   va l ley   f loor .   Approximate ly  

two-thirds   of   the  smaller depress ions  l i e  w i t h i n  a gentle 

a rc  t o   t h e  east  of t h e  axis ;  the  remainder are n e a r   t h e  

west s ide   o f  Laguna de l   Pe r ro .   Seve ra l   p l ayas ,  most of 

them ve ry  small, l i e  i n  a group somewhat s e p a r a t e  f r o m  t h e  

main playa  f ie ld   about   halfway  between  the  north end of 

Laguna d e l   P e r r o   a n d   t h e  town of   Estancia .  

The depth  of   the  depressions  ranges from 20 t o  40 ft, 

and depres s ions   d i s t an t   f rom  the  ax i s  tend t o  be shal lower 

t h a n   t h o s e   n e a r   t h e   a x i s .  The playa  of  Laguna d e l   P e r r o ,  

a t  an   e l eva t ion  of 6 , 0 3 4  f t ,  i s  about 40  f t  below t h e  

gene ra l  l e v e l  of the   va l l ey   f l oo r   nea rby .  Its f loo r  
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e l eva t ion  i s  matched by those  of a f e w  playas  immediately 

t o   t h e   e a s t ,   b u t   a p p a r e n t l y  none a r e   a t  a lower   e leva t ion .  

The few p l a y a s   t o   t h e   e a s t   h a v i n g   t h e  same f loo r   e I eva t ion  

may 'be   in   s l igh t ly   deeper   depress ions   because   o f   the   gent ly  

r i s i n g   v a l l e y   f l o o r .  

Dunes cover  an  estimated 80 ' pe rcen t   o f   t he   va l l ey  

f l o o r  between the   p laya   depress ions   ( f ig .  15). Two.d i s t inc t  

famil ies   of   dunes are recognized   on   the   bas i s  of s i z e ,  

shape,  and  proximity  to  the  depressions.  The l a r g e s t   a r e  

those   re la ted   to   depress ions ,   each   dune   ly ing   on   the   eas t  

s i d e  of a depression and wrapping  around  the  north  and 

south  ends. Dunes of t h i s   f a m i l y  are as much as a half m i l e  

wide, and  reach  heights  of 1 3 0  f t  a b o v e   t h e   f l a t   v a l l e y  

f l o o r   a d j a c e n t   t o   t h e   c e n t r a l   p a r t  of 'Lagma  del   Perro.  

Inasmuch a s   t h e  Laguna de l   Per ro   depress ion  is about  4 0  f t  

deep ,   the  crests of the highest   ones  are 170 f t  above  the 

playa;   heights  of 1 1 0  f t  were measured east o f   t he   no r th  

end  of Laguna del Perro.  The great   dunes  cover   an  es t imated 

10 percen t   o f   t he   va l l ey   f l oo r .  

Sca t t e red  among the   g rea t   dunes   a re   innumerable  

smaller  dunes,   which  rarely  exceed 15  f t  i n   h e i g h t  and a r e  

gene ra l ly  less than 1 0  f t  h i g h .   I n   c o n t r a s t   t o   t h e   g r e a t  

dunes,   locat ions  and  shapes of  which were de termined   in  

p a r t  by the  depressions,   the   small   dunes  have  shapes 

determined  solely by the  wind.  Transverse  dunes,   with 

north-south  to   northwest-southeast   axes  up t o  3 , 0 0 0  f t  long 

and widths on t h e  order  of 5 0 0  f t ,   a r e  common among t h e  



FIGURE 1 5  - Aerial photograph of t h e   c e n t r a l   p a r t  of 
Laguna d e l   P e r r o  and  nearby  playa 
depressions  showing  small  dunes  and t w o  
s t a g e s  of grea t   dunes .  
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small dunes.   Equally common are e l l i p t i c a l  t o  c i r c u l a r  

dunes  with maximum lengths  of 300  t o  6 0 0  f t .  Barchans are 

no t  common, b u t  a few o c c u r   i n   t h e   n o r t h e a s t   p a r t  of the 

dune f i e l d ;   t h e y  are open  on t h e  east , .  and  average  about 

8 0 0  f t  from t i p  t o  t i p .  Dunes of t h i s   f a m i l y  are not  found 

west of Laguna de l   Per ro   nor  east of t he   l ong   o f f shore   ba r  

( f i g .  1 4 ) .  

. .  

Small Dunes 

The small dunes are composed mainly  of gypsum,  and 

microscopic   s tudy  of .samples  shows t h a t   t h e   s e d i m e n t  i s  

mostly medium-sand s i z e  c leavage   f lakes  and rosettes of 

t a n  gypsum w i t h   s l i g h t  amounts of c l a y  and  sand-size, 

chalky ca lc i te  g r a i n s .  The  sediment i s  commonly weakly 

cemented by r e c r y s t a l l i z e d  gypsum. Chemical  analyses of 

2 typical   samples ,   col lected  f rom  depths   of  a f o o t  below 

dune crests, show t h a t  gypsum makes  up 60 t o  75 percent ,  

c l a y  1 0  t o  30 percent ,  ca lc i te  5 t o  8 percent;and s a l t  

( N a C l ) ,  less than 1 percent   of   the   sediment .  Much of   the  

c l a y   i n   t h e   a n a l y s e s  is from inc lus ions   w i th in  gypsum 

c r y s t a l s   r a t h e r   t h a n  a c l ay   f r ac t ion   o f   t he   eo l i an   s ed imen t .  

The dune  forms  invariably  are  rounded  and smoothed 

( f i g .  151, and the   upper   sur faces  are pro tec ted  by a tough 

g y p s i t e   c r u s t   t h a t   r a n g e s  i n  thickness  from a few inches 

t o  more than a f o o t .  The bunch g r a s s e s   t h a t  grow on   the  

v a l l e y   f l o o r  and on t h e  grea t   dunes  are sparse  t o  absent  

on t h e  crests of t h e  small ones.  'No  evidence  of 
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present-day wind scu lp tu r ing  was found. 

The  small   dunes  are   in  many p laces   pa r t ly   bu r i ed  by 

sediment a t  the   toes   o f   g rea t   dunes .  The dark   co lor   and  

the  toughness  of t h e   g y p s i t e   c r u s t   a i d   i n   d i s t i n g u i s h i n g  

ma te r i a l s   o f   t he  two where  they  are   in   contact .   Small  

dunes   a l so   cap   the  west wal ls   of   playa  depressions east 

of  Laguna del Perro.  I n  some'places t h e  small  dune is  

i n t a c t  on a pro jec t ing   nose ,  and appears   to   have   p ro tec ted  

the  edge  of  the  depression  from wind eros ion ,   whereas   in  

o the r   p l aces ,   pa r t  of the  dune  has  been  cut ,away dur ing  

formation  or   enlargement   of   the   depression.  

The small dunes w e r e  b u i l t  and t h e i r   g y p s i t e   ' c r u s t  

formed  before  development of the  playa  depressions  and 

cons t ruc t ion   of   the   g r , sa t   dunes .  They d a t e  from  the time 

of  disappearance of Late  Lake Estancia ,  iihen west winds 

sweeping  across  the newly  exposed lake   f loor   p icked   up  

evaporite  sedirnent  from a broad   in i t ia l   p laya   and   depos i ted  

it t o   t h e   e a s t .  The playa-dune  re la t ionships ,  a t  the  time 

of   their   development ,  may have  been  simil'ar t o   p r e s e n t  

c o n d i t i o n s   i n   t h e  White  Sands  area  of  Tularosa  basin,  

although t h e  gypsum sand   depos i t   in   Es tanc ia  is much less 

extens ive  and t h e  gypsum i s  less pure. 

Development  of th in   depos i t   o f   eo l ian   quar tzose   sand ,  

der ived from  beaches i n   t h e  center of   the 'E% T. 6 N., 

R. 1 0  E . ,  and spread  eastward  in  a b r o a d   s t r e a k   a c r o s s   t h e  

g rea t   ea s t e rn   bay  of the  former  lake,  may have  begun a t  

t h i s  time ( f i g s .  7 ,  1 4 ) .  The lower  beaches, ,   bars,   and 

even some of t h e   d u n e s   i n   t h e   s o u r c e   a r e a   f o r   t h e   l i n e a l  
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sand   depos i t   a re  composed of quartz  sand  derived  from 

Glo r i e t a   Sands tone   t ha t   c ropped   ou t   a s   an   i s l and   j u s t   t o  

t he   no r th .  

Winds t h a t  formed t h e  gypsum dunes were from t h e  

west-southwest  and  tended t o  converge  eastward. Dune 

, o r i e n t a t i o n  a t  t h e   n o r t h  end  of t h e   d u n e   f i e l d   i n d i c a t e s  

wind  from S. 81° W.. ,whereas a t   t h e   s o u t h  end o f   t h e   f i e l d  

t h e  wind was from S. 68O W. The convergence  angle i s  13O 

and  average wind d i r e c t i o n  was S .  75' W. The. quar tzose  

sand was blown eastward from i ts  source.  The convergence 

and ' t h e  loo t o  1 5 O  change  of wind d i r e c t i o n   o n   t h e   e a s t  

was caused  by  funneling  of  the wind by the  topography  of  

t h e   e a s t e r n  embayrnent. 

. .  

After   their   formation  the  samll   dunes were submerged 

by a short-lived,  shallow  lake.  During  submergence  they 

were the  source  of   gypsiferous  sediment   f rom  which  the 

g rea t   o f f sho re   ba r  and the   beaches   t ha t  l i e  below 6 , 1 4 8  f t  

were cons t ruc t ed   ( f ig .  1 4 ) .  Microscopic  examination  and 

chemical   analysis  of sed iment   f rom  the   bar   ind ica tes  

l i t h o l o g i c   s i m i l a r i t y  between it and  dune  sediment. A 

s ing le   chemica l   ana lys i s  shows: gypsum 51 pe rcen t ,   c l ay  

( in so lub le )  34 percent ,  calcite 9 percent,   and salt (NaC1) 

less than 1 percent .  The remaining 5 percent  i s  mostly 

organic   mater ia l .  

The suggest ion  that   temporary  re juvenat ion of t h e  

lake fo l lowed  in i t ia l   d i sappearance   o f  Lake Es tanc ia  was 

f i r s t  made by Harbour ( 1 9 5 8 ) .  Harbour  reached t h i s  

conclus ion   f rom  observa t ion   of   ind is t inc t   beach   rexnants  
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w e l l  below t h e   l e v e l   o f   t h e  Lake Estancia  beaches.   The 

o f f shore   ba r ,  and  submergence  of t h e  small dunes; 

subs tan t ia tes   Earbour ' s   conc lus ion ,   a l though  the   depth   o f  

the  temporary  lake was greater  than  he  supposed. The 

he igh t   o f   t he   ba r   and   beaches   i nd ica t e s   t ha t   t he   r e juvena ted  

lake   reached  a maximum depth  of  about 75  f t  a l o n g , t h e   a x i s  

o f   t he   va l l ey .  

Erosion and shif t ing  of   dune  sediment  by c u r r e n t s   i n  

t h e   s h a l l o w   l a k e   r e s u l t e d   i n   t h e   p r e s e n t  low, rounded  form 

o f   t h e  samll dunes. The g y p s i t e   c r u s t   o n   t h e i r   s u r f a c e s  

probably  formed i n i t i a l l y  as the   dunes  were exposed  by 

evaporat ion  of   the  lake.  Low permeabi l i ty   o f  t h e  i n i t i a l  

c r u s t  h a s   f a c i l i t a t e d   a d d i t i o n a l   c r u s t   g r o w t h  from r a i n f a l l  

followed  by  evaporation. 

. Great Dunes 

L i k e   t h e  small dunes ,   the   g rea t   dunes  are composed of 

sand-sized gypsum, clay,   and  calcium  carbonate.   There are 

s i g n i f i c a n t   d i f f e r e n c e s   i n   t h e   p r o p o r t i o n s ,  however.  The 

r e s u l t s  of 2 chemical   analyses   of   typical   samples  show: 

gypsum 30 t o  36 percent ,   c lay   ( inso luble)  37 t o  38 percent ,  

calcium  carbonate  15 t o  20 percent ,  and s a l t  1.5 t o  2 

percent ;  8 t o  11 percent  of the   weight   o f   the   samples  was 

material not   determinable  by the   ana iyses .  Most, b u t  

p o s s i b l y   n o t  a l l ,  of the  undetermined material was organic .  

The  anions  analyzed were. su l f a t e ,   c a rbona te ,  and  chloride; 

however,  the  undetermined material may have  con-tained  other  
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anions.  The  calcium  carbonate   in   the  sample i s  p a r t l y  

a ragon i t e ,  as small a ragon i t e   g ra ins  similar t o   t h o s e   i n  

t he   unde r ly ing   l acus t r ine   s ed imen t  were seen in   microscopic  

examination  of a l l  samples. The samples   tha t  w e r e  chemically 

analyzed were c o l l e c t e d  a t  depths  of  about a f o o t  below t h e  

surface  of   the  dunes.   Microscopic   examinat ion of samples 

f rom  grea te r   depths  shows t h a t   t h e  sedimeng con ta ins  

somewhat more gypsum than   t ha t   nea r   t he   su r f ace ,  b u t  t h e r e  

i s  no .o ther   ev idence   o f   so i l . format ion   (except  as noted 

below f o r   c e r t a i n   e a r l y   g r e a t   d u n e s ) . '  It is e s t i m a t e d   t h a t  

gypsum c o n s t i t u t e s  50 percent  of  sediment  below  the 

s u r f i c i a l  zone  of  solution. 

The   source   o f   sed iment   for   the   g rea t   dunes  is e a s i l y  
! 

es t ab l i shed ,  as t h e  material came from the   p laya   depress ions  

wi th  which  each  of t h e  rlunes i s  associated.   gone of t h e  

great   dunes  has   migrated away from i ts  source area. Where 

playa  depressions are closely  spaced,  dunes  completely 

surround  the  depressions,  as  t h e  area is not   broad enough 

~ for   separa t ion   of   the   depress ion-dune   pa i r s .  

The walls on  both  s ides   of   the   playa  depressions  have 

been  s t rongly  sculptured by west-southwesterly winds ( f ig .  

1 5 ) .  On t h e  east s i d e  of the   depress ions ,   where   the  . . 

scu lp tu r ing  i s  bes t   deve loped ,   pa ra l l e l  and c lose ly   spaced  

r i d g e s  and ' va l l eys  sweep s t e e p l y  up t h e  walls of outcropping 

lake  sediment ,  and con t inue   un in t e r rup ted   up   t he  more g e n t l e  

sSopes of t h e  less competent  great  dunes.  I n  s p i t e  of local  

curva ture   o f   the   depress ion  walls, pa ra l l e l i sm  o f   d ra inage  

t.ends to   be  maintained.  I n  p l a c e s ,   t h e   a l i g n m e n t   o f . r i d g e  
. .  
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and v a l l e y   a x e s   d i f f e r s  by a s  much a s  20° from a d i r e c t i o n  

normal to   t he   ave rage   s lope .  The tops   o f   t he   g rea t   dunes  

a re   mos t ly   sharp   r idges .   S lopes   on   the 'eas te rn ,   o r  lee, 

s ide  of   the  dunes are more gent le   and  the  topography is  

more rounded,  yet   the  topography  remains  aligned  with  the 

d i r e c t i o n  of t h e  wind. The d e p o s i t i o n a l   t o e  on t h e  lee . 
s i d e  i s  s u r p r i s i n g l y   d i s t i n c t .  

The dunes  wrap  around  the  sharply  curving  ends of t h e  

p laya   depress ions  i n  wings   tha t   t e rmina te   in   a l ignment   wi th  

wind direct ion.   Erosion  of   sediment   f rom  the  depressions 

and deposi t ion  of  it as  dunes were accomplished  mainly by 

west-southwesterly  winds,  but t5e dunes  have  been  modified 

by e a s t e r l y   w i n d s   t o  form the  westward-projecting  wings.  

Easter ly   winds are a l s o   r e s p o n s i b l e   f o r  'the sharp  

demarca t ion   of   the   eas t   toes  .of the  dunes  and  the  lack  of  

s l i p   s l o p e s   o n   t h e  lee s ides .  The dunes ,   w i th   t he i r  

westward-project ing  wings,   are   most   s imilar   to   parabol ic  

dunes;  however, t h e i r   s h a p e  is not  determined by t h e  wind 

bu t  by t h e  shape   and   pos i t ion   o f   the i r   paren t   depress ions .  

The d i r ec t ion   o f   t he  cri t ical  winds is e a s i l y  

de te rmined   by   the   s t rong   topographic   g ra in   on   the  sides of 

depress ions  and dunes. A t  t h e   n o r t h  end  of t he  

depressions-dune  f ield,   winds blew  from S. 67O W.; a t  t h e  

south end from S. 6 2 0  W. Thus, a s   i n ' t h e  case of  winds 

t h a t   d e p o s i t e d   t h e   o l d e r  and smaller   dunes,   the   winds 

converged  s l ight ly   as   they  crossed t h e  v a l l e y .  The 

convergence i s  about 5O, a s  compared t o  a convergence df 

13O f o r  t h e  ea r l i e r   w inds .  The ave rage   d i r ec t ion  of t h e  

I 
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wind was S. 65 W . ,  a s  compared t o  S.  75O W. f o r   t h e  earlier 

winds. 

0 

On the  surface  where  the  dunes  immediately east of 

Laguna d e l   P e r r o  were deposi ted,   drainage  channels   toward '  

the   l aguna  had  developed  prior t o  dune  growth.  In 

dep res s ions   f a r the r   ea s t   channe l s  were not   seen .   Gradien ts  

of   the  channels  seem t o   b e   a d j u s t e d   t o   s e v e r a l   l e v e l s  of 

the   depress ion ' s   f loor ,   inc luding  a few a d j u s t e d   t o   n e a r   t h e  

present  level.   Local  dune  growth may have  begun when t h e  

dep res s ion   f l oo r  was n o t   f a r  below t h e   l e v e l  of t h e  

s u r r o u n d i n g   v a l l e y ' f l a t .  If so,  the  larger   channels   between 

the  accumulating  dunes  remained  open  as  the  depression floor 

was lowered.  With  continued  lowering, more  and  more of t h e  

channels were choked by e o l i a n   d e p o s i t i o n ,   w i t h   o n l y ' a  few 

remaining  open  long  enough t o   e s t a b l i s h   g r a d i e n t s   n e a r  

p re sen t   p l aya   l eve l .  One of t h e  widest of the   deep   channels ,  

l o c a t e d   i n   t h e  W% sec. 23 ,  T .  5 N., R. 9 E., connected a 

smaller p l a y a   d e p r e s s i o n   t o   t h e   e a s t   w i t h   t h a t  of Laguna d e l  

' Perro: th i s   channe l  i s  now f i l l e d   w i t h  dune material that  

forms a high,  narrow  ridge  between  the two depress ions .  

Two per iods   o f   g rowth   a re   recognizable   in   the  great 

dunes   assoc ia ted   wi th   the  few p laya   depress ions   ad jo in ing-  

t h e   c e n t r a l   p a r t  of  Laguna del  Perro  where a sub-dune 

channeled  surface was found. The e a r l i e r   p e r i o d  is 

represented  by smooth-crested  dunes  that   wrap'axound  the 

e a s t   s i d e s   o f   t h e   d e p r e s s i o n s ;   t h e i r  west s i d e s ,   s l o p i n g  

i n t o  t he   dep res s ions ,  are s l i g h t l y   d i s s e c t e d  by s h o r t ,  

s t e e p   g u l l i e s   t h a t   a r e   r e g u l a r l y  and closely  spaced  a long 
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t h e   s l o p e s   ( f i g .  1 5 ) .  I n  t h e  l a te r  per iod of dune  growth, 

addi t ional   sediment  was blown ove r   t he   rounded .c re s t s   and  

depos i ted   on   the  east  s l o p e s ,   b u i l d i n g   t h e   d u n e s  much 

h igher  and   forming   the   sharp-cres ted   r idges   tha t  are t y p i c a l .  

o f   t he   o the r   g rea t   dunes   t h roughou t   t he   dune   f i e ld .  

A similar shape i s  exhib i ted   by  the great  dune 

a s s o c i a t e d   w i t h   S a l i n a  Lake a t  the   south   end   of  Laguna d e l  

P e r r o . ~  Eas t  o f   t h i s   p l a y a  the lower,  smooth-crested  dune 

l ies  a h a l f  mile from the   depress ion .  Here 2 small p laya  . 

depres s ions  east of   Sal ina Lake both are cut i n t o  the  

rounded  dune:  hence  these  depressions were formed l a t e r  

t h a n   t h e   S a l i n a  Lake dune.  (Bachhuber, 1971 ,  p. 81-82) .  
*:L 

A th in ,   qyps i fe rous ,   c layey  so i l  is found  on  the 

su r faces   o f   t he   f i r s t -gene ra t ion  great dunes ,   and   th i s  

brown s o i l  i s  more than  a f o o t   d e e p   i n   g e n t l e  swales 

between  dune crests.  The upper   surface i s  s l i g h t l y  

cemented ,   bu t   the   c rus t  i s  n o t   n e a r l y  as w e l l  developed 

as t h a t  on   the  small dunes   t ha t  were submerged'  by the 

shallow  rejuvenated  lake.   Cementation .is adequate,  however, 

t o  prevent   blowouts   in   most   places ,   even where grass cover 

i s  s p a r s e .  

During  growth  of   the  f i rs t -qenerat ion.great   dunes,  

and  while some of   the  channels   remained  open,   the   topography 

may have  been similar t o  present  topography  immediately w e s t  

of Laguna de l   Pe r ro .  Dunes h e r e ,   d e r i v i n g   t h e i r   s e d i m e n t  

from small p l a y a   d e p r e s s i o n s   t o   t h e  west, have grown 

re la t ive ly   s lowly ,   and  many valleys  remain  open between the 

m a l l  dep res s ions  and  Laguna de l  Pe r ro ,   a l t hough   nea r ly  a l l  
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o f  t h e   v a l l e y s   a r e  a few f e e t   h i g h e r   t h a n   t h e   € l o o r s  of t h e  

depressions.  

I t  is ev iden t   t ha t   t he   f i r s t -gene ra t ion   dunes ,  and 

therefore   the i r   assoc ia ted   p laya   depress ions ,  were restricted 

t o   t h e   c e n t r a l , . o r   a x i a l ,   p a r t   o f   t h e   v a l l e y   f l o o r .  There 

is no ind ica t ion ,  however,  of a f i r s t -genera t ion   dune  

associated  with Laguna del   Perro.   These  condi t ions  prove 

use fu l  i n  the  deduct ion  of   depression-dune  or igin and h i s t o r y  

( d i s c u s s e d   l a t e r ) .  

Ca lcu la t ions   o f   t he   r e l a t ive  volumes  of  depression  and 

associated,   second-generat ion  dune were made f o r  2 

depression-dune  pairs   where  topographic   control   could  be ' 

obtainea.  The depres s ions   a r e  i n  sec. 17, T.  6 PJ., R. 9 E., 

2 miles e a s t  of Es tanc ia ,  and i n   t h e  NE% sec. 3 6 ,  T.  5 N.,  

R. 9 E. Elevat ions,   taken  using a f r e q u e n t l y   c a l i b r a t e d  

altimeter, yere used to   con tour   t he   dunes  on  s tereoscopic  

pa i r s   o f   a i r   photos .   Topographic  maps, a t  20-f t   contour  

i n t e r v a l s ,  were ava i l ab le   fo r   t he   dep res s ion   nea r   Es t anc ia .  

The c a l c u l a t i o n s  show t h a t   a t   t h e   l o c a t i o n   n e a r   E s t a n c i a  

. .  

t h e   t o t a l  volume of   sediment   in  t h e  dune i s  equiva len t  to  

more than 50 pe rcen t   o f   t he  volume of m a t e r i a l   t h a t  w a s  

removed t o  form the   dep res s ion .   In  t h e  other   depression-dune 

p a i r   t o   t h e   s o u t h ,   t h e   d u n e  volume is e q u i v a l e n t   t o   n e a r l y  

7 0  percent  of  the  sediment removed from the   dep res s ion .  

Playa  Depressions 

The north-south  elongation  of Laguna d e l   P e r r o  
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e s t a b l i s h e s  a d o m i n a n t   l i n e a t i o n   t o   t h e   d e p r e s s i o n   f i e l d ,  

and close  examinat ion shows t h a t  smaller depress ions   . a l so  

t e n d   t o   b e   a l i g n e d   ( f i g .  1 6 ) .  Shapes  and d i s t r i b u t i o n   o f  

t he   sma l l e r   p l ayas   bo th   con t r ibu te  t o  the   v i sua l   impress ion  

/ 

. of  alignment. The l inea t ion   of   smal l   depress ions  near 

Laguna del P e r r o   p a r a l l e l s   t h a t  of the   l aguna ,   bu t   depress ions  

i n   t h e   e a s t e r n   p a r t   o f   t h e   p l a y a   f i e l d  show a marked 

c u r v a t u r e   t h a t  is concave t o   t h e  west. The northwestward 

curva ture  of t h e   n o r t h  end of Laguna del Perro a n d . t h e  

southwesterly  alignment  of  depressions  grouped  around the 

l a r g e   S a l i n a  Lake a t  t h e  south end of   the   depress ion  f ie ld  

emphasize  the  gent ly   curved  arc  of the   eas te rn   depress ions .  

A s ign i f i can t   conc lus ion   f rom  th i s   s tudy  i s  t h a t  

gypsum so lu t ion   benea th   t he   va l l ey  f i l l  has  been  very 

important i n  c o n t r o l l i n g   t h e   l o c a t i o n s  and ear ly   development  

of the   dep res s ions   (T i tus ,  1 9 6 9 ,  from  which p resen t   i deas  

have  evolved) .   That   depression  or igin w a s  c o n t r o l l e d   s o l e l y  

by wind a c t i o n  was never   ques t ioned   un t i l  Smith (1957,  p. 4 6 )  

b r i e f l y   s p e c u l a t e d   t h a t   t h e . p l a y a s  may have  resul ted  f rom 

“combined a c t i o n  of solut ion,   subsidence,   and  def la t ion.”  

The   obvious   spac ia l   re la t ionship   be tween  grea t   dunes   and  

depress ions   l ed   Meinzer   to   conc lude   tha t   the   depress ions  

were €ormed by def la t ion :   Johnson i 1 9 0 2 ) ,  Keyes (1908), and 

others   had  concluded  this   before  him.  Meinzer (1911 ,  

p .  26-27)  added t h a t ,   “ t h e  work of excavat ion  proceeded  to  

the   g round  water   l eve l   bu t   could   be   car r ied   no   deeper ,   and  

hence t h e   f l a t ,  m i r y ,  a l k a l i n e   f l o o r s  of the  basins .” .  &Iore 

r e c e n t l y  Bachhuber ( 1 9 7 1 )  has   subscr ibed   to   the  same theory 
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of   o r ig in .  The conclusions  reached by t h e s e   i n v e s t i g a t o r s ,  

however, were based on the   obv ious ly   eo l i an   o r ig in   o f   t he  , 

dunes,  which i s  not   quest ioned  here ,   and  not  on c r i t i ca l  

examinat ion .of   depress ion   or ig in   in   the   contex t   o f   the  

geologic-hydrologic.  system. 

One o b j e c t i o n   t o  a s imple   eo l ian  mechanism is . re la ted 

t o  t h e   d i f f i c u l t y  of  recognizing a means o f   i n i t i a t i n g  

growth  of  depressions a t   t h e i r   p a r t i c u l a r  s i tes  on t h e  

s l o p i n g   f l o o r   o f   t h e   v a l l e y   e a s t   o f   t h e   a x i a l  low.  Winds 

can remove dry  sediment  that   has  been  loosened  and made . 

f l u f f y  by c r y s t a l  growth in   evapora t ing  water. One proposal 

has   been   tha t   there  were shal low  basins  on t h e   o r i g i n a l  

l ake  f l o o r   i n  which  ponds  could col lect   (Bachhuber ,  1971, 

p.' 8 9 ) .  There may w e l l  have  been  su,ch  features,   but  signs 

of them have  not   been  found  in   the  area  of   the   depressions.  

Furthermore, no a c c e p t a b l e   r e a s o n   f o r   d i s t r i b u t i o n   o f   t h e  

hypothe t ica l   sha l low  bas ins   in   the   a rcua te   pa t te rn  of t h e  

depressions  has  been  advanced.  Equally  important, a 

number of  shallow  basins  and swales o n   t h e   v a l l e y   f l o o r  

west o f   t h e   d e p r e s s i o n   f i e l d  meet a l l   c r i t e r i a   f o r   o r i g i n a l  

bas ins ,  and y e t   d e f l a t i o n   d e p r e s s i o n s   d i d   n o t   d e v e l o p   a t  

these sites. 

The in fe rence   t ha t   subsu r face   so lu t ion  and subsidence 
. .  

may have  played a r o l e   i n   c o n t r o l l i n g   l o c a t i o n   o f   t h e  

depress ions  may be drawn by comparing  subcrop  dis t r ibut ion 

of   the  Yeso beneath t h e  v a l l e y   f i l l   w i t h   t h e   p o s i t i o n s  of 

the   p l sya   depress ions .   Smal l ,   geologica l ly   recent   s inkhole ;  

a s k - . : r t  d i s t a n c e  west of Lucy ( i n  secs. 1 4  and 23,  T. 5 N., 

/4& 
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R. 1 0  E . ) ,  i n t o  which l a c u s t r i n e  sediment of t h e  Dog Lake 

Formation  has   col lapsed,   unquest ionably  indicate   subsurface 

cavi ty   formation  immediately  beyond  the  present   eastern 

limits o f   t h e   d e p r e s s i o n   f i e l d .  Whether t h e s e   s i n k h o l e s  

w i l l  e v e n t u a l l y   r e s u l t   i n   o t h e r   p l a y a   d e p r e s s i o n s  is 

prob lema t i ca l ,   bu t   t he i r  existence al lows. the i n f e r e n c e   t h a t  

s o l u t i o n  and s u b s i d e n c e   i n   t h e  Yeso, a mechanism t h a t   h a s  

r e s u l t e d   i n   c l o s e d   d e p r e s s i o n s  a f e w  miles i n  d i a m e t e r   i n  

t h e   a r e a  of Yeso outcrops beyond t h e   v a l l e y  t o  t h e   s o u t h e a s t ,  

may a l so   have  occurred where t h e   f o r m a t i o n   u n d e r l i e s   t h e  

v a l l e y   f i l l   i n   E s t a n c i a   B a s i n .  

The  Canas Gypsum  Member o f   t h e  Yeso is more  than 1 0 0  f t  

, t h i c k   i n  Chupadera Mesa southwest of t h e   c e n t e r  of the val ley 

(Wilpol t  ar!.d o t h e r s ,  1 9 4 6 1 ,  and t h e  Gardner-Kidwell o i l  test 

i n  sec. 21,  T. 6 N . ,  R. LO E .  immediately east of t h e  

dep res s ion   f i e ld   has   been  shown t o  have  penetrated  about  

350 f t  of predominantly.gypsum strata a t  sha l low  depth  below 

t h e   a l l u v i a l   u n i t .  Hence, t h i c k n e s s   o f   t h i s   s o l u b l e  rock 

i s  an o rde r  of magnitude greater than   the   depth   o f  the  

p laya   dep res s ions .   Evapor i t e s   i n   t he  Yeso d iminish  to t h e  

n o r t h ,   a s   i n d i c a t e d   b y   t h e i r  scarcity i n   o u t c r o p s   i n   t h e  

Sandia  Mountains  (Xelley,  1963). If t h e   d e p r e s s i o n s  are 

r e l a t e d   i n  any way t o   s o l u t i o n   o f  gypsum, t h e n   t h e   n o r t h e r n  

te rmina t ion  of the   dep res s ion  f i e l d  i n   E s t a n c i a   V a l l e y  

might   indicate   subsurface  wedgeout  of t h i c k  gypsum strata,  

a l t h o u g h   t h i s  i s  not   necessary  for  the   hypothes is .  

The ava i l ab le   ev idence   po in t s  t o  a.complex o r i g i n  f o r  

the   depress ions   involv ing   subs idence   in i t ia ted  a t  depth,  
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followed by s u b s t a n t i a l - e n l a r g e m e n t   o f   t h e   c o l l a p s e .  

depression by wind d e f l a t i o n .  It  is concluded,  because of 

d i s t r i b u t i o n  of the   dep res s ions ,   t ha t   t he   wes t e rpnos t  

subcrop limit of   t he  Canas Member o f  the Yeso Formation 

beneath  the  base of the   Estancia   Val ley  Formation is ( o r  

was)  approximately  under  the west edge  of   the  depression 

f i e l d .  Ground water i n  t h e   a l l u v i a l   E s t a n c i a   V a l l e y  

formation  above  the gypsum. i s  though t   t o   have   d i s so lved ,  

s u f f i c i e n t  gypsum a t   t h e   s u b c r o p   t o   i n i t i a t e . s u b s i d e n c e  a t  

the   su r f ace   fo l lowing   d i sappea rance   o f   t he   f i na l .   l ake ,  . 

t he reby   de t e rmin ing   l oca t ions   o f   t he   o r ig ina l   p l ayas .   The  

playas, .   being sites o f   p r e f e r e n t i a l   d e f l a t i o n ,   c o n t r o l l e d  

the  locat ions  and  dimensions  of   individual   depressions.  

The depressions  are   thought  t c  have  resulted  mostly  from 

d e f l a t i o n ,  however ,   wi th   subsidence  being  responsible   for  

a small p ropor t ion   o f   t he   t o t a l -  volume. An important 

hydrologic   aspect   of   subsidence i s  t h e   d i s r u p t i o n  of 

l a c u s t r i n e   c l a y   b e d d i n g ,   t h u s   i n c r e a s i n g   v e r t i c a l  

permeabi l i ty   beneath  the  playas.  Slow  upward leakage  from 

underlying  confined  aqui.fers would have  provided  ground 

w a t e r   t o   t h e   p r o t o p l a y a s   f o r   e v a p o r a t i o n ,   t h u s   f a c i l i t a t i n g  

seasonal   def la t ion .   These  and o t h e r   h y d r o l o g i c   a s p e c t s   a r e  

d i s c u s s e d   i n   d e t a i l   i n   t h e   n e x t   s e c t i o n .  

I f  these condi t ions   a re   accepted  as a working 

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

expla in  by d e f l a t i o n   a l o n e   a r e  more easi ly   understood ' .  

These  include  the  exis tence  of  2 genera t ions  of g rea t   dunes  

and  depressions,  and ques t ions   r ega rd ing   r e l a t ive  rates of 

/ f i q  
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ground  water  discharge  from  the 2 a q u i f e r   u n i t s .  

The 2 generat ions  of   great   dunes,   and  par t icular ly  

the   smal l   depress ions   eas t   o f   Sa l ina  Lake t h a t  c u t  through 

the   f i r s t -gene ra t ion   g rea t   dune ,   imp ly   t ha t  some playa 

depressions  formed  Later  than  others.  The e a r l i e s t  

depress ions  seem to  have  been  Sal ina  Lake,   the  few 

depress ions   immedia te ly   eas t   o f   the   cen ter  of Laguan d e l  

Perro,  and  probably all of   the   depress ions  west of Laguna 

de l   Per ro .  (The la t ter  group is included  because  of   the 

broad  swales   that  l i e  be tween  depress ions , 'which   a re   l ike  

the   bu r i ed   va l l eys   ea s t   o f  Laguna d e l   P e r r o ) .  .The remainder 

o f   t he   dep res s ions   l y ing   t o   t he  east are a l l  later.  

The following model is pos tu la ted .  A t h i c k  gypsum 

sequence  occurs w i t h i n  t h e  Yeso, which is in   subc rop   con tac t  

w i th   t he   base  of t h e   v a l l e y  f i l l  beneath  the  older-generat ion 

depress ions ,   bu t  which t o  t h e  e a s t  l ies  s t r a t i g r a p h i c a l l y  . 
somewhat be low  the   base   o f   the   va l ley  f i l l  ( f i g .  1 7 )  . If 

t h e  'yypsun is  being  dissolved by  ground water flowing i n  t h e  

highly  permeable  alluvium  above  the Yeso, t h e n   s o l u t i o n  

would be  most   rapid  where  the gypsum s t r a t a  are i n   d i r e c t  

contac t   wi th   the   a l luv ium.  Where t h e  gypsum is separa ted  

from the   a l luv ium by in te rvening  Yeso s t r a t a ,   s o l u t i o n  would 

proceed more slowly  because  water  and/or  dissolved  ions  from 

t h e  gypsum would have   to   pass   th rough  these   l ayers .  

S t r a t i g r a p h i c   f a c t o r s   t h a t  would a f f e c t   t h e  volume  of 

ground-water  flow  which  could  contact the gypsum remain t o  

be  determined.  For  example, it i s  u n l i k e l y   t h a t   a l l   s o 1 u t i o . n  

i s  occurr ing  i n  t h e  same gypsum stratum, y e t  t h e   l o c a l  

d 

1 '  . 

I 
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FIGURE 17 - Hypothetical  cross section ( W  to E) through  playa-depression 
field  illust,rating a model for  solution-controlled  depressions. w 
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stratigraphic  details are not  known.  Fracturing of Yeso 

strata  may  play  a role in  localizing  solution  or  permitting 

cross-formational  flow  to  the  gypsum. The effect"of  ionic 

diffusion  may  or  may  not  be  significant. 

0 

n 

.Laguna  del Perro  itself, as'a single  integrated 

depression,  may  postdate  slightly  the  initial  depressions 

in  the  central  part  of  the  valley.  This is suggested 

because no first-generation  dunes are  found  associated with 

this  great  depression. The Laguna  del  Perro  depression  lies 

along'the topographic  axis of the  valley  floor,  and  can be 

expected to  have  a  history  that  is  partly  modified  by  this 

condition  which  is  peculiar  to  it. 

The lack  of  continuity  between  depressions  east of 

Laguna  del  Perro sucjgests  uneven  solution of gypsum  which 

may  be  due  either  to  differences  in  the  thickness of gypsum 

that  is  available  for  solution,  or,  more  likely,  to 

variations  in  the  permeability  of  overlying  strata  through ' 

which the dissolving  water  circulated. A few very  shallow 

depressions are found  in  this  part  of  the  area  that  in the 

past  contained  playas  but  are  now  above  the  zone of ' 

saturation.  These  may  indicate  lesser  collapse,  possibly 

due to thinner  gypsum  beds  in  subcrop  contact,  but  .they 

more  likely  indicate  local  cessation  of  deflation as the 

water  table  was  lowered  by  evaporation-  from  surrounding 

playas. 

In a  discussion of the  mechanism  of  solution  'and 

collapse,  the  question  arises  as  to  whether  the  phenomenon 

is  peculiar  to  postlake'time,  or  whether  it  was  active at 
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earlier  times  in  basin  history. The assumption  must be 

that  solution  has  taken  place  during  all  times  in  which 

ground  water  was  not  stagnant;  During  times  when  Lake 

Estancia  occupied  the  basin,  and  particularly  after 

lacustrine  sediment  having  only  slight  permeability  was 

deposited on the  lake  floor,  movement  of  ground  water 

probably  ceased  owing to the absence  under the lake  of  a 

hydraulic  gradient,toward  the  center of the valley. I.Jhen 

flow  ceased,  water  at  the  subcrop  would  in  time  have  become 

saturated  with  respect  to  sulfate,  thus  stopping  solution 

of additional  gypsum. . Earlier  in the basin  history,  however, 

during  the  period  of  deposition of the alluvium,  flowing 

ground  water  should  have  dissolved  gypsum,  and it is 

presumed  that  collapse  of  overlying  sediment  accompanied  the 

solution.  Cqntemporary  alluvial  deposition  would  have 

buried  the  surface  features.  Such  structures  have  not  been 

recognized  in  drill  holes,  but  the  number of holes  is  not 

adequate,  nor is their  location  proper to test  the 

hypothesis.  Furthermore,  because the  alluvium  consists of 

lenticular  and  discontinuous  strata,  there is serious 

question  as  to  whether  collapse  zones  could be recognized 

from  drill  holes  in  the  alluvial  section. 

No indisputable  evidence o f  faulting of the  lacustrine 

beds  was  found  in  the  walls  of  depressions.  Fractures with 

moderate  slippage V70Uld be  consistant  with  subsidence- A 

few  large,  slightly  downdropped  blocks at  the  ends  of spurs 

projecting  from  the  walls of depressions may  have moved on 

faults  formed  during  collapse  of  the  depressions,  but  the 
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blocks may a l s o   b e   i n t e r p r e t e d  as having  slumped after 

formation of the   depress ion .   E lsewhere   jo in ts  were found 

t h a t   d i p  toward the   dep res s ions  a t  angles o f  about  4S0, 

and in   one  exposure on t h e  east  s i d e  of Laguna de l  Perro,  

t he re   appea r s  t o  have  been some  movement on  such a j o i n t .  

I n  most places surface  exposures  of any fau l t   zones   have  

apparently  been removed dur ing   t he   subs t an t i a l   en l a rgemen t  

of the  depressions  by  winds.  

A s i g n i f i c a n t  par t  of t h e  gypsum now found i n   t h e  

great dunes  could  have come from  chemical   precipi ta t ion 

o u t  of water evaporat ing  on  the  playas,   and  not   f rom 

gypsum i n   t h e   d e f l a t e d  Dog Lake formation. There i s  some 

i n d i c a t i o n   t h a t   t h e   p e r c e n t a g e   o f  gypsum i n   t h e   d u n e s  may 

exceed t h a t  which  can be accounted f o r  e a s i l y  'out  of t h e  

p a r t  of the-Dog Lake €ormat ion   exposed , in   the   depress ions .  

The  ground  water now flowing t o  t h e   p l a y a s  w i l l  

la ter  be shown t o  come most ly   f rom  the  Estancia  Valley 

fo rma t ion ,   w i th   f a r   sma l l e r  amounts  from t h e  medial. sand 

member of t h e  Dog Lake fo rma t ion ,   and .ye t   t hese   aqu i f e r s  

are apparent ly   separa ted  from the   p l ayas  by c l ayey  strata 

of t h e  Dog Lake formation. The c l a y e y   l a c u s t r i n e  s t ra ta  

are  conf in ing   beds   for  water unde r   a r t e s i an   p re s su re .  

The much higher  ground-water  discharge rate from t h e  . 

deeper   aqui fe r ,   the   Es tanc ia   Val ley   format ion ,   than  from 

the   media l   sand   of   the  Dog Lake format ion   can   on ly  be 

explained by  assuming t h a t   t h e   v e r y  l o w  pe rmeab i l i t y  of 

i t s  conf in ing  bed does  not  e x i s t  beneath the p layas .   Th i s  " ' 

suppor t s ,  o r  even   r equ i r e s ,   t he   a rgumen t   t ha t   subs idence  
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has   d i s rupted   the   c layey  s t ra ta  of t h e  Dog Lake  formation. 

The water from t h e  Estancia Val ley  formation tha t  

d i s c h a r g e d   t o   t h e   e a r l y   p l a y a s  would  have  contained large 

amounts o f   d i s so lved  gypsum from s o l u t i o n  of Canas gypsum 

,beds   t ha t   r e su l t ed   i n   t he   subs idence .   P l aya   evapora t ion  

would p r e c i p i t a t e   t h e  gypsum which,  along  with  wind-eroded 

sediment of t h e   1 a c u s t r . i n e   u n i t ,  would t h e n  have been 

blown  up t h e   s i d e s  of the  depress . ions and dropped a t  the '  

brow t o  form t h e  great dunes.  Thus; as t h e   d e p r e s s i o n s  

were deepened  by d e f l a t i o n ,   t h e  great  dunes  accumulated 

sed imen t   t ha t  was eroded  both from t h e  Dog Lake l a c u s t r i n e  

member and  from gypsum p r e c i p i t a t e d  on the   p l aya .  

The  mechanism  would obviously  not  work under   present  

c l imat ic   and   hydro logic   condi t ions .  The p layas  are now 

n e v e r   s u f f i c i e n t l y   d r y   f o r  wind to  remove  any  sediment. 

It i s  necessary t o  propose a per iod  of a r i d i t y  greater t h a n  

t h a t  of t h e   p r e s e n t   t o   a c c o u n t  for  the   def la t ion   and   dune  

growth. 

Growth o f   t he   dep res s ions  by d e f l a t i o n   i m p l i e s  an 

. i n t e r e s t i n g  and   unusua l   hydro logic   s i tua t ion .   F i r s t ,  

r ega rd ing   t he   pos i t i on  of t h e  top of the  zone of s a t u r a t i o n ,  

it i s  o b v i o u s   t h a t   t h e  water t a b l e  i s  c o i n c i d e n t   w i t h   t h e  

s u r f a c e  of the   p layas .   Meinzer   observed   th i s   bu t  failed to  

r ecogn ize ,   p robab ly   fo r   l ack   o f   da t a ,   t ha t   each   p l aya  i s  a t  

t h e   c e n t e r   o f  a cone of d e p r e s s i o n   i n   t h e  water tab le  thak  

i s  analogous t o  cones  around pumping wells. The cones  of 

depress ion  e x i s t  because  each  playa i s  a p o i n t  of  ground 

water   d i scharge  by e v a p o r a t i o n ,   j u s t   a s  a pumping w e l l  is 
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a poin t   o f   d i scharge .  Water l e v e l s  rise outward  from t h e  

p l a y a s   a t  a r a t e  of  about 5 f t  i n  1 0 0  f t  (Smith, 1957,  

p -  5 2 ) ,  u n t i l   w i t h i n  a sho r t   d i s t ance  the w a t e r   t a b l e  may . 

be  30  f t  above t h e   l e v e l  of a playa.  Hence the   dep res s ions  

have   no t   been   def la ted   to   l eve ls   co inc ident   wi th  a,  p lanar  

water   t ab le .   This  anomaly  cannot  be  resolved  by  suggesting 

t h a t   a t   t h e  time o f   d e f l a t i o n   t h e  water t a b l e  w a s  lower, 

because   i n   t h i s   pa r t   o f   t he   va l l ey   evapora t ion  is the   on ly  

mechanism for   lowering t h e  water   t ab le .  Hence t h e  water 

t a b l e  must  always  have  been  near  enough to  t h e   s u r f a c e   f o r  

evapora t ion   t o   occu r .   'De f l a t ion   o f   t he   dep res s ions   mus t  

have  proceeded i n   s p i t e  of t he   h igh   wa te r   t ab l e ,  and 

evaporat ion must  have  lowered  the  local   water   table   as   the 

b a s i n   f l o o r s   d e c l i n e d .  

Operation  of  such a system  depends  on two condi t ions :  

annual  equilibrium  between  ground-water  inflow  and 

evapora t ive   ou t f low  a t  t h e  p laya ,   and   evapora t ion   po ten t ia l  

tha t   seasonal ly   g rea t ly   exceeds   in f low.  The r a t e  of inflow 

can   be   cons idered   cons tan t   th roughout   the   year ;   i f   water  

depth on the   p laya   never  became grea t ,   then   the   head  

d i f f e rence ,   hence   t he   p re s su re   g rad ien t ,   d id   no t   va ry  

seasonal ly .  If summer temperature were high  enough,  or 

summer humidity low enough, the   evapora t ion   po ten t ia l   could  

exceed  the  f low  capaci ty .  

C l ima t i c   cond i t ions   t ha t  would produce  the  required 

b a l a n c e   a r e   s i m i l a r   t o   t h o s e   i n   t h e   i n t e r i o r   p a r t s  of 

Southern   Cal i forn ia   ly ing   a t   the  same l a t i t u d e ,  and it is  

i n t e r e s t i n g   t o   s p e c u l a t e   t h a t  a s imi la r   c l imate  may have 
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p r e v a i l e d   i n   c e n t r a l  New Mexico.  Annual evaporat ion 

p o t e n t i a l   a t   e l e v a t i o n s   s i m i l a r   t o   E s t a n c i a   V a l l e y   a r e  15 

t o  20 p e r c e n t   g r e a t e r   i n   t h e   C a l i f o r n i a  area (Meyers, 1962 ,  

p l .  3 ) .  Fur the rmore ,   a s . t he  summer t e m p e r a t u r e s   i n   t h e  

Ca l i fo rn ia   dese r t   a r e   h ighe r ,   and  as the   r a iny   s eason  comes 

i n   t h e   w i n t e r ,  a much g r e a t e r   p a r t  of annual  evaporation 

occur s   i n   t he  summer i n   t h e   C a l i f o r n i a  area. Higher summer 

temperatures  alone  might  have  been  adequate t o  i n c r e a s e   t h e  

evapora t ion   in 'Es tanc ia   Val ley   as   requi red ,   bu t   condi t ions  

favoring  high summer evaporation would have  been  even  more 

enhanced by a c l i m a t e   i n  which r a in fa l l   occu r red   ma in ly  

dur ing   the   win ter   months ,   such   as   tha t   in   Cal i forn ia   and  

the  Great   Basin.  

Playa  Sediment and  Hydrology 

The p l a y a s   a r e   f l a t ,   p e r e n n i a l l y  w e t  s u r f a c e s ,   b u t  

su r f aces  on which water depth exceeds a f r a c t i o n  of  an 

inch   on ly   a f t e r  a l oca l   r a in . .  A record ing   water - leve l  . 

gauge on  Laguna del  Perro  seldom  indicated more than 6 t o  

1 0  inches  of  water. The expanses   of   surface are under la in  

by th in   depos i t s   o f   so f t ,   non-cohe ren t   s ed imen t   t ha t   d i f f e r  

markedly   f rom  the   tough,   c layey   P le i s tocene ' lake   s t ra ta  on 

which they rest. Probing of the   sed iment   across   the   nor th  

end  of  Laguna de l   Pe r ro  showed a r e s i s t a n t   l a y e r   t h a t  

v a r i e s  l i t t l e  from a depth  of 2 f t .   I n - c o r i n g   t h e   s e d i m e n t  

manually, no more than 2 f t  could  be  recovered,   a l though  in  

a few i n s t a n c e s   t h e  core ba r re l   cou ld   be   pushed   s l i gh t l$  
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below this   depth.   Small   f ragments  of m a t e r i a l  i n  the end 

of t he   co re   ba r r e l   cons i s t ed   o f   t ough ,   s t i cky   c l ay   t hough t  

t o  be from t h e  Dog Lake  formation.' A t  t he   sou th ' end   of^ 

Laguna d e l   P e r r o ,   w i t h i n  a hundred  yards  north  and  south 

of t h e  o ld  Highway 60 alignment (SE% sec. 2 ,  T .  4 N., 

R.  9 E . )  cores   of  2 .4  f t  were recovered from above t h e  

r e s i s t a n t  l a y e r .  

A small playa i n  t h e  SX% sec. 12 ,  T. 4 N., R. 9 E. 

was probed t o  a depth  of 3.4 f t  near  i t s  south  edge. 

Bachhuber (1971 ,  p. 9 2 ) .  reported  cor ing  3 .7  f t  of  playa 

sed iment   fa r ther   ou t   f rom  shore   on   the  same playa.  It is 

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

i s  about 6 f t  h i g h e r   t h a n   t h a t  of a p laya   across  US-60 t o  

the   sou theas t ,  and a qua r t e r  mile away. I n   t h e   d e e p e r  

playa,   the   sediment  was probed t o  a depth of 2 . 6  f t  near  

t h e   n o r t h   e d g e   i n   t h e  SE corner of sec. 1 2 .  North  of 

Laguna d e l  P e r r o ,   i n   t h e  SW% sec. 6, T. N., X. 1 0  E.. , a 

p laya   t ha t   p roduces   l a rge  amounts  of s a l t  was probed t o  

. a depth  of 1 . 9  f t  a t  t h e  extreme south  edge. 

The g r e a t e s t   t h i c k n e s s  of playa  sediment  recorded 

i n   E s t a n c i a  V a l l e y  was noted by Hafsten (1961 ,  p.  61, 621, 

who c o l l e c t e d  a core  8.5 f t  long from a p l a y a   i n   t h e   c e n t e r  

of sec. 3 2 ,  T. 7 N . ,  R .  1 0  E .  (Harold Rud l a k e ) .   P o l l e n  

a n a l y s i s  was run on t h e  core, and  the climatic i n t e r p r e t a t i o n ,  

from  comparison  with  Llano  Estacado  cores,   indicates 

extremely  dry  condi t ions  (Hafsten,  1961 ,  p. 77 ,  79, 8 2 ) .  

Hafsten a lso cored 3 . 8  f t   i n   S a l i n a  Lake  i n  sec. 26;  T. 4 N., 

R. 9 E . ,  r e p o r t i n g   t h a t  a t  a depth  of 2 f t ,   " t h e   g y p s i f e r o u s  
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mud ... changed t o  a s t i c k y   c l a y ,   d i f f i c u l t  t o  g e t   o u t  by 

means  of the   pos thole   auger . ' "  The s t i c k y   c l a y  i s  

in t e rp re t ed   he re   t o   be   t he   base   o f   t he   p l aya   s ed imen t .  

The playa  sediment   consis ts   predominant ly   of  gypsum, 

with lesser amounts  of s i l t  and clay,   and small amounts of 

organic  matter. In   t he   uppe r  few i n c h e s   s c a t t e r e d   c r y s t a l s  

of  sodium c h l o r i d e  are found.  Clayey  layers a few inches 

t h i c k   i n   t h e   m i d d l e  and lower p a r t s  commonly conta in  small 

amounts  of calcium carbonate ,   a l though  the   h ighes t  

concentrations  of  calcium  carbonate are g e n e r a l l y   n e a r   t h e  

base .   Al te rna t ing   wi th   the   c layey   layers  are th in   (up  t o  

2 inches)   l ayers  or pods  of  transparent,   euhedral gypsum , 

c r y s t a l s ,  which are mostly  of medium- t o  coarse-sand s i z e  

and  have a d i s t i n c t i v e  diamond shape. Gypsum c r y s t a l s  

t h a t  are d i s s e m i n a t e d   i n   t h e   c l a y e y   l a y e r s ,   i n   c o n t r a s t ,  

are not   euhedral  and  co'ntain  included  clay  which  gives 

them a .yellowish-tan color. Fibrous  organic  material, 

poss ib ly   vege ta t ive   pa r t s   o f   cha rophy tes ,  form  quarter-inch 

l a y e r s   i n  some places .  The sed ime.n t . i s   sof t ,   un indura ted ,  

slumps  readily,  and is  highly  porous,   containing a l a r g e  

proport ion of water, bu t   t he   pe rmeab i l i t y  i s  low e x c e p t   i n  

the  zones  of  euhedral gypsum c r y s t a l s .  

The  upper small f rac t ion   of   an   inch  is commonly t a n  

gypsiferous silt  and c l ay ,   bu t   benea th   t he   t an   f i lm   t he  

sediment i s  b lack ,   ranging   to   dark  brown toward  the  base.  

The black color  i s  caused by h igh   organic   conten t ,  and t h e  

sed iment   y ie lds  a s t r o n g   s u l f i d e  odor when cores. are  
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e x t r a c t e d ,   o r   a t  any time t h e   s u r f a c e ' o f   t h e   p l a y a  i s  

d i s tu rbed .  Most of the   o rganic   mat te r  i s  extremely  f ine,  

and may be  bacter ia l   remains.   Playa  surface-water   samples  

and sediment  samples were submi t t ed   t o   C . 'Br i e r l ey  and 

J .  B r i e r l e y ,   b a c t e r i o l o g i s t s   a t  New Mexico I n s t i t u t e  of 

Mining  and  Technology, f o r   a n a l y s i s .  They r epor t ed   t he  

presence  of  Halobacterium  in  the  water  and  Desulfovibrio 

and Halobacterium  in  the  sediment.   Desulfovibrio  species , 

are. s u l f a t e - r e d u c i n g   b a c t e r i a   t h a t   r e q u i r e  an .anaerobic 

environment   to   funct ion,  and reduce  organic  matter a s  a 

source  of   energy.   Halobacter ium,species   ' in   the  sediment  

are probably   no t   metabol ica l ly   ac t ive ,  as t h e y   r e q u i r e  . 

oxygen-bearing  water to   funct i .on  (Brier ley  and  Brier ley,  

written  communication,  1968). 

Greenish-yellow  to  pale-yellow  zones up t o  2 inches 

thick  are   found  in   playa-sediment   cores ,   usual ly   near   or  

i n   t h e   e u h e d r a l  gypsum layers   o r   pods .  The color   may,be 

due t o  submicroscopic   su l fur   resu l t ing   f rom  bac ter ia l  

reduct ion  of  gypsum. Free s u l f u r   o c c u r s   i n  places on 

p l aya   su r f aces   i n   t he   p re sence   o f   o rgan ic   ma te r i a l   such  as 

ca t t l e   d ropp ings ,  and nodules up t o  an  inch i n   d i a m e t e r  

have  been  found i n  the lake  sediment a t  playa water l e v e l  

( R .  €1. Weber, o r a l  communication, 1969;  Bachhuber, 1971 ,  

p. 9 2 ) .  The process by which th i s   su l fu r   fo rms   p robab ly  

r e q u i r e s  a g a s   p h a s e   t h a t   t r a n s p o r t s   s u l f u r  as H2S from 

the  anaerobic   playa  sediment ,   in   which  bacter ia  are a c t i v e ,  

t o  t h e  po in t  of deposi t ion  in   an  oxidizing  environment .  

The concen.tration  of  possible free s u l f u r   i n   t h e   s e d i m e n t  
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near  the  zones  of  euhedral gypsum c r y s t a l s  may be  re1,ated 

to   t he   unusua l ly   h igh   pe rmeab i l i t y   i n   t hese   pa r t s   o f   t he  

sediment . 
C r y s t a l l i z a t i o n  of the  sand-sized  euhedral  gypsum 

probably   occurs   in   vo ids   in   the   sed iment ,  as i s  suggested 

by t h e   c r y s t a l  form, the  high  permeabi l i ty ,   and  the  lack 

of   c lay  in   the  zones.   Voids   are , thought   to   form  by 

entrapment   of   large  bubbles   of  H 2 S  gas. A f e w  s p h e r i c a l  

voids  up t o  a qua r t e r   i nch   i n   d i ame te r  were found i n  one 

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

being  cut   open.  Gas can  frequently  be  observed  escaping 

very  slowly  along  with water tha t   f lows   cont inuous ly   on to  

t h e  playa  surface  from numerous vent   ho les  a small f r a c t i o n  

of an   inch   in   d iameter .  I t  may be   tha t   gas   bubbles   can  

grow t o  some c r i t i c a l  s i z e  i n   t h e   s e d i m e n t   b e f o r e   l e a k i n g  

toward the   su r f ace   t h rough   one   o f   t he  vents. Vents are 

found i n  some places   a longside  such  extraneous materials as 

tumbleweed twigs embedded in   t he   s ed imen t .  The gas   cav i ty ,  

i f  it d o e s   n o t   c o l l a p s e ,   f i l l s   w i t h  water, and  the  euhedral  

gypsum c r y s t a l s  may t h e n   p r e c i p i t a t e   i n  it. 

The cavi t ies  may tend  to   form a t  prefer red   depths  

because,of   the  presence  of  a weak l a y e r   o r   l a y e r   h a v i n g  

s l i g h t l y   h i q h e r   i n i t i a l   p e r m e a b i l i t y .   I n   o n e   c o r e ,  a 

quarter- inch  layer   of   what  i s  thought t o  be   vege ta t ive  

charophyte  remains w a s  found i n   t h e  center of a 2-inch 

section of  euhedral gypsum crys ta l s .   Smal l   f ragments   o f  

o rgan ic   ma te r i a l  were found  with  the gypsum c r y s t a l s   b o t h  

above  and  below t h e   o r g a n i c   l a y e r ,   a s   i f   t h e y  had  been 

Ct. 
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disp laced   f rom  the   l ayer .  However, most of the   o rganic  

f ibers ,   being  intermeshed,  were conf ined   to  a s i n g l e  ltt.!er., 

I n  Laguna de l   Per ro ,   vents   appear   to   have  random 

d i s t r ibu t ion ,   w i th   spac ing  on the   o rder   o f  25 t o  50 f t .  

They can  be  located  most   easi ly   during  the  spr ing when t h e  

playas are  s a l t   c o v e r e d ,   a t  which time they  are surrounded 

by sa l t - f r ee   a r eas ,   mos t  of which 'a re  1 t o  1 0  i n c h e s   i n  

diameter.  The s i z e  of t h e   s a l t - f r e e   a r e a . i s  related t o  

r a t e   o f   w a t e r  flow from the   vent .  New v e n t s  i n  some p laces  

c a n   b e   s t a r t e d   a r t i f i c i a l l y  by i n s e r t i n g  a f i n g e r  or s t i c k .  

a few inches   i n to   t he   s ed imen t   nea r . an   ex i s t ing   ven t ,   bu t  

e lsewhere,   f low  does  not   necessar i ly   take  place when a ho le  

is made.  The a r t i f i c i a l   v e n t s   t e n d   t o   f l o w  for a period 

of   hours   o r   days , ,and   then   to   d i sappear .  

Much of our  knowledge  of t he   ven t  phenomenon r e s u l t s  

from  observation of 2 l a r g e   v e n t s   n e a r   t h e   e a s t   s h o r e  of 

t h e   n o r t h  end  of Laguna de l   Per ro .   These   vents ,   the  

largest   that   have  been  found  on  the  playas,   have sal t - f ree ,  

a r e a s   t h a t   v a r y   i n  s i z e  with time, bu t   t ha t   have   been  

observed  to   reach 1 6  q 2 0  f t  a c r o s s ;   S a l t - f r e e  flow ' . 

channels may extend  another 20 f t  from t h e   c e n t r a l  

s a l t - f r e e   a r e a .  The f low  channels   are   ephemeral ,   and  their  

ex i s t ence  and d i r e c t i o n ,   a s  wel l  as the  shape  and s i z e  of 

t h e  c e n t r a l   a r e a ,  depend i n   l a r g e   p a r t  on t h e   s t r e n g t h  and 

direct ion  of   the  wind.  

\:\I 

Although l a r g e   v e n t s   a r e   a p p a r e n t l y  rare,  t h e  2 t h a t  

were observed  are  probably  not  unique. A t  some l o c a t i o n s  

on t h e  playas, sh ie ld l i -ke   a r eas  1 0  t o  20 f t .   i n   d i a m e t e r  



Sediment  forming  the  shields  is  soft  and  usually more  moist 

than  surrounding  sediment.  The  shields  may  have  been  built 

from  wind-blown  sediment  collecting, in the wet area of  a  large 

vent. The  high  moisture  content  of  the  shield  sediment  indicates 

that  the  vents  are  still  discharging water.. 

The  vents in the  center  of  the 2 large  salt-free  areas 

are  conical  and  are  about  an  inch in diameter at the top, 

tapering  to  a  fraction  of an inch at depths  of,;about a quarter 

of  an  inch.  Upward-flowing  water  suspends  sediment in the . 

throat  of  the  vent  and  makes  size  estimation  difficult  without 

destroying  the  surface  features.  Every  effort  was made not  to 

change  the  natural  condition  of  either  of t.he large  vents  in. 

oraer  to  allow  precise  measurements  to be made later on the 

undisturbed  system.  By  feeling  gently  in  the  throat of  the 

vents,  it  was  determined  that  the  pipe  narrows  to  Less  than 

a  quarter  inch  at a.depth of about  an  inch. A thin  layer of 

black  sediment,  brought  up  through  and  discharged Srom'the. ' 

vent,  covers  the  surficial  sediment  over  a  radius of 6 to 8 

inches  around  the  vent. . .  

Discharging  water  flows  in  a  density  layer  radially 

outward  under  the  normal  playa  water.  Water depth on"the playas 

during  the  dry  season,  when  the  salt  crust is present,  is 

a  quarter  to a half  inch,  and  the  high-density  layer that. 

carries  the  vent  discharge  may  be  half  that  deep. .The rate  of 

discharge  from  the  large  vents  was  not  measured  precisely,  but 

observing  rate of flow  in a confined  channel  that  leaves  the 
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central  salt-free  area  of  one  of  the  large  vents, it was 

estimated  to  be a small  fraction  of  a  gallon  per  minute.  The 

rate of discharge  from  all  vents is increased  by  the  weight  of 

the  observer  on  the  playa  surface  at  distances of several 

feet  from  the  vents. 

Specific  conductance  measurements  were  made on  samples 

of water  from  the  playa  surface  some  distance  from the vent. 

A typical  pair  of  water  samples  have  specific  conductances 

of 158,000 micromhos  for  the  vent  discharge  and 149,000 

micromohos  for  playa  water.  Because of sampling  difficulties, 

the  vent  sample was almost  surely  contaminated by overlying 

nonvent  water. 

There  appear  to  be  no  vents  of  intermediate  size 

between  those  with  salt-free  areas  measured  in  inches  and 

the  large  vents.  Whether  the  water  driving  mechanism  for 

vents  differing so greatly  in  size  is  the  same or  different 
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has n o t  been  determined. An obvious  conclusion is t h a t   t h e  

v e n t s  are discharging  ground water t h a t  is passing  through 

the  playa  'sediment  from  deeper  formations.  Superimposed on 

th i s   gene ra l   f l ow  pa t t e rn ,  however, are o t h e r  forces t h a t  

are no t   ye t   c l ea r ly   unde r s tood .  For example, t h e   v e n t  

discharge  of   highly  concentrated water as a d e n s i t y  

underflow  beneath  playa water s u g g e s t s   t h e   p o s s i b i l i t y   t h a t  

a membrane e f f e c t  i s  ope ra t ing   i n   wh ich   t he  less concentrated 

s u r f a c e  water i s  be ing   imbibed ,   thus   ra i s ing   the   p ressure  

and forcing  discharge  through  the  vents ,   which are i n   e f f e c t  

membrane leaks .  

Water levels i n  t h e  tes t  h o l e s   i n  T. 6 N . ,  R. 9 E. 

are  m o s t l y . 1 0   t o  15  f t  below land   sur face ,   and   the   p ressure  

head in   the   Es tanc ia   Val ley   format ion  is about 3 f t  h igher  

t h a n   t h a t  of t h e  s t r a t ig raph ica l ly   h ighe r   med ia l   s and  

member o f   t h e  Dog Lake formation.   Pressure  heads  in   both 

a q u i f e r s   a r e   h i g h e r   t h a n   t h e  levels of  nearby  playas,  and 

Berkshire  # 3  test hole,  completed i n  the   media l   sand  a t  

t h e  edge  of a playa,   discharged  about 8 gpm continuously 

onto  the  playa.  Some water, known to be  a small amount i n  

most places ,   reaches  the  playas  f rom  s low  seepage  through 

the   uppe r   l acus t r ine  member, b u t  most of t h e  water' comes 

from v e r t i c a l   l e a k a g e   f r o m   t h e   a l l u v i a l   a q u i f e r   a n d   t h e  

medial   sand  ( f ig .  1 8 ) .  Under t h e  west s i d e  of t h e   v a l l e y  

f loor ,   ground water flowing  eastward  from  the  recharge 

area has  pushed t h e  r e l a t i v e l y  more highly  mineral ized 

water i n  t h e  alluvium  and t h e  medial  sand  eastward s i n c e  

the  disappearance of Lake Es tanc ia ,  and t h e   i n t e r f a c e  
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between  the waters o f   d i f f e r e n t   q u a l i t y   i n   t h e   E s t a n c i a  

Valley  alluvium i s  f a r t h e r  east  t h a n   t h a t   i n   t h e  medial ' 

sand. The  eastward-moving  ground water d ischarges  t o  t h e  

p l a y a s .   I f   p o r o s i t i e s   o f   t h e  2 a q u i f e r s  are assumed to  be  

equa l , ,  and  hydraul ic   gradients  are e q u a l ,   t h e n   t h e   g r e a t e r  

th ickness   o f   the   a l luv ium 1 0  times g r e a t e r   t h a n   t h a t   o f  

the   media l   sand ,   ind ica tes  a p ropor t iona te ly   g rea t e r  

d i scharge   o f   the   a l luv ium  to   the   p layas .  . Consider ing   the  

d i f f e r e n t   p o s i t i o n s  of t h e   s a l i n i t y   i n t e r f a c e s ,   e v e n   t h i s  

f i g u r e  may be  minimal. The Estancia   Val ley  formation,  

t h e r e f o r e ,   c o n t r i b u t e s  a major   share  of the   d i s so lved  

so l id s   ' t ha t   r each   t he   p l ayas .  

S t a r t i n g   a b o u t   t h e  f i rs t  of  each  year, s a l t  

p r e c i p i t a t e s  from the   p laya  water to form a c r u s t .  The 

s a l t  c r u s t  forms  and is  d isso lved  by r a ' i n fa l l  several 

times be fo re  it is es t ab l i shed   fo r   t he   s eason ,   bu t   by  

February or  March it is  usually  reasonably  permanent.  The 

c r u s t   t h e n   l a s t s   u n t i l   t h e  summer r a i n s   b e g i n ,   u s u a l l y   i n  

Ju ly .  The f i r s t  heavy r a i n s   d i s s o l v e   t h e   c r u s t ,   a n d  

although a t h i n   c r u s t  may appear  temporarily  during l a t e  

summer, t h e   t h i c k   c r u s t  is n o t   r e e s t a b l i s h e d   u n t i l   t h e  

following  year.  

The s a l t  c rus t s ,   th rough  most   o f   the   season ,   cons is t  

of   high-puri ty  sodium c h l o r i d e   ( h a l i t e ) .   E a r l y   i n   t h e  

season, when  maximum water temperatures are below  about 

10°C.,  l a t h l i k e   c r y s t a l s   o f   t h e   m i n e r a 1 , m i r a b i l i t e  

(Ba20.S03.10A 0) grow t o  l eng ths  of several   inches.   The 

m i r a b i l i t e   c r y s t a l s  were i d e n t i f i e d . f r o m  X-ray powder 

2 
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p a t t e r n s  by R. W .  Fos te r ,  N e w  Mexico  Bureau of Nines & 

Mineral Resources,  and  compositions were checked  by  chemical 

a n a l y s i s  by L.  Brandvold, New Mexico Bureau  of  Mines & 

Mineral Resources.  Chemical  analyses showed t h a t   t h e  

m i r a b i l i t e   c r y s t a l s  commonly contain  about .10  percent  

chloride,  and thus  are p a r t l y  common sa l t .  A s  water 

temperatures rise, m i r a b i l i t e  i s  dissolved  and  replaced  hy 

h a l i t e .  Chemical  analyses  of s a l t  c r y s t a l s  show that  

impuri t ies   do  not   exceed 0 . 1  percent  by  weight.  

Pha len   (1919)   re fe r red   to   the   p resence   o f   b loedi te ,  

t he   doub le   su l f a t e   o f  sodium  and magnesium (MgS04.Na2S04- 

4 H 2 0 ) ,  i n  t h e   p l a y a  s a l t  of Laguna S a l i n a   i n  secs. 5 and 

6 ,  T .  5 N . ,  Talmadge  and  Wootton  (1937, p. 141-142)  a l s o  

mentioned  the  preseace  of   bloedi te ,  and commented on the  

presence of  epsomite (MgSO4.?H20), and t h e  common occurrence 

o f   m i r a b i l i t e  and its dehydra t ion   product   thenard i te  

(Na2S04). Only t h e  s a l t  from  Laguna de l   Pe r ro  was analyzed 

i n   t h i s   s t u d y ,  and  no at tempt  was made t o  i d e n t i f y   t h e  

exot ic   minera ls .  A s  has  been shown, the   p resence  of . 

m i r a b i l i t e  a t  t h e   s u r f a c e  is seasonal ,   and  the  mineral  w a s  

n o t  found a t  dep th   i n   t he   s ed imen t .  

The s a l t  c r u s t   c o n s i s t s  of a loose  mesh of c r y s t a l s  

t h a t  have  very l i t t l e  s t r u c t u r a l   s t r e n g t h .  Walking on t h e  

s u r f a c e  a t  any  distance  from  shore was accomplished  only 

by  wearing " s k i s "  made of 1- by 6-inch  lumber.  The c r y s t a l  

mesh is  always  highly  porous,   with minimum p o r o s i t y  

es t imated a t  about 4 0  percent .   P laya   sur faces ,  a t  distances 

of more than a few t e n s  of f e e t   o u t  from the  edge of t h e  . .  



152 

f l a t ,  were found i n  more than 2 years  of  weekly  observations 

never  to  be  dry.   Although t h e  uppe r   pa r t   o f   t he  sa l t  dries 

o u t ,  free water i s  always  found i n   t h e   c r y s t a l  .mesh. 

During  the  per iod of s t rong   spr ing   winds   tha t  blow 

from the  southwest ,  small amounts  of d u s t  are depos i ted  on 

t h e  s a l t  surface. .   Dust   usual ly   tends  to  collect on  and 

beh ind   su r f ace   i r r egu la r i t i e s ,   such  as p res su re   r i dges  I 

t o  2 inches  high,   a l though  pressure  r idges as high as about 

6 inches  have  been  seen  on  high sal t  producing  playas.  On 

r e l a t i v e l y  smooth c r u s t   t h e   d u s t   n e v e r   t o t a l l y   o b s c u r e s   t h e  

su r face ,   bu t  it may accumulate t o  depths  of  about a h a l f  

i nch   on   t he  windward s i d e  of p re s su re   r i dges .   Pe r iod ic  

r a i n s  wash t h e   d u s t  down t h r o u g h   t h e   c r y s t a l  mesh depos i t i ng  

it benea th   t he   c rus t .  A s i l t - c l a y   l a y e r  as t h i c k  as 

one-sixteenth  inch has  been  found  between t h e   c r u s t  formed 

dur ing   the   cur ren t   year  and a s a l t  l a y e r   t h o u g h t   t o , b e   t h a t  

o f   the   p receding   year .  

The s a l t   c r u s t  on  Laguna del Perro and most o t h e r  

playas  reaches a maximum th ickness  of about  an  inch.  This 

th ickness   can   be   a t ta ined   wi th in  a period of a few  weeks, 

a f t e r  which it does   no t   i nc rease   s ign i f i can t ly .   Th i s  

s u g g e s t s   t h a t   m o s t   o f   t h e   s a l t   t h a t   f o r m s   t h e   c r u s t  comes 

from  solut ion of c r u s t  from the  preceding  year ,   and it 

i m p l i e s   t h a t   t h e  N a  and C1- i o n s   t h a t  are added t o  t h e  + 

playa water system  during a s ing le   yea r  by ground-water 

i n f l o w   c o n s t i t u t e  a minute   par t   o f   the  t o t a l  s a l t  load  a t  

a playa.  
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H a l i t e   c r y s t a l s   i n   t h e   p l a y a   s e d i m e n t   a r e  common only 

t o  depths  of a few inches   be low  the   ephemera l   sa l t   c rus t .  

S a l t   b u r i e d   w i t h   t h e   c l a y  and s i l t  i s  r ed i s so lved   by   t he  

upward-moving ground water and re turned  t o  t h e   s u r f a c e .  

Any s a l t  removal  from the  system  must  be by  wind.  White 

clouds  of wind-blown mater ia l   have   on   ra re   occas ions   been  

observed  leaving  the  playas;   however,  sa l t  is  a .very   minor  

cons t i tuent   o f   the   dunes .   Soi l   ana lyses  of s u r f i c i a l  

m a t e r i a l  a t  t h e  t op   o f   t he  Dog Lake  Formation  have  not  been 

made, bu t   g rowth   of   g rasses   eas t  of the   p layas   does   no t  

appear t o  be less v igorous   than   e l sewhere   in   the   va l ley .  

Hence, it is  concluded   tha t  l i t t l e  s a l t  is being removed 

from the  playa-water  system by wind ac t ion .  

It  i s  suggested  here   that   the   playa-water   sal t   system 

has   on ly   recent ly   evolved   to  i t s  p r e s e n t   s t a t e ,  and is s t i l l  

evolving. The cond i t ion   i n   wh ich   s a l t   mus t  be removed by 

permanent  incorporation  in  playa  sediment as f a s t   a s  it is  

brought i n  dy  ground water has  not  yet   been  reached. 

The d e p r e s s i o n s   a r e   i n   t h e   p r o c e s s   o f   b e i n g   f i l l e d  

a )  by c rys t a l   p rec ip i t a t ion ,   ma in ly   o f  gypsum, from 

evaporat ing  water ,   b)  by wind-blown dus t   t r apped   on   t he  

su r face ,  and c) by mater ia l   eroded  f rom  depression walls 

and  washed on to   t he   su r f ace  by runoff .  The r e l a t i v e  

importance  of  each  process  has  not  been  estimated. Low 

marg ina l   de l t a s   a t   t he   edges   o f   p l ayas ,   t he   he igh t s  o f  

which are measured i n   i n c h e s ,   c o v e r   r e l a t i v e l y  small 

percentages  of   the   playa  surfaces   except   on.   the  smallest 

p l a y a s ,   i n d i c a t i n g   t h a t   r u n o f f   c a r r i e s  some sediment  onto 

. .  
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t h e   s u r f a c e s .  Each  of t h e   o t h e r  2 mechanisms can raise the  

p l aya   l eve l   on ly  when t h e   s u r f a c e  i s  moist. The r e l a t i v e  

r a t e s  of   sed iment   accukla t ion   ' f rom  p laya   to   p laya  may be 

c o n t r o l l e d   i n   l a r g e   p a r t  by t h e  rates a t  which  ground water 

reaches  the  playa  surface,   and it i s  expec ted   tha t   f low 

rates vary somewhat from  playa  to  playa,   mainly as a r e s u l t  

of d i f f e rence   i n   pe rmeab i l i t y   i n   t he   co l l apse   zone   t h rough  

which ve r t i ca l   f l ow  occur s .  

A d i f f e rence   i n   p l aya   e l eva t ion   o f  11 f t  w a s  measured 

between t h e  2 l a r g e r   p l a y a s   n e a r e s t   t h e  town of Es tanc ia  

(sec. 1 7  and 21, T. 6 N., R. '9 E.)  ( f i g .  1 4 )  - 'The 

southeas te rn   p laya   o f   the   pa i r ,   ly ing   neares t   the   ax is   o f  

t h e   v a l l e y ,   h a s  an e leva t ion   of  6 , 0 7 1  f t ,  whereas   t he   o the r  

has   zn  e levat ion  of  6 , 0 6 0  f t .  The v a l l e y   f l o o r   e l e v a t i o n  

a t   t h e   s e c t i o n   c o r n e r  between t h e   p a i r  is 6,083 f t .  A t  

another   p laya   pa i r   on   oppos i te   s ides   o f  US-60 nea r   t he  SE 

corner  of sec. 1 2 ,  T. 4 N . ,  R. 9 E., t h e r e  i s  an   e l eva t ion  

d i f f a rence   o f  6 f t  between them; . t he   no r thwes t   p l aya  i s  a t  

6 , 0 4 0  f t  and t h e   s o u t h e a s t   a t  6,034 f t ,   t h e  same as Laguna 

del.  Perro. Two p layas   l y ing   ea s t   o f   t he   no r th  t i p  of 

Laguna de l   Pe r ro   a r e   bo th  more than 20 f t  h igher   than  Laguna 

del   Perro. .  How much o f   t h e   d i f f e r e n c e s   i n   e l e v a t i o n  is due 

t o  maximum dep th   o f   t he   f l oo r s  and how  much to   subsequent  

i n f i l l i ng   has   no t   de t e rmined .  

The reversa l   o f   the   p laya   p rocess ,  from a cond i t ion  

i n  which d e f l a t i o n  was o c c u r r i n g ,   t o   t h e   p r e s e n t   o n e   i n  

which i n f i l l i n g  i s  occurr ing ,   obvious ly   requi res  some 

explanat ion.  It i s  t e m p t i n g   t o   e x p l a i n   t h e   r e v e r s a l  by 
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s imple   c l imat ic   change   in  t h e  p a s t  few  thousand  years 

( T i t u s ,  1 9 6 9 ,  p.  131).  But when ca re fu l   cons ide ra t ion  i s  

g iven   to   the   hydrogeologic   changes   tha t   mus t   have  

accompanied d e f l a t i o n  and reversa l , .  and the   changes   t ha t  

are now accompanying i n f i l l i n g ,   t h e y   l e a d   t o   t h e   c o n c l u s i o n  

tha t   t he   dep res s ion - fo rming   p rocess   i n   t h i s   sys t em was 

probably   se l f - l imi t ing .   This  i s  n o t   t o   s a y   t h a t   t h e  

process  has  been  independent  of  climate; i t s  ope ra t ion   has  

depended f o r   t h e  most p a r t  on the   degree  t o  which 

evaporation  has  exceeded  the sum of p r e c i p i t a t i o n  and 

ground-water  inflow  to  the  playas.  

The ra te  of  ground-water  flow to   t he   p l aya   sys t em a t  

any time has  been  control led by t h e   d i f f e r e n c e   i n   h y d r a u l i c  

potential   (head)  between  recharge  and  discharge  areas,   and 

, .  t h e   t r a n s m i s s i v i t y   o f   d i f f e r e n t   p a r t s  of the   sys tem,   bu t  

! p a r t i c u l a r l y  by the   changes   i n  ver t ical  t r a n s m i t t i n g  

capac i ty   o f   the   upper   l acus t r ine  member o f   t he  Dog Lake 

fo rma t ion   a s   t ha t  member was thinned by d e f l a t i o n .  Both  of 

t h e s e   f a c t o r s  were sub jec t   t o   change   du r ing   t he  

depress ion- format ive ,   o r   def la t ion , .  stage. During t h i s  

d i scuss ion  it w i l l  be   assumed  tha t 'gypsum  so lu t ion   in   the  

Yeso a t  depth,  and t h e  subs idence   and   s t ruc tu ra l   d i s rup t ion  

of t h e  Dog Lake fo rma t ion   t ha t   c r ea t ed   bo th   t he   ve r t i ca l ly  

permeable  zones  and t h e  i n i t i a l   p l a y a s  w e r e  completed  before 

def la t ion   began .  

A s  d e f l a t i o n   o f  a t yp ica l   dep res s ion   p roceeded ,   t he  

th ickness   o f   the   upper  member of t h e  Dog Lake formation 

beneath  the  playa  f loor  diminished;  with  diminishing 
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th ickness  a h igh - re s i s t ance   pa r t  of the  f low  paTth 

(hydraul ica l ly   speaking)  became progress ive ly  more 

t ransmissive,   a l lowing  water   to   f low.upward more r e a d i l y  

to   the   p laya   sur face .   S imul taneous ly ,   wi th   decrease   in  

leve l  of the   p l aya   f l oo r ,   t he   po ten t i a l   d i f f e rence   ove r  

the   f low pakh increased.   That  is ,  the   hydrau l i c   g rad ien t  

increased,  and it increased  most   notably  across   the 

v e r t i c a l   i n t e r v a l   t h r o u g h   t h e   f l o w - r e s t r i c t i n g  Dog Lake 

formation.   This   too  caused  water   to   f low more r e a d i l y   t o  

t he   p l aya   su r f ace .  Even i n   t h e   a b s e n c e  of  any other  change, 

d e f l a t i o n  would u l t i m a t e l y   r e d u c e   t h e   l e v e l   o f   t h e   p l a y a   t o  

a point   where  evaporat ion  could  never   dry  out   the   f loor .  

. .  

A s  t h i s   c o n d i t i o n  was approached  the rate o f   de f l a t ion  

p rogres s ive ly   d imin i shed ,   un t i l   a t  some s t age   t he   hydro log ic  

system was in   ba l ance   w i th   t he   phys i ca l   pos i t i on  of t h e  

playa,   and  def la t ion  s topped.  

Consider now another   aspec t   o f   the   sys tem:   the   ra te  

of   evaporat ion  of 'water   that   reached  the  playa a t  any s t a g e  

would  be  controlled by c l ima t i c   cond i t ions  and  by t h e  

chemical   concentrat ion  of   the  water .  C l i m a t e  w i l l  b e  

assumed t o  be constant.  Langbein (1961) has shown t h a t  as 

t h e  amount of   d i sso lved   mater ia l   in   water   increases ,   the  

evapora t ion   ra te -decreases   approximate ly   p ropor t iona l ly   to  

t h e   p e r c e n t  by weight  of  the  dissolved  material   (for  example,  

water conta in ing  2 0 0 , 0 0 0  ppm evaporates  about 2 0  pe rcen t .  

s lower  than  pure  water) .  

Superimposing t h i s  f a c t o r  on the  ground-water-inflow 
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cond i t ions   sugges t s   t ha t  even  while  the  depressions were i n  

t h e   d e f l a t i o n   s t a g e ,   t h e   r a t e  of  evaporation  began  to ' 

diminish   s lowly   as   d i sso lved   so l ids   l e f t   behind  by 

evaporat ion  increased  the  concentrat ion  of   the  playa  water .  

An aspec t  of the   chemica l   cont ro l  phenomenon is t h a t  when 

t h e   s o l u t i o n  becomes s a t u r a t e d   w i t h   r e s p e c t   t o  a p a r t i c u l a r  

mine ra l   and   t ha t   mine ra l   beg ins   t o   p rec ip i t a t e ,   t he  rates 

of increase a re   d imin i shed   fo r   t he   i ons   fo rming   t ha t  

mineral.  Thus, when gypsum began t o   p r e c i p i t a t e   i n   t h e  

.p laya   sed iment ,   ca lc ium,   the   ion   in   shor te r   supply ,  no 

longer   increased   in   concent ra t ion ,   and   su l fa te   cont inued  

to   increase   wi th   cont inued   evapora t ion   bu t  much more  slowly. 

During t h e  p l aya   de f l a t ion   s t age   t he  effects of t h i s  

chemica l   fac tor  were added t o   t h e   h y f i r a u l i c   e f f e c t s   i n  

c o n t r o l l i n g   d e f l a t i o n   r a t e s .  From t h e  t i m e  t h a t   d e f l a t i o n  

reduced   the   p laya   to  i t s  minimum l e v e l  and the   hydrau l i c  

e f f e c t s  no  longer   changed  the  ground-water- inf low  ra te ,   the  

evaporation-induced  change  in  chemical  concentration became 

the   dominan t   con t ro l l i ng   f ac to r .  It  was t h i s  f ac to r   a lone ,  

t he re fo re ,   t ha t   cou ld   have   t r i gge red   t he   i n f i l l i ng   p rocess .  

P re sen t   evapora t ion   r a t e s   a r e  low  enough t h a t   t h e  

playas  are  always  covered by a t   l e a s t  a t h i n  f i l m  of water. 

The concentrat ions  of  Na an3 C1- i ons   i n   t he   wa te r   have  

i n c r e a s e d   t o   s u c h   l e v e l s   t h a t   h a l i t e   p r e c i p i t a t e s  

seasona, l ly   on  the  playas,   but   they  have  not   yet   reached 

concentrations  that   require  permanent  removal by 

+ 

i nco rpora t ion   o f   ha l i t e   i n to   t he   s ed imen t .   'Un t i l   t ha t .  

concent ra t ion  i s  reached,   the  Na+ and C1- ions  w i i l  cont inue  
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t o  increase .   Af te r  s a l t  beg ins   t o   be   i nco rpora t ed   i n to   t he  

sediment ,   the  rates of N a  and C1- i nc rease  w i l l  d e c l i n e .  + 

Other  ions,  of course,  will cont inue t o  i n c r e a s e   u n t i l  

t h e i r   s a t u r a t i o n   p o i n t s  a l so  are reached. 

Chemical  analyses show the   d i f fe rence   be tween water 

i n   t h e   a q u i f e r s  and water now a t  the  playas  (Appendix C ) .  

The ra t ios  between  chloride and s u l f a t e  show t h a t   i n   t h e  

a q u i f e r s   s u l f a t e  i s  the  dominant  anion:  Estancia  Valley 

formation, C1/S04 = 0 . 4 ;  medial  sand  of  the'Dog  Lake 

formation, C 1 / S 0 4  = 0.6 .  Among playa waters, i n   c o n t r a s t ,  

C1/S04 = 1 . 9 .  The concent ra t ion  of a.11 d i s s o l v e d   s o l i d s  

i s  2 o rde r s  of magnitude  higher a t  t h e   p l a y a s   t h a n   i n   t h e  

aquifers ,   reaching  an  upper  limit over 440 ,000 ppm. It  

i s  i n t e r e s t i n g   t o   n o t e   t h a t   c a l c i u m   i n  water o n   t h e  

playas  does  not  reach  high  concentrations,   presumably 

because it i s  being removed by gypsum p r e c i p i t a t i o n   w i t h i n  

the  playa  sediment .  

The  amount  of s a l t   c r u s t   t h a t   s e a s o n a l l y   a c c u m u l a t e s  

seems gene ra l ly  t o  be comparable among p layas   excep t   t ha t  

a few generate   anomalously  thick  crusts .   Playas  included 

i n  t h i s   g r o u p  are S a l t  Lake, east  of Es t anc ia  (sec. 17, 

T. 6 N . ,  R. 9 E . ) ;  Sa l ina  Lake  and surrounding  small   p layas  

a t  the  south  end  of   the  basin  (par ts   of  secs. 23-26, T.  4 N., 

R. 9 E . ) ;  Laguna S a l i n a ,   i n  La Sal ina  Grant  (secs. 29-30, 

T .  5 N., R. 1 0  E . ) ;  and an unnamed playa i n   t h e  SW% sec. 6 ,  

T . '  6 N . ,  R. 1 0  E.  ( f i g .  14). The f i rs t  3 of   these  have 

long  been known by r e s i d e n t s   t o   b e   h e a v y  s a l t  producers., 

and  have  received names a p p r o p r i a t e   t o   t h e i r ' c o n d i t i o n .  
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The unnamed p laya ,   i n   con t r a s t ,   r epor t ed ly   began   t o   p roduce  

l a r g e  amounts  of sa l t  only  in   recent   years .   The  anomalously 

l a r g e  amounts  of sa l t  tha t   appea r   on   t hese   p l ayas  are thought 

t o  come mostly  from sa l t  i n   t h e -   u p p e r   l a c u s t r i n e  member of  

t h e  Dog Lake formation  that   has   been  dissolved  and  carr ied 

t o  the   p layas  by shallow  ground water. The impl ica t ion  is 

t h a t   t h e s e   p l a y a s  receive more water than  most  from t h e  

uppermost p a r t  of t h e  zone  of s a t u r a t i o n   i n   t h e  Dog Lake 

formation,   a l though  the amount i s  s t i l l  much less t h a n   t h e  

volume  of water r i s i n g  from the   under ly ing   Es tanc ia   Val ley  

formation. 

A l l  t he se   p l ayas ,   fo r   d i f f e ren t   r ea sons ,  are i n  

locations  where  unusual  amounts  of.   surface  recharge are 

a v a i l a b l e  t o  the   l ake   s ed imen t .   Sa l t  Lake, near Es tanc ia ,  

i s  one  of   the  westernmost   of   a l l .p layas ,   and l i e s  i n  an 

area where  any  exceptionally  heavy  runoff from r a i n f a l l   i n  

t he   d ra inage   a r ea  t o  the  west c o l l e c t s   i n   s h a l l o w  swales 

near the   p l aya .  An i n s i g n i f i c a n t  amount of rueof f  was seen 

t o   f l o w   i n t o   t h e   d e p r e s s i o n   d u r i n g  severe storm i n  August 

1967 b u t  ponds  several  f ee t  deep  and  las t ing many months 

formed o u t s i d e  of t he   dep res s ion  on t h e  west and south  

s i d e s .  Salina Lake,  and- small playas t o  t h e  east, west, 

and  south, are  a t  t he   sou th  end of  Estancia  Valley,  where 

runoff  from 3 s i d e s  of   the .bas in   converges   and   co l lec ts  

n e a r ,   b u t   r a r e l y   i n ,  t h e  playas.  Laguna S a l i n a   d o e s   n o t .  

have  an  obvious  source  of  anomalous  recharge,  but it l ies  

t o  the   sou th  of a l a r g e  area i n  t h e  c e n t e r  of the   dep res s ion  

f i e l d   t h a t   h a s  no playas.  It may r e c e i v e  a d i sp ropor t iona te  
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. amount of t h e   r e c h a r g e   t h a t  comes from r a i n f a l l  on t h i s  a r ea .  

The unnamed p l a y a   i n   t h e  SWk sec. 6 ,  T. 6 N . ,  R. 10 E.  

has  provided direct ev idence   t ha t   s a l t   c an   be   d i s so lved   ou t  

of t h e   u p p e r   l a c u s t r i n e  member and t r a n s p o r t e d   t o  a playa.  

P r i o r   t o   a b o u t  1 9 5 9  t he   p l aya   d id   no t   p roduce   t h i ck  sa l t  

c r u s t s ,   a c c o r d i n g   t o   s e v e r a l   r a n c h e r s  and  farmers who l i v e  

nearby. A t  a b o u t   t h i s  time, i r r i g a t i o n  of f i e lds  1 mile. 

t o   t h e  west and 1 mile t o   t h e   s o u t h e a s t   b e g a n .   I r r i g a t i o n  

t o   t h e   s o u t h e a s t  has s i n c e   c e a s e d ,   b u t   i r r i g a t i o n   c o n t i n u e s  

i n   t h e   f i e l d   t o   t h e  west. The t h i c k e r   a n n u a l   s a l t   c r u s t  was 

not iced by t h e   r e s i d e n t s   a f t e r   i r r i g a t i o n   h a d   c o n t i n u e d   f o r  

an unknown length  of  t i m e .  Very small   seeps  around  fhe 

playa now d i s c h a r g e   a t   l e v e l s  a few inches   above   the   f loor .  

Rates of discharge  have  not  been  measured,  but a s i n g l e  

seep  yields  only  an  extremely small f r a c t i o n  of a g a l l o n  

per  minute.   Similar  seeps  have  been found. a t  the  edges  of .  

many p layas ,   inc luding  Laguna de l  Per ro ,   bu t  nowhere else 

a r e   t h e y   a s  numerous o r   a s   c lo se ly   spaced  as a t ' t h e  unnamed 

playa  described  above. 

The permeabi l i ty   of   the   upper   lake  c lay i s  very  low. 

R. Smith (1957,  p. 52, 113) r e p o r t s   c o n s t r u c t i o n  of a 

10-ft-deep  hole,  200 f t  west of the  south  end  of Laguna 

de l   Pe r ro .  The w a t e r   l e v e l   i n   t h e   h o l e   r o s e   t o  a he igh t  

1 0  f t  above  playa level .  The h igh   s lope   o f   t he  water 

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

permeabi l i ty .  To Smi th ,   the   water   l eve l   ind ica ted  upward 

leakage  through  the Lake c l a y s  from a lower  aquifer ,   and 

~ t h i s  was used t o   s u p p o r t   t h e  argument for   such   leakage  , .  . .  



* 161 

supplying water t o  the   p layas .  A s  has  been  discussed i n  

t h i s   p a p e r ,  however, v e r t i c a l   l e a k a g e  t o  the   p l ayas  more 

l i k e l y  occurs through  the  col lapse  zone.   The  height  of 

t h e  water t a b l e  measured  by Sm.ith i s  no doubt  due t o  t h e  

lake  sediment   being a leaky  confining  bed. However, t h e  

water i n   t h e   u p p e r   p a r t  of the   sa tura ted   zone   can   on ly  

come from  recharge a t  t h e   s u r f a c e .  

The top   o f   t he  Dog Lake formation,  which  formed  the 

l a k e   f l o o r  a t  t h e  time of  disappearance of Late Lake 

Es tanc ia ,  w a s  t h e  s i te  of gypsum p r e c i p i t a t i o n  as t h e   l a k e  

evaporated,  as i s  indica ted  by the  mineralogy of t h e  

group  of small, early  dunes.   During l a t e  s t a g e s   o f   t h i s  

evaporat ion,  and  more important ly ,   dur ing l a t e  s tages   o f  

evapora t ion   of   the   re juvenated   sha l low  lake ,   the   res idua l  

brine  must  have  contained  concentrated  sodium  cholride. 

Thus s a l t  i s  presumed a l s o   t o  have   p rec ip i t a t ed  on t h e  

lake f l o o r ,   b u t  it i s  not  now present  on t h e   f l o o r   n o r   i n  

t h e   s h a l l o w   s o i l s .  The  amount of sa l t  apparent ly  was small 

enough t h a t  it was subsequently carried downward i n t o   t h e  

lake  beds by i n f i l t r a t i n g   r a i n f a l l .  

Although sal t  c r y s t a l s  are no t   s een   i n   ou tc rops  of 

the   upper  member of   the Dog Lake,  they were found 

o c c a s i o n a l l y   d u r i n g   d r i l l i n g  a t  sha l low  dep ths   i n   t he  

sequence. More o f t e n ,   t h e  sa l t  d i s s o l v e d   i n   . t h e   d r i l l i n g  

mud. In  one tes t  hole   (Berkshire  # 3 ) ,  which was d r i l l e d  

through'   the  upper  lake  sequence and f i n i s h e d   i n   t h e   m e d i a l  

sand a t  37 .5  f t   i n  7 0  minu te s   o f   d r i l l i ng ,   s equen t i a l .  

chemical ana lyses   o f   water   subs tan t ia te  t h e  s a l t y   c h a r a c t e r  
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of t h e  lake  sequence. The ho le  i s  loca ted  on t h e  west s i d e  

of t h e  p l a y a   i n  sec. 2 1 ,  T. 6 N., R. 9 E . ,  and t h e  well 

head i s  about 2 f t  above  playa  level.  The w e l l  has 

ar tes ian f low,   and  the  f low  s tabi l ized a t  about  8 gpm. 

Water tha t   d i scha rged  from t h e   h o l e   i n i t i a l l y   c o n t a i n e d   a n  

anomalous ly   l a rge   concent ra t ion   of ' ch lor ide   for   g round 

water   in   the  medial   sand.  A s  t h e  w e l l  cont inued  to   f low,  

the   ch lor ide   concent ra t ion   d iminished   and   s tab i l ized  a t  a 

normal   concent ra t ion   for   the   aqui fe r .  The fol lowing 

C1/S04 r a t i o s  were ca l cu la t ed  from chemical  analyses 
?J 

t a b u l a t e d   i n  Appendix C (yel l  dr i l led   12 /8 /67) :  

Date C1/S04 Ratio 
" 

12/12/67 
1/4/63 

1.21 
.64  

4/23/68 .61 

The average C1/S04 r a t i o   f o r   w a t e r   i n   t h e   m e d i a l   s a n d  is  

0 . 6 .  The h igh   ch lo r ide   concen t r a t ion '   i n  the ea r ly   f l ow 

probably came from s a l t y   d r i l l i n g  mud slowly washed from 

t h e  open  hole,   slower  f lushing  of sa l t  water and s a l t y  mud 

t h a t  had in f i l t r a t ed   t he   med ia l   s and   du r ing   d r i l l i ng ,   and  

s a l t  that   subsequent ly   dissolved .from t h e  walls o f   t he  

hole .   Al though  f resh water was u s e d . f o r   d r i l l i n g ,   t h e  mud 

became s a l t y   f r o n   h a l i t e  and s a l t   w a t e r   i n   t h e   f o r m a t i o n .  

Th i s   ev idence   conf i rms   t he   t hes i s   t ha t   pa r t  of t h e  

ch lor ide   in   p laya   water  i s  s a l t   d i s s o l v e d  from the   upper  . 
member of t h e  Dog Lake  formation and t ransported  by  shal low'  

ground-water  flow to   the   p layas .   Because   the   amount 'o f  . . 

s a l t  on the   p l ayas  and in playa  water is. n o t   r e a l l y   l a r g e ,  
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and  because  ground  water  in  the 2 aqu i f e r s   con ta ins  from 

300 t o  500 ppm ch lo r ide ,  it must  be  concluded t h a t  t h e  

hydro logic   p rocess   tha t   concent ra tes  sa l t  a t   t h e   p l a y a s  

has   been   ac t ive   for   on ly  a ve ry   sho r t   pe r iod 'o f   geo log ic  

time. A reasonable  estimate i s ' a   v e r y  f e w  thousand  years. 

/ ?  5- 
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HYDROLOGY OF THE BASIN 

The i d e a l i z e d   n a t u r a l   c i r c u l a t i o n   p a t t e r n   f o r  water 

i n   t h e   b a s i n  is r e l a t i v e l y   s i m p l e   ( f i g .  1 9 ) .  Recharge 

t akes   p l ace   mos t ly   on   t he   S lop ing ' s ides   o f   t he   bas in , .  and 

ground water flows t o  t h e   c e n t r a l   p a r t  of the   bas in  where 

it r e t u r n s  t o  t h e   s u r f a c e  t o  be removed by  evaporation. 

Sur face   runoff   f rom  the   s ides   o f   the   bas in  t o  t h e  cen t ra l  

p a r t  i s  rare. Water t h a t   d o e s   n o t   p e r c o l a t e  t o  t h e  water 

tab le  t o  become recharge ,   for   the   mos t   par t   evapora tes  

nea r   t he   p l ace  a t  which it f a l l s .  Most p r e c i p i t a t i o n  t h a t  

f a l l s  on t h e   c e n t r a l   p a r t  of the  basin  evaporates   where it 

f a l l s ,   b u t  a very small p a r t  moves s lowly  through  the 

uppe r   l acus t r ine   c l ayey   s t r a t a   nea r   t he   su r f ace  t o  t h e  

playas  where it evaporates   a long  with water t h a t   h a s   r i s e n  

from below. P a r t  of t h e  ground water a t  the   nor th   end   of  

the   bas in   does   no t  leave t h e   b a s i n  by evapora t ion   bu t  

ra ther   by  subsurface  leakeage.  

Subsurface  Leakage 

Meinzer ( 1 9 1 1 ,  p. 3 7 - 3 8 ) ,  having no data   on  which t o  

base a f i rm  conclusion,   emphasized  that   the   pre-Tert iary 

rock  formations i n  t h e . s i d e s   o f  and under ly ing   the   Sas in  

are r e l a t ive ly   imperv ious   bu t ,   r ecogn iz ing   t ha t   t he   l eve l ' ,  

o f   t h e   b a s i n   f l o o r  is well above   the   l eve l   o f   the  

su r round ing   t e r r i t o ry ,   he   sugges t ed   t ha t   l eakage   migh t  

occur ,  and t h a t  it might   be   subs tan t ia l .  R. S m i t h  ( 1 9 5 7 ,  

p. 5 2 ) ,  i n   c o n t r a s t ,   c o n c l u d e d   t h a t   n a t u r a l   d i s c h a r g e  takes 
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p l a c e   o n l y   i n   t h e   v i c i n i t y  of the   p layas .  , He considered 

t h e   p o s s i b i l i t y   t h a t  ground water might  flow  southeastward 

toward the   topographic  s i l l  area, b u t   r e j e c t e d   t h e  

hypothes is   because   h i s   water -qua l i ty   da ta   d id   no t   suppor t  

it. 

R. Smith  (1957, pl. 2 )  presented   water - leve l   da ta  

t h a t  show a ground-water   r idge  surrounding  the  basin,   the  

axis of which is  approximate ly   co inc ident .wi th   the  

topographic r i m .  H i s  p r o j e c t  area d i d   n o t   i n c l u d e   t h e  

nor th  end  of the  basin,   but   measurements  made la te r  by 

personnel of t h e  S ta t e  Engineer Office and i n  my 

i n v e s t i g a t i o n s ,  show t h a t   t h e  ground-water  ridge is 

cont inuous  here   too.   Smith 's   contours   and  the l a t e r  

measurements   ind ica te   tha t   the  crest of t h e   r i d g e  on t h e  

nor th ,  east, and south i s  nearly  everywhere  between 6,200 

and  6,300 f t .  

The  theory of regional  ground-water flow allows 

ground water t o  pass ,  a t  r e l a t ive ly   g rea t   dep th ,   benea th  

a ground-water   r idge  under   cer ta in   condi t ions.  The 

condi t ions  re la te  most ly   to   th ickness   o f   the   g round-water  

r e s e r v o i r ,   h e i g h t  of t he   r i dge ,   an i so t ropy   due  t o  

in t e r l aye r ing   o f   h igh -  and  low-permeability strata,. and 

the   r eg iona l   g rad ien t   (To th ,  1963;  Freeze  and  Witherspoon, 

' 1 9 6 6 ,  1 9 6 7 ) .  Regional~f low  benea th  a ground-water mound 

is  favored by g rea t   r e se rvo i r   t h i ckness   i n   compar i son  t o  

h e i g h t ' o f   t h e  mound, by much g r e a t e r   h o r i z o n t a l   t h a n  

ve r t i ca l   pe rmeab i l i t y ,  and by h igh   grad ien ts .  

The  up land   te r rane   a long   the  w e s t  and east  sides of 
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Estancia   Val ley i s  underlain by Precambrian  rock,  the  upper 

surface  of  which  in  most  places i s  above the   e l eva t ion   o f  

t he   va l l ey   f l oo r .   Subsu r face   g round-wa te r   l eakage   i n   e i t he r  

o f   t hese   d i r ec t ions   can   be   r e j ec t ed   i n tu i t i ve ly  upon 

considerat ion  of   the  very low permeabi l i ty  of t h e  

Precambrian  rock,   the   thin  reservoir   zone,   and  the  height  

of ground-water  ridge. 

Referr ing  to   the  Precambrian-surface map ( f i g .  6 )  it 

w i l l  be  seen t h a t  most  promising routes fox leakage are 

south-southwestward  from  the  Estancia  structural   basin,  o r  

no r thward   i n to   t he   Ga l i s t eo   s t ruc tu ra l   bas in .  The p o s s i b i l i t y  

of  southward  leakage w i l l  be  considered first. The upper 

p a r t  of t h e  Yeso Formation, and o v e r l y i n g   s t r a t a ,  crop out  

i n  b l u f f s   o f  Mesa Jumanes a t   t he   no r thwes t   co rne r  of T. 3 N., 

R. 8 E .  ( f i g .  3 ) ,  and s t r a t a  of the  lower part of t h e  Yeso, 

t h e  Ab0 Formation, and t h e  Madera Limestone are below t h e  

su r face  a t  t h e   f o o t   o f   t h e   b l u f f s .  

The  saturated  thickness   of   these  formations i s  more 

than LO times g rea t e r   t han   t he   he igh t  of the  ground-water 

r idge ,  and the   an iso t ropy  is  probably  high  owing t o   t h i c k  

sha le   beds  i n  the  sequence.   These  factors   would  tend  to  

a l low  deep  regional   f low  beneath  the  r idge.  However, t h e  

permeabi l i ty  of the   format ions  i s  low.  The Madera 

Limes tone ,   the   p r inc ipa l   aqui fe r   here   p robably   does   no t  

have  the  solut ion-improved  permeabi l i ty   that  it has i n  

areas  where it crops  out .  The hydrau l i c   g rad ien t  between 

t h e   f l o o r  of Estancia   Val ley and the   nor th   end   of   the  

Tularosa  basin  ( toward which  flow would move) is a l s o  low. 

t?? .. 
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Both  of  th,ese f ac to r s   a r e   un favorab le   t o   deep ,   r eg iona l  

outfl.ow. The hydrology  of   the  north end  of the   Tularosa  

bas in   does   no t   i nd ica t e  i n  any way t h a t  the  a r e a  is  

r e c e i v i n g   s i g n i f i c a n t  amounts  of  ground  water  from an 

ex terna l   source  (Weir, 1 9 6 5 ,  p -  30, 31 ) .  I n  the  absence 

of  any  indication  of  southward  leakage, it is concluded 

t h a t  l o s s  i n   t h i s   d i r e c t i o n  from the   Es tanc ia   Bas in  is 

i n s i g n i f i c a n t ,   i f  it o c c u r s   a t   a l l .  

I n  the   nor th   subbas in   o f   Es tanc ia   Val ley   the  en t i r e  

pre-Ter t ia ry   s t ra t igraphic   sequence  of rocks,   f rom  the 

Madera Limestone  of  Pennsylvanian  age t o   t h e  Mesaverde 

Formation  of  Cretaceous  age, i s  i n   s u b s u r f a c e   c o n t a c t   w i t h  

the   base   o f   s a tu ra t ed   a l luv ium  ( f ig .  3 ) .  The pre-Ter t ia ry  

sec t ion   i nc ludes  numerous sandstone  and  l imestone  beds  that ,  

in   hydrologic   invest igat ions  of   nearby areas, have  been 

shown t o  have   adequate   permeabi l i ty   for   explo i ta t ion   o f  

ground  water by low- to   moderate-yield wells. The t o t a l  

t h i c k n e s s   o f   p r e - T e r t i a r y   s t r a t a   i n   c o n t a c t   w i t h   t h e  

alluvium i s  on the   o rde r   o f  8 , 0 0 0  f t ;   t h e   a g g r e g a t e   t h i c k n e s s  

of  moderately  permeable  strata  has  not  been  determined,  but 

it is  probably 1 , 0 0 0  f t   o r  more. ' The p re -Ter t i a ry   s ec t ion  

a l so   i nc ludes   s eve ra l   t h i ck   sha l e   s ec t ions   wh ich  would cause  

t h e   s e c t i o n  as a whole to   be   non- i so t ropic .  S h a l e  and . .  

s a n d s t o n e   s t r a t a   o f   T r i a s s i c  and  Cretaceous  age  underlie 

t h e  Estancia  Valley  formation a t   t h e   n o r t h  end o f   t h e   v a l l e y .  

The G a l i s t e o   s t r u c t u r a l   b a s i n ,   i n  whic,h t h e   e n t i r e  

p re -Ter t i a ry   s ec t ion  is present ,  i s  shown o n   f i g .  6 t o   b e  

open  toward.the  Rio  Grande  structural   trough on t h e  west. 

I /,ya 
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The contour map of   the  Precambrian  surface  publ ished by 

Fos t e r  and S t i p p  ( 1 9 6 1 ) ,  from  which f i g .  6 was taken,  has 

been  modif ied  by  deepening  the  surface  here   because of t h e  

thickness   of   pre-Tert iary s t ra ta  tha t   unde r l i e   ou tc rops   o f  

Cretaceous  rocks.   Al luvium  of   the  Santa   Fe  Formation  in  

t h e  Rio  Grande  trough i s  i n   f a u l t   c o n t a c t   w i t h  a t  l ea s t  

t h e  lower 5,000 f t  of t he   p re -Te r t i a ry   s ec t ion   (S tea rns ,  

1953,   pl .  1). 

. .  

The d e t a i l s  of the   hydraul ic   g rad ien t   be tween  the  

no r th  end of Estancia   Val ley and t h e  east side o f   t h e  Rio 

Grande  trough are no t  known, but   reg iona l   geologic ,  

hydro logic ,   and   topographic   fac tors   s t rongly   sugges t   tha t  

the  piezometr ic   surface  s lopes  general ly   toward  the R i o  

Grande (T i tus ,  1 9 6 1 ,  f i g .  1) .  The water t a b l e  on t h e  east 

s i d e  of the  Rio  Grande  trough i n  the v i c i n i t y  oE Galisteo 

Arroyo is  more than 800 f t  below t h e  level of t h e  water 

t a b l e   i n   t h e   n o r t h  end  of   Estancia   Val ley,   indicat ing  that  

i f  ground water were to   f low  a long a 25-mile path  around 

t h e   n o r t h  end of the  Ort iz   Mountains ,  the average   hydraul ic  

g r a d i e n t  would be more than  30 f t  per  mile. Water i n   t h e  

Santa  Fe  Formation a t  Algodones,  about 15 miles down t h e  

Rio Grande va l l ey  from t h e   p o i n t  a t  which Galisteo Arroyo 

j o i n s   t h e  Rio  Grande,  contains  approximately twice as much 

d i s s o l v e d   s o l i d s  as i s  normal   for   the   format ion   fa r ther  t o  

the  south  (Bjorklund  and Maxwell, 1 9 6 1 ,  p l .   3 b ) ,  and it is  

p roposed   he re   t ha t   t h i s  may r e s u l t  from  highly  mineralized 

water en te r ing   t he   San ta  Fe from t h e   e a s t .  

I t  is  reasonable   to   suspec t ,   therefore ,  t h a t  leakage 
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from the   nor th   subbas in  of Estancia   Val ley  does  occur .   In  

t h e  words  of Meinze r  (1911 ,  p .   38) :  "The condikions  here  

involved  are  so complex  and obscure   t ha t  it is impossible  

t o  form  an  es t imate   of   the  amount of leakage ,   bu t  it may 

be a l a r g e   f a c t o r . "  The hypothesis  could,   and  because of 

i t s  water-management implicat ions  should,  be t e s t e d  by 

.hydro logic   inves t iga t ion   a long   the   rou te   o f   p robable  

leakage and  by a quant i ta t ive   in f low-out f low study of 

water in   t he   no r th   subbas in .  

. .  

Modern Hydrologic  Conditions 

Recharge t o  the  system is  s o l e l y  from r a i n f a l l  and 

snowfa l l   in   the   'va l ley  and sur rounding   h i l l s   and   mounta ins .  

P rec ip i t a t ion   r anges  from a maximum of  about 30 inches   pe r  

yea r   i n   ve ry   sma l l   a r eas  on the   h ighes t   mounta in   peaks ,   to  

a minimum'between 11 and 12 i n c h e s   i n   t h e   c e n t r a l   p a r t   o f  

t h e  v a l l e y ,  as is  shown i n   t h e  New Mexico State Engineer 

Of f i ce  ( 1 9 5 6 )  summary of U.S. Weather  Bureau r e c o r d s   f o r  

1849 t o  1 9 5 4 ,  R .  Smith (1957,  t a b l e s  1, 2). summarized t h e  

p r e c i p i t a t i o n   r e c o r d s   f o r  1 2  weather   s ta t ions   in   and   near  

t h e   v a l l e y .  H i s  annual   averages,   taken  over   the  per iod of 

r e c o r d   t o  1953 ,  are   about   an  inch  higher   than  what  i s  

considered  normal  for  each  station by t h e  U.S. Weather 

Bureau.  The  Weather  Bureau  calculates  normal  precipitation 

from  averages  of  the  30-year  period  1931 t o  1 9 6 0  (U.S. 

Weather  Bureau, 1 9 6 8 ) .  Average p r e c i p i t a t i o n  on t h e   s l o p e  

of t h e  Manzano Mountains i s  about 20 inches a y e a r ,  which 

i s  similar t o   p r e c i p i t a t i o n   a t   t h e   T a j i q u e   w e a t h e r   s t a t i o n .  
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On the   Pederna l   up land ,   eas t   o f   the   bas in ,   p rec ip i ta t ion  

averages  about  13  inches a year,  and it is about 1 2  inches 

i n   t h e   c e n t e r   o f   t h e   v a l l e y   a t   E s t a n c i a ,   - O t t o ,   a n d  

McIntosh.  Progresso, a t  the   south   end   of   the   va l ley   f loor ,  ' 

receives   about  1 4  inches a year.  Approximately.half of t h e  

p rec ip i t a t ion   occu r s   i n   Ju ly ,   Augus t ,  and  September. 

Higher   temperatures   prevai l   a t . lower   e levat ions,   and 

it i s  presumed t h a t  a g rea t e r   pe rcen tage   o f   t he   p rec ip i t a t ion  

a t  low e leva t ions   evapora tes   before  it can   recharge   aqui fe rs .  

Lower p rec ip i t a t ion ,   h ighe r   evapora t ion ,  and t h e  ' fact  t h a t  

runof f   r a r e ly   r eaches   t he   va l l ey   f l oo r  combine t o  

subs t an t i a l ly   r educe   r echa rge   po ten t i a l   i n   t he   cen t r a l  

lowlands  of   the  val ley.  The d r a i n a g e   a r e a , o n   t h e  west s l o p e  

o f   t he   va l l ey  i s  nea r ly  3 times a s   g r e a t   a s   t h a t   o n   t h e  east 

s lope.  . The l a rge r   a r ea ,   g rea t e r   p rec ip i t a t ion ,   and   l ower  

evapora t ion   r a t e s  on t h e  west s lope   than   on   the   eas t ,  

r equ i r e   t he   conc lus ion   t ha t   r echa rge  i s .  poss ib ly  as much as 

3 t o  5 times g r e a t e r  on t h e  west t h a n   t h a t  on t h e  east. 

. .  

The  volumes of ground  water   f lowing  to   the  center  of t h e  

v a l l e y  from t h e  2 s ides   mus t   be   p ropor t iona l   to   the   recharge .  

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

r ema ined   nea r ly   cons t an t   s ince   t he  time a t  which  Lake 

E s t a n c i a   f i r s t  formed, r e l a t i v e   r a t e s   o f   p r e c i p i t a t i o n  and 

evaporat ion on t h e  2 s i d e s   o f   t h e   v a l l e y  may also have 

remained  nearly  constant.   During times i n  which the  lake ' 

f i l l e d   t h e   l o w e r   p a r t   o f   t h e   v a l l e y ,  it flooded a l a r g e r  

percentage  of t h e  eas t e rn   d ra inage   t han   t he  west. I n   t h e s e  

times, t h e r e f o r e ,   t h e   r e l a t i v e  amount of   recharge on the 
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west, hence  the  ground-water  flow, may have  been  even 

greate?:  than it i s  today. 

On the   s lope   o f   t he  Manzano Mountains  recharge 

in f i l t r a t e s   t he   uppe r ,   pe rmeab le  zone of t h e  Madera 

Limestone. The depth  of  the water t a b l e  and t h e  few 

flowing streams i n  canyons   h igh   on   the   s lope   ind ica tes  

t h a t   v e r y  l i t t l e  recharge is rejected f o r   l a c k   o f   s t o r a g e  

capac i ty   i n   t he   aqu i f e r ;   l ower  on the   s lope ,   where   the  

alluvium of the  Estancia   Val ley  €ormation  crops  out ,  no 

recharge i s  r e j e c t e d .  Ground water i s  t ransmit ted  toward 

t h e   c e n t r a l   p a r t  of the   va l ley   th rough  bo th   the '   upper ,  

permeable   par t   of   the  Madera and the   a l luv ium.  Most of t h e  

water t h a t   d i s c h a r g e s  upward from t h e  Madera i n t o   t h e  

a l l u v i a l   u n i t   p r o b a b l y   d o e s  so before   reaching  . the   edge  of  

t h e  Abo subc rop ,   fo r   t he  Abo i s  g e n e r a l l y   t i g h t ,   a n d  flow 

through it across   the  bedding i s  necessarily  very  slow,  and 

may be   negl ig ib le .  

Recharge t o   t h e   c e n t r a l   p a r t  of t h e   v a l l e y  from  the 

east  through  the  Yeso, Glorieta ,   and San  Andres  formations 

probably a lso d i scha rges   t o   t he   a l luv ium;   a l though  it is 

p o s s i b l e   t h a t  some flow may take  place  through  sandstone 

beds i n   t h e  Yeso beneath  the  alluvium.  Because  permeabili ty 

of t h e  Yeso sandstones i s  much lower t h a n   t h a t   o f   t h e  

alluvium,  and  because  the Yeso probably-was   fau l ted   on   the  

east  s i d e  of t h e   v a l l e y   d u r i n g   s u b s i d e n c e   t h a t  accompanied ' 

d e p o s i t i o n   o f   t h e   a l l u v i a l   u n i t ,   t h u s   o f f s e t t i n g   b e d s ,   t h e  

proportion  of t o t a l  flow  from  the east  t h a t  may b e   c a r r i e d  

by Yeso s t r a t a  i s  thought t o  be very small .  
. .  
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Under t h e   n a t u r a l  f l o w  reg ime ,   p r io r   t o  i t s  

d is turbance  by pumping a c t i v i t i e s  of man t h a t  began  about 

3 decades  ago,  ground water l e f t   t h e   b a s i n  by 3 ' routes;  

a)  probable   subsurface  leakage  outward  f rom  the  north 

subbasin,   b)   evaporat ive  discharge  f rom  the  playas,  and 

c) evaporation and t r a n s p i r a t i o n  from  an  extensive  'spring 

and s e e p   l i n e   o n   t h e  west s i d e  of t h e   v a l l e y   f l o o r   ( f i g .  

1 9 ) .  The spr ing  and s e e p   l i n e  was loca ted  a t  t h e   f a c i e s  

contact  between  clayey  lacustrine  sediment  of  the Dog Lake 

f o r m a t i o n   i n   t h e   c e n t r a l .   p a r t   o f   t h e   v a l l e y   a n d   t h e   c l a s t i c  

f a c i e s   o f  +he l ake   s ed imen t   t o   t he  w e s t .  No analogous 

s p r i n g   l i n e  i s  known on t h e   e a s t   s i d e  of t h e  b a s i n ,  probably 

because  of much smal le r   recharge   ra tes   there .  No sp r ings  . 

a r e  known t o  have  exis ted  in   the  nor- th   subbasin,   probably 

because  of   the  postulated  subsurface  leakage.  

Contrary  to   the  opinion  of  R.  Smith (1957,  p. 5 2 ) ,  who 

though t   t ha t   t he  main a rea   o f   na tura l   evapora t ive   d i scharge  

has   a lways  been  res t r ic ted t o  the   p layas ,  it i s  concluded 

from t h i s   s t u d y  t h a t  a s i g n i f i c a n t  amount of  water  evaporated 

o r  was t r a n s p i r e d  by phreatophytes   a long  the  spr ing l i n e  

be fo re   t he  water t a b l e  was depressed by pumping f o r  

i r r iga t ion .   Sou th  of E s t a n c i a   t h e   s p r i n g   l i n e  w a s  a marshy 

area  of  heavy reeds and g r a s s   t h a t   r e p o r t e d l y  was t o o   s o f t  

i n  some areas f o r   s t o c k   t o  walk  on. The marshes   a r e   pa r t  

of the  chi ldhood memories of  most  long-time  residents.  The 

marshy  area may have  been  as much as a mile wide,  and it 

extended  south  from  Estancia  for a t   l e a s t  7 miles. A t  

Estancia  and t o   t h e   n o r t h ,  where t h e   s l o p e  is  s l i g h t l y  
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s t eepe r ,   d i scha rge  was mainly from d i s c r e t e  springs,  

although  broad  marshy areas e x i s t e d   h e r e   t o o .  Water flowing 

from the   sp r ings   and  seeps had come f r o m . t h e  w e s t  slope,   and 

therefore   conta ined   on ly  small amounts of d i s so lved  material 

i n  comparison t o  ground water toward t h e   c e n t e r  of t h e   b a s i n .  ' 

Some s i g n s  of s p r i n g s  s t i l l  remain,   but   they are no  longer 

prominent. 

The pos i t i on   and   e l eva t ion  of t h e   s p r i n g  l i n e  

c o n t r o l l e d   t h e  pressure i n  the conf ined   aqu i f e r s   cons i s t ing  

of the   Es tanc ia   Val ley   format ion   and '   the  medial sand m e m b e r  

of t h e  Dog Lake formation. Ground water entered t h e  

ar tes ian  environments  of t h e  2 aquifers  by  f lowing  under 

the   spr ings ,   then   pass ing   benea th   the   edge  of the   conf in ing  

beds  consis t ing  of   the  lower  and  upper  members of t h e  Dog 

Lake formation. The water then  con.tinued t o  f l o w  eastward 

toward   the   po in t   o f   d i scharge  at the   p l ayas .  . The p layas  

a l so   d i scha rged  a l l  water t h a t   e n t e r e d   t h e  same a q u i f e r s   o n  

t h e  east side of t h e   b a s i n ,   h e n c e   t h e  amount  of water that  

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

to?al p laya   d i scharge   minus   the  volume of water con t r ibu ted  

by t h e  east s i d e  of the   bas in .  The water tha t  discharged 

a t  t h e   s p r i n g s   c o n s i s t e d   o f   t h a t  par t  of the flow from the 

west which  exceeded t h e  flow c a p a c i t y   o f   t h e   a l l u v i a l  and' 

medial   sand  aquifers  in  the  conf  ine 'd  zone. 

I f  it i s  assumed tha t   t he   p l ayas .   d i scha rged   equa l  

amounts  of water from t h e  2 s i d e s  of t h e   b a s i n ,  and t h a t  

t h e   t o t a l  amount of  ground water ava i l ab le   on   - t he   est was 

3 times t h e  amount  on t h e   e a s t ,  it can   be   es t imated   tha t  
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evaporat ive  discharge  f rom  the  spr ing  l ine  approximately 

. equal led t h a t  from the   p l ayas .  The evapo t ransp i r a t ion   t hen  

may have  been 3 0 , 0 0 0  acre- f t   annual ly ,   based  on playa 

evaporation  estimates  discussed  below. 

Wells i n   t h e  western p a r t   o f  Tps. 4-6N;R. 9 E. t h a t  

produce  from the  a l luvium  beneath  the west edge  of   the 

Dog Lake formation  confining  beds  yield water simiiar i n  

q u a l i t y   t o   t h o s e   f a r t h e r  west (New Mexico Sta te   Engineer  

Off ice ,  1966). I n   t h e   c e n t r a l   p a r t   o f  R. 9 E . ,  b u t  s t i l l  

west of   the   p layas ,   the   qua l i ty   o f   g round water i n   t h e  

a q u i f e r   d e t e r i o r a t e s ,   p a r t i c u l a r l y   i n . t h a t   s u l f a t e  

concent ra t ion   increases .  The interface  between  f resh  and 

brackish  water  i s  q u i t e  well def ined  (R. Smith, 1957,  p l .  2)  , 
i n  most   p laces   ly ing  2 t o  4 miles e a s t   o f   t h e   f a c i e s  

con tac t  between  clayey  and  coarse-clastic  sediment  of  the 

Dog Lake formation,  and  thus an e q u a l   d i s t a n c e   e a s t  of t h e  

former  spring l i n e .  I f  it is  assumed t h a t  water beneath 

the  confining  beds of t h e   l a c u s t r i n e   u n i t   c o n t a i n e d  

r e l a t i v e l y   h i g h   s u l f a t e   c o n c e n t r a t i o n s  a t  t h e  time of 

deve lopment   o f   the   depress ions   and   in i t ia t ion   o f   d i scharge  

t h e r e ,  which i s  reasonable   in   view  of   the great length  of  

time the  ground  water was s tagnant   whi le   the   l akes   covered  

t h e   v a l l e y   f l o o r ,   t h e n  it may be  concluded  that  2 t o  4 

miles i s  t h e   d i s t a n c e   t h a t   f r e s h  ground water from t h e  west 

had moved in to   the   conf ined   par t   o f   the   aqui fe r   be tween  the  

time tha t   d i scha rge  began a t   t he   p l aya   dep res s ions   and   t he  

time t h a t  human a c t i v i t y   d i s r u p t e d  t h e  system: 

Ground water   in   the   media l  Sand a q u i f e r  west o f   t he  
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p l ayas   con ta ins   l a rge r  amounts  of  dissolved  solids  than 

t h a t   i n   t h e   a l l u v i a l   u n i t .  A chemica l   ana lys i s   repor ted  

by R. Smith  (1957,  p. 1 7 2 )  f o r  a shallow w e l l  i n   t h e  

SW%SW%SW% sec. 28, T .  6 N . ,  R. 9 E. completed i n   t h e  

medial  sand, shows a ch lor ide   conten t   o f  244  ppm and a 

specif ic   conductance  of  4 , 3 8 0  micromhos. One mile to  t h e  

south,  a well now  known from  information  given by t h e  

owner t o  be  producing  from  the  alluvium, w a s  reported  by 

Smith t o  have a ch lor ide   conten t   o f  79 ppm and   spec i f i c  

conductance  of 1 , 9 8 0  micromhos. Seve ra l   t yp ica l   ana lyses  

of water i n   t h e  2 a q u i f e r s  are t a b u l a t e d   i n  Appendix C. 

The h i g h   d i s s o l v e d   s o l i d s ,   p a r t i c u l a r l y   c h l o r i d e s ,   i n   t h e  

medial  sand are f rom  evapor i tes   tha t  were depos i ted  when 

' Early  Lake  Estancia  disappeared. The chemica l   in te r face  

between  brackish  water  and  fresh water i n   t h e  medial sand 

i s  f a r t h e r  t o  t h e  west t h a n   t h e   i n t e r f a c e   i n   t h e   a l l u v i u m .  

The r a t e  of  ground-water movement toward   t he   p l ayas   i n  

the   media l   sand   thus  i s  s lower   t han   t ha t   i n   t he   a l luv ium.  

DeBr ine  ( 1 9 7 1 ) ,  u s ing   da t a   co l l ec t ed  from another  

p h a s e   o f   t h i s   p r o j e c t ,   h a s   c a l c u l a t e d   t h a t   t h e   a n n u a l  

evaporat ive  discharge  f rom  the  playa  system i s  between 

27,000  and 3 6 , 0 0 0  a c r e - f t .  H i s  c a l c u l a t i o n s  were based 

on 2 kinds of  system  measurements: a)  ground-water  inflow 

toward a s ingle   p laya   a round whlch test ho le s  had been 

cons t ruc ted ,  and 5 )  accurate  measurement  of  microclimatic 

condi t ions   near  a p laya   sur face  and use   o f   t he   da t a  t o  

calculate   evaporat ion  f rom  open water, s a l t - c rus t ed  

su r faces ,  and moist   sediment  surfaces.   DeBrine's  
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c a l c u l a t i o n  i s  based on much more ex tens ive   da t a   t han  were 

a v a i l a b l e  t o  Smith, who earlier had c a l c u l a t e d   t h e   d i s c h a r g e  

t o   b e  5 0 , 0 0 0  acre- f t   annual ly  ( R .  Smith,  1957,  p. 5 2 ) .  

Chemical  analyses  of water from  playas  (Appendix C) ,  

made for  t h i s   p r o j e c t  by t h e  U.S. Geological  Survey  under,a 

cooperative  agreement  with N e w  Mexico Bureau of Mines 6, 

Mineral   Resources ,   suggest   that   p laya  br ines  average 

2 4 0 , 0 0 0  ppm d i s so lved   so l id s .   Th i r t een   ana lyses  are 

inc luded   in   the   average ,  and samples were c o l l e c t e d   b o t h  

when t h e r e  was a crus t   and  when t h e r e  was none.  Using 

Langbein's ( 1 9 6 1 ,  p. 3 )  a p p r o x i m a t i o n   t h a t   t h e   d e c r e a s e   i n  

r a t e  of  evaporation  due t o  high  concentrat ions of d i s so lved  

s a l t s  i s  approx ima te ly   p ropor t iona l   t o   t he   pe rcen tages  by 

we igh t   o f   t he   s a l t   i n   so lu t ion ,   t he   evapora t ion  ra te  from 

open water f o r   t h e  2 4 0 , 0 0 0  ppm b r ine   on   t he   Es t anc ia   p l ayas  

i s  7 6  percent  of the  evaporat ion ra te  f o r   f r e s h  water. 

The na tura l   . c i rcu la t ion   pa t te rn   .o f   g round water i n  

the   bas in   remained   undis turbed   un t i l   about  1 9 4 6  when t h e  

e f f e c t s   o f   i n c r e a s i n g  pumpage f o r   i r r i g a t i o n   b e g a n  t o  lower 

t h e  water t a b l e  on t h e  west s i d e  of t h e   v a l l e y  (R. Smith, 

1957,  p. 531. The  U.S. Geological  Survey  has  measured 

changes   i n   wa te r   l eve l s   i n   t he   va l l ey   s ince  1 9 4 1 .  The 

r e s u l t s   o f  recent measurements  have  been  published  by  the 

.. 

Sta t e  Engineer   Off ice   (Bal lance,  1965'; Busch, 1 9 6 6 ;  Busch 

and Hudson, 1967-1970;  Hudson, 1971;  Reeder  and  others,  

1 9 5 9 ) .  Heavy pumpage has   been   loca l ized   a long   the  west 

s i d e   o f   t h e   v a l l e y  and a t  t h e   n o r t h  end because of bet ter  

q u a l i t y  of t h e  ground water i n   t h e s e  areas and  because 



aqui fer   permeabi l i ty  is high. The r e s u l t   h a s  been  to ' lower 

the   wa te r   t ab l e  an  average  of 15 t o  20 f t  t o  form a l i n e a r  

water - tab le   t rough;   loca l ly   the   water   t ab le   has   been  

lowered more than 4 0  f t .   I n   t he   sou th   subbas in   t he   t rough  

roughly   co inc ides   wi th   the   former   spr ing   l ine .  

Lowering the   wa te r   t ab l e  a t  t h e   s p r i n g   l i n e . h a s  

s topped  discharge  f rom  the  spr ings  and  seeps,   and it has 

a l s o   e l i m i n a t e d   t h e  head d i f f e r e n c e   t h a t  was t h e   d r i v i n g  

force   for   eas tward  movement o f   f r e s h  water toward   t he  

playas.   Al though  there   are   no U.S. Geological  Survey 

water - leve l   observa t ion   ho les   in   the  main p laya  area, 

w a t e r - l e v e l   d a t a   c o l l e c t e d   f o r   t h i s   p r o j e c t  a t  t h e  test  

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

bas in  i s  s t i l l  under   a r tes ian   p ressure .  The e f f e c t  of 

lowering  the  pressure  head  on  ' the  west has   apparent ly   been 

p a r t l y  compensated i n   t h e   c e n t e r   o f   t h e   v a l l e y  by head 

d i f f e r e n c e s   t o  t h e  e a s t .  

The direc ' t iorr   of   f low  in   the  a l luvium  and  the  medial  

sand  has   a l ready  been  reversed  under   the  westernmost   par ts  

of   the   l acus t r ine   conf in ing   beds   in   the   f resh-water   reg ime.  

It  must  be assumed t h a t   t h e   p r e s s u r e   t r o u g h  w i l l  cont inue 

t o  expand e a s t w a d ,  and t h a t   e v e n t u a l l y   t h e  more h ighly  

mine ra l i zed   wa te r   i n   t he   cen t r a l   pa r t   o f   t he   va l l ey  w i l l  

begin t o  flow  toward t h e  pumped a r e a ,   a l t h o u g h   t o   d a t e  

t h e r e  i s  no indication  of  westward movement o f   t h e  

i n t e c f a c e .  The  S ta t e   Eng inee r   Of f i ce   has   t aken   t h i s   i n to  

account i n  developing i ts  water-management p o l i c y  for t h e  

bas in .  

'/% 
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SUMMARY O F  BASIN HISTORY, QUATERNARY CORRELATIPNS 

Pre-Lacustrine  History 

The Es tanc ia   s t ruc tura l   bas in ,   under ly ing   the  

southern  par t   of   Estancia   Val ley,   and  the  Gal is teo 

s t ruc tu ra l   bas in ,   unde r ly ing   t he   no r the rn   pa r t ,  were 

formed long   be fo re   t he   p re sen t  cycle o f   v a l l e y   f i l l i n g  

began.  Following  development  of  these  struckural  basins, 

t he   l and   su r f ace  i n  t h e   v i c i n i t y  was beveled  by  erosion. 

The p r e s e n t   c y c l e   p r o b a b l y   s t a r t e d   i n   l a t e   P l i o c e n e  time 

w i t h   s t r u c t u r a l   l o w e r i n g   i n   t h e   a r e a   t h a t  i s  now t h e  

a x i a l   p a r t  of Estancia  Valley,  possibly  accompanied  by 

re juvenat ion  of u p l i f t  of   the  Manzano and  Sandia  Mountains 

t o  t h e  west. The E'edernal  block on t h e  east probably 

remained   s tab le .   Subs idence   o f   the   va l ley   aga ins t   the  

s table   Pedernal   block  took  place by f a u l t i n g   w i t h   p r o b a b l e  

ver t ical   d isplacement   of  1 , 0 0 0  f t  (ICelley, 1 9 7 2 ) .  I n   t h e  

northern  and  southern  par ts  of t h e   p r e s e n t   v a l l e y ,   t h e  

fau l t s   have   been   bur ied  by subsequent  accumulation of v a l l e y  

f i l l ,   b u t   t h e  west s i d e  of t h e  Lobo H i l l  upland  southeast  

of Moriarty i s  thought t o  be a f a u l t   s c a r p .  

The  a s s i g n m e n t   o f .   l a t e   P l i o c e n e   a g e . t o   t h e   i n i t i a t i o n  

of movement i s  based on previously  recognized  remnants of 

g r a v e l  and c a l i c h e   c o r r e l a t i v e   w i t h   t h e   O g a l l a l a ,   t h a t  l i e  

high  on  the east and west s i d e s  of t he   Pede rna l  Hills 

(Darton,  1928; B r e t z  and Horberg, 1 9 4 9 ;  F a l l i s ,   1 9 5 8 ) .  The 

b a s a l   v a l l e y   f i l l  i n  E s t a n c i a   V a l l e y   i s c o r r e l a t e d   w i t h   t h e  

. .  
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pediment  gravel and with  pediment   gravel   remnants .up  to  

250 f t  above   s t ream  va l leys   on   the   eas t   s lope  of t h e  Manzano 

Mountains t h a t  were mapped by Myers (1967). Although Myers 

cons ide red   t he   g rave l s   t o  be Qua te rna ry   i n  age, p re sen t  

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

of   the i r   format ion   dur ing   the   Quaternary .  

R. Smith (1957) was t h e  f irst  to  propose la te  P l iocene (? )  

a g e   f o r   t h e   v a l l e y  f i l l  on t h e   b a s i s   o f   c o r r e l a t i o n   w i t h   t h e .  

uppe r   pa r t   o f   t he   San ta  Fe Formation  north of Gal is teo  Creek.  

E v i d e n c e   t h a t   s u b s t a n t i a t e s   t h i s   c o r r e l a t i o n   c o n s i s t s  of t h e  

re la t ionship   be tween 1 6 0  f t  of coa r se   a l luv ia l   g rave l   on   t he  .. 

nor th  rim of  Estancia  Valley  and  the  eroded  remnant  of its' 

. probable  source  rock  a. t   Cerro  Pelon 5 miles to t h e   n o r t h  i n  

the .   Ga l i s t eo   va l l ey .  

Subsidence  of  the  axis  of  Estancia  Valley  probably 

took  place no  more r ap id ly   t han   a l luv ia l ' s ed imen- t   o f   t he  

Estancia  Valley  formation  could f i l l  t he   va l l ey .   The re  is  

inconclus ive   ev idence   in   deeper   par t s   o f   the   a l luv ium  tha t  

one o r  more temporary  lakes may have  formed,  suggesting 

tha t   the   lower ing   took   p lace  i n  pulses .   During  most   of   the  

time of accumula t ion   of   the   a l luv ium,   the   va l ley  w a s  d ra ined  

by a r iver   tha t   f lowed  southward  down t h e   v a l l e y ,   t u r n i n g  

e a s t   a t  t h e  p r e s e n t   l o c a t i o n  of t h e  community .of Progress0 

t o   f o l l o w  a grea t   loop   across   what  i s  now the   topographic  

sill, and  northeastward  through  the  val ley  that .connects  

Pinos Wells and  Encino'  Basins ( f ig .   13) ' -  A t  Encino  the 

r iver t u r n e d ' e a s t w a r d ,   p r o b a b l y   i n i t i a l l y   t o   f l o w   t o . t h e  

L l a n o  Estacado. 

I 
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Depos i t ion   in   l a te   P ld .ocene(?)  time and well i n t o  

P le i s tocene  time resu l ted   in   the   accumula t ion   of  more than 

500  f t  of   a l luv ium  in   the   va l ley .  A t  t h e  same time excess 

sediment was ca r r i ed   ou t   o f   t he   va l l ey  and  on t o   t h e   e a s t .  

If the   anc ien t   Es t anc ia ,R ive r  was the  headwater   drainage 

o f   t he   r i ve r   t h rough   t he   Po r t a l e s   bu r i ed   va l l ey  on t h e  

Llano  Estacado,  then  part   of  the  a1,luvium t h a t  f i l l s   t h e  

Por t a l e s   Va l l ey  had its o r ig in   i n   Es t anc ia   Va l l ey .  

Depos i t ion   p robably   f ina l ly   ceased   in   Es tanc ia  

Va l l ey   because   o f   s t ruc tu ra l   s t ab i l i za t ion .   Th i s  w a s  

fol lowed'by a period  of  erosion  during  which up t o  200 f t  

of   the  formation was removed  from a broad   a rea   on   the   f loor  

of t h e   v a l l e y .  The degradat ion  of   the surface was allowed ' 

by erosional   deepening of t h e  r i v e r  va l l ey   a long  i t s  cour se  

through  the   p resent   loca t ions   o f   P inos  Wells and  Encino 

Basins. 

I n  l a t e  P le i s tocene  time, downwarping lowered  the 

contemporary  f loor  of  Estancia.Valley,  as measured a t  t h e  

top  of  the  Estancia  Valley  formation,  nearly 4 0 0  f t  below 

t h e   l e v e l  of t h e   r i v e r   v a l l e y   a t   t h e   t o p o g r a p h i c  sill n o r t h  

of Cedarvale .   This   es tabl ished the present   topographic  

c l o s u r e  of the   bas in .   Shore l ine   fea tures   formed by t h e  

lakes tha t   subsequent ly   occupied   the   va l ley  show t h a t   t h e  

' v a l l e y   h a s   b e e n   s t r u c t u r a l l y   s t a b l e   s i n c e .  The l a t e s t   d a t e  

a t  which  downwarping  could  have  taken  place w a s  p r i o r  t o  

impoundment of Ear ly  Lake Estancia,  which is c o r r e l a t e d   w i t h  

the   Te r ry   P luv ia l  on the  Llano  Estacado  and  Bull Lake 

GPaciation i n  t h e  Rocky Mountains. 



Lacustrine  History  and  Correlations 

. .  
The closed  basin  has  been  occu.pied  by 2 major  lake 

stages  and  a  third  shallow  rejuvenation.  Early  Lake 

Estancia  was  large  enough to fill  the  basin  to  above  its 

sill  level at 6,350 ft and  overflow  through  the  former 

river  valley.  Its  maximum  depth  was  about  380  f.t.  Late 

Lake  Estancia  rose  to 6,225 ft,  at and  below  which it  cut 

well-preserved  strandlines. It had  a  maximum  depth  of 

about 200 ft. The  final  shallow  lake  did  not  reach 6,150 

ft,  having  had  a  maximum  depth  of  about 70 ft. 

Correlation  of  the  sequence  of  Pleistocene  events  in 

Estancia  Valley  with  lacustrine  and  glacial  events  elsewhere 

in  the  western  part  of  the  United  States is based  primarily 

on a few radiocarbon  age  dates  reported  by  Lyons  (1969)  and 

Bachhuber  (1971)  from  collections  that  they  made  in  the 

valley. The correlations  are  shown  in  fig. 20. In ' 

particular  the  age  interpretations  of  Bachhuber  were  relied 

upon,  and  a  comparison  with  his  work  shows  no  essential 

correlation  differences. The nomenclature  differences 

between  this  report  and  that  of  Bachhuber,  shown  on  fig.  18, 

are  just  that--nomenclatural.  There  are  very  real 

differences  in  inferred  lacustrine  sedimentary  environments 

and  other  questions,  however,  that  are  not  related  to 

acceptance  of  a  chronology. The correlations  proposed  here 

modify  my  earlier  interpretation  (Titus,  1969),  principally 

by  making  Early  Lake  Estancia  older  and  by  lengthening  the 

duration of each  of  the 2 major  lake  stages. 
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Early Lake E s t a n c i a ,   i n  which the  lower member o f   t he  

Dog Lake formation  accumulated,   probably  occupied  the  basin 

du r ing   t he   pe r iod  of Bul l  Lake g l a c i a t i o n   i n   t h e  Rocky 

Mountains,  hence, a t  a t i m e  e q u i v a l e n t   t o  the Altonian 

substage  of   the  Wisconsinan  in   the  Midcont inent   area 

(Morrison and Frye, 19.65, f i g .  6 ) .  . I n   t he   L lano   Es t acado  

the   Te r ry   P luv ia l   cyc le  w a s  an  equivalent   event  (Wendorf, 

1 9 6 1 ) -  Inasmuch as t h e   i n i t i a l   f o r m a t i o n  of Ear ly '  Lake 

Es tanc ia  may have   been   s t ruc tura l ly   cont ro l led ,   no t  

c l i m a t i c a l l y   c o n t r o l l e d ,  i t s  t i m e  of  beginning  cannot  be 

deduced  from the  s tandard  chronology.  

After   evaporat ion  of   Early Lake Es tanc ia ,   the   media l  

sand member of t h e  Dog Lake formation was depos i ted   dur ing  

an   in te rva l   cor re la ted   wi th   the   heavy   e ros ion '   and  soil 

formation  throughout  the west tha t   fo l lowed   Bu l l  Lake 

g l a c i a t i o n .  It  is  the re fo re   equ iva len t   t o   t he   R ich  Lake 

i n t e r p l u v i a l  of the  Llano  Estacado  (Wendorf, 1 9 6 1 ) ,  t h e  

Church i l l   So i l   o f   t he  Lake Lahontan  area,  and  the  Promontory 

S o i l   o f   t h e  Lake Bonneville area (Morrison  and  Prye,  1965, 

f i g .  6 )  . 
The uppe r   l acus t r ine  member o f   t he  Dog Lake  formation 

was depos i ted   in   La te  Lake Es tanc ia   dur ing   the   per iod   of  

' P i n e d a l e   g l a c i a t i o n   i n   t h e  Rocky Mountains. It is  c o r r e l a t e d  

w i t h   t h e  Tahoka  and  San  Jon p l u v i a l   e v e n t s   o n   t h e , L l a n o  

Estacado. The d a t i n g  of t h i s   u n i t  i s  w e l l  e s t ab l i shed   by  3 

radiocarbon  determinat ions on m a t e r i a l   c o l l e c t e d  by Bachhuber 

( 1 9 7 1 ) .  Fish  bones  from his zone E , . a b o u t  1 4  f t  below t h e  

t o p  of t h e  member, were dated 1 1 , 7 4 0  - -F 900 B.P. ;  a' f o o t  o r ' so  
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below  that,  in  his  zone F1 plant  material  was  dated  12,400 -t - 
450 B.P.  An  estimated 15 ft deeper in  the  member,  perhaps 

10 to 15 ft above  the  buried  base  of  the  member,  radioactively 

dead  plant  material  was  collected  and  analysed.  Bachhuber 

concluded  that  the  .implied age  of  greater  than 33,000 years 

was  too old  for  the  stratigraphic  position,  hence the 

radiocarbon  had  probably  been  removed  by  natural  processes. 

Lyons  collected  mammoth  tusk  samples  from  probable 

shoreline-marsh  sites  in  the  Big  Sink  area  of  the  abandoned ' 

river  valley  that  leads  to  the  topographic  sill. The  sites 

are at  an  elevation  that  Lyons  estimated  to be about 6,250 

ft (location:  NE%  sec. 33 ,  T. 3 N., R. 11 E.). Radiocarbon 

. dates of 6,000 - + 200  years  B.P.  and 7,950 - f 300 years B.P. 

were  measured,  but  in  transmitting  the  data the laboratory 

indicated  that tusli material  sometimes  dates  later  than. 

associated  wood or bone.  Lyons  questions the validity of 

the  radiocarbon  dates  both  for  this  reason  and  because the 

dates  are  later  than  mammoth  is  known to have'survived on 

the  Llano  Estacado  (Lyons, 1973, personal  communication). 

Wendorf  (1961,  p. 20, 116) indicates  that  the  mammoth  had 

disappeared  from  the  Llano  Estacado  by '11,000 B.P. If, 

therefore,  a  true  date  for  the  Big  Sink  site is of the 

order  of 12,000 years B.P., then  at  about  the  time  the 

radiocarbon-dated  fish  and  plant  remains were being 

deposited  in  the  lake  center,  Late  Lake  Estancia  stood at 

or  below  6,250  ft--perhaps  at  about  the  6,225-ft  level of 

the  higher  Late  Lake  shorelines.  This  da.te  is  equivalent 

to  the  Blackwater  Subpluvial  of  the  Llano  Estacado. 
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. .  
The evaporative  disappearance  of Late Lake Es tanc ia  

probably  took  place  during  the time o f   i nc reas ing   a r id i ty  , 

and so i l   fo rma t ion   t ha t '   f o l lowed   P ineda le   g l ac i a t ion .  

Gypsum crys ta l s   depos i ted   wide ly   on . the   then-dry   l ake   f loor  

were blown in to   dunes  making u p ' w h a t   a r e   h e r e   c a l l e d   t h e  

smal l   dunes .   These   cor re la te   in  time of o r i g i n   w i t h   t h e  

pos t -P inedale   so i l   o f   the  Rocky Mountains  and  the  Turupah 

Formation  and Toyeh S o i l   o f   t h e  Lake Lahontan  area 

(Morrison  and  Frye, 1 9 6 5 ) .  Toyeh Soi l   format ion  ended 

about 4 ,000  yea r s   ago   a f t e r   hav ing   l a s t ed   abou t  1 , 0 0 0  yea r s  

(Morrison  and  Frye, 1965 ,  p . . 1 9 ) .  The a r i d   e v e n t   i n   t h e  
. .  

Es tanc ia   Va l l ey   a l so   co r re l a t e s   w i th   t he   a l t i t he rma l   o f  

Antevs - . .  

A shal low  lake  re juvenat ion i s  recorded  in  most  western 

lake   bas ins ,   the   event   cor re la t ing   wi th   Neoglac ia l   advances  

i n  t h e  Rocky Mountains. The shal low  re juvenated lake i n  

Estancia   Val ley,   which  cut   indis t inct   low-level   shorel in 'es ,  

formed the   gyps i f e rous   o f f shore   ba r ,  and  cau'sed  rounding  and. 

cementing on the   su r f aces   o f  t h e  small  dunes, .is t h e r e f o r e  

co r re l a t ed   w i th   l acus t r ine   s ed imen t s   o f   t he   l ower  member o.f 

t he   Fa l lon   Fo rma t ion   a t  Lake Lahontan  and  with  the Temple 

Lake s tade   o f  Rocky Mountain  glaciat 'ion:  If the c o r r e l a t i o n  

i s  v a l i d ,  and i f  t h e  shal low  re juvenat ion  of   Estancia  w a s  

contemporaneous  with  the f i r s t   F a l l o n  Lake maximum in   Ca r son  

Desert (Morrison  and  Frye, 1 9 6 5 ,  p. 2 0 ) ,  ' t h e n   t h e  

re juvenat ion  was near i t s  maximum about  3,500  years  ago. 

Such being t h e  case ,   the   p laya   depress ions   have   or ig ina ted  

and  evolved t o  t h e i r  p re sen t   s t a t e   w i th in   approx ima te ly  

I 148 
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t h e   l a s t   3 , 0 0 0   y e a r s .  

G lac i a t ion   t ha t   occu r red   i n   t he   h igh   moun ta ins   o f  

New Mexico d u r i n g   t h e   l a t e   P l e i s t o c e n e  was c o n t r o l l e d  by 

t h e  same c l i m a t i c   c o n d i t i o n s   t h a t   c o n t r o l l e d   t h e   l a k e s .  

Richmond has mapped mora ines   i n   t he   Sangre   de   Cr i s to  

Mounta ins   nor th   o f   the   Es tanc ia   a rea   and   on   S ie r ra   Blanca  

Peak to   t he   sou th ,   and   has   co r re l a t ed   t hese   even t s   w i th   t he  

establ ished  glacial   chronology  of   the  Rocky.Mountains   in  

Wyoming and  elsewhere (Richmond, 1963) .   . I n   t he   Sangre  de 

Cris to   Mountains ,   moraines   indicate  2 stades of Bul l  Lake 

g l a c i a t i o n ,  3 s t ades   o f   P ineda le   g l ac i a t ion ,  and 2 s t a d e s  

of Neoglac ia t ion .   In   the   southern   par t   o f   the   Sangre   de  

Cr is to   Mounta ins ,   on ly   the   ear l ie r ,   o r  Temple L a k e , , s t a d e  

of   Beoglac ia t ion   l e f t   mora ines ,  and  no moraines   of   the  

Neoglacial  were found on Sierra  Blanca  Peak.  Moraines  of 

t h e   e a r l i e s t   g l a c i e r s   i n   e a c h   a r e a  were l e f t  a t  t h e   l o w e s t  

e l eva t ions ,  and success ive ly   younger   g lac ie rs  traveled 

s h o r t e r   d i s t a n c e s  down t h e   v a l l e y s .  The l o n g e r   g l a c i e r s  

were p r o b a b l y   r e l a t e d   t o   b o t h   h i g h e r   p r e c i p i t a t i o n  and 

d?:reased  evaporation  during  periods of co lde r  climates. 

Leopold ( 1 9 5 1 )  conc luded   t ha t   bo th   f ac to r s  were important 

fo r   t he   ex i s t ence   o f  a l ake   i n   Es t anc ia   Va l l ey .  The 

success ive   dec rease   i n   s i ze s   o f  the l a k e s  i s  e n t i r e l y  

cons i s t en t   w i th   dec reas ing   l eng th   o f   success ive   g l ac i e r s  

i n  t h e  mountains. 

Water i n  Early Lake Estancia  probably  contained 

r e l a t i v e l y  low concent ra t ions  of d i sso lved   mater ia l   because  

of surface  discharge  over   the  topographic  s i l l .  I t  is  
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l i k e l y  t h a t   t h e   e a r l y   l a k e  was t e m p e r a t u r e   s t r a t i f i e d ,   a s  

s i l l  e l eva t ion  was well above t h e   f l o o r ,  and it is p o s s i b l e  

t h a t  it was c h e m i c a l l y   s t r a t i f i e d   a s  well. While q u a n t i t a t i v e  

chemical   data   for  t h e  b a s i n   a r e   n o t   s u f f i c i e n t   f o r  

comprehens ive   ana lys i s ,   the   to ta l   sa l t .   load   prec ip i ta ted  

upon evaporat ion of t h e  e a r l y  1aKe does  not seem to  b e   g r e a t  

cons ide r ing   t he  volume  of water t h a t  it contained.  I f  t h i s  

observat ion  can  be  substant ia ted,   the   argument   for   f resh 

w a t e r   a t   d e p t h   i n   E a r l y  Lake Es tanc ia  w i l l  be   s t ronger .  

Even i f   t h e   l a k e  was e n t i r e l y  of fresh  water,  however, i t s  

t o t a l   e v a p o r a t i o n  mus t  have l e f t   s i g n i f i c a n t  amounts  of Salt  

on t h e   v a l l e y   f l o o r .   P a r t  of t h e   s a l t   p r o b a b l y  was 

inco rpora t ed   i n  t h e  medial  sand,  bu-t  most  apparently 

red isso lved  when Late  Lake  Estancia  formed. 

During t h e  i n t e r p l u v i a l   t h a t   f o l l o w e d   E a r l y  Lake 

Es tanc ia  time, t h e   b a s i n  was wi thout  a lake.  Sand w a s  

t r a n s p o r t e d   o n t o   t h e   v a l l e y  f l o o r  by s t reams  to   . form  the  

medial  sand member of   the  Dog Lake formation.   Eol ian 

reworking  of  the  sediment i s  suggested by t h e   f i n e ,  

well-rounded,  loose  'sand  that i s  so troublesome t o   d r i l l e r s  

i n   t h e   c e n t r a l   p a r t  of the  val ley.   Toward, the  end  of   the 

i n t e r p l u v i a l ,   a s   t h e   l a k e  began t o  re-form,   &lay  deposi ts  

a l t e r n a t e d   l o c a l l y  w i t h  sand. 

Late  Lake Es tanc ia  w a s  never  deeper  than 200 f t  and, 

as clayey  sediment   col lected on t h e   l a k e   f l o o r ,   t h e   l a k e  

depth  decreased  to   about  1 5 0  f t .  Throughout t h i s  time the 

' l ake   su r f ace   r ema ined  more than 1 0 0  f t  below t h e   l e v e l  of 

the  topographic  s i l l ,  reaching a maximum e leva t ion   of  
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6 ,225 ' f t .   Because   o f   th i s   l ack   o f   sur face   d i scharge   f rom 

the  lake,   Meinzer  ( 1 9 1 1 ,  p. 2 2 )  sugges t ed   t ha t   t he   l ake  

. level  f luc tua ted   w ide ly   a s  rates o f   p rec ip i t a t ion   and  

evaporat ion  var ied.  The well-preserved  beaches  below 

6 ,209 f t  probably  formed  sequent ia l ly   as   the  lake  evaporated.  

Therefore ,   whi le  Meinzer was p robab ly   co r rec t ,   t he   l ake  

. .  

stood  near i ts h i g h e s t   l e v e l   j u s t   b e f o r e  it disappeared. 

Water i n   L a t e  Lake Estancia  probably  contained  high 

concent ra t ions  of d i sso lved  gypsum and h a l i t e ,   d e r i v e d  

p a r t l y  from  evaporative  concentration and pa r t ly   f rom.  

s o l u t i o n   o f   e v a p o r i t e s   l e f t  by t h e   e a r l i e r  lake. Upon 

d isappearance   o f   the   l ake ,  gypsum and s a l t  w e r e  deposi ted 

on the   f l oo r   o f   t he   bas in .  Most o f   t h e   h a l i t e   a p p e a r s  t o  

have  subsequently  been  carried down in to   the   sed iment   o f  

t h e   u p p e r   l a c u s t r i n e  member o f   t he  Dog Lake  by  recharge 

from p r e c i p i t a t i o n .  The gypsum t h a t   p r e c i p i t a t e d  on t h e  

l a k e   f l o o r ,  however, w a s  quickly blown i n t o   d u n e s   t h a t   a r e  

t h e  members of the  small   dune  family.  

The shor t - l ived  lake t h a t  formed a f t e r   L a t e . L a k e ,  

Es tanc ia   and   a f te r   format ion   of   the   smal l   dunes   covered   on ly  

t h e   c e n t r a l   p a r t   o f   t h e   v a l l e y   f l o o r   a n d  was never  deeper 

than  about 70 f t .  It  p e r s i s t e d  a t  t h i s . l e v e 1   l o n g  enough, 

however, t o  round t h e   s u r f a c e s  of the   dunes   by   cur ren t  

a c t i o n ,  and t o  form  beaches and long   of fshore   bar   f rom  the  

gypsiferous  sediment  eroded  from  the  dunes.   Surge  channels 

a c r o s s   t h e   t o p   o f   t h e   b a r   i n d i c a t e   t h a t   s t r o n g   w i n d s  

p e r i o d i c a l l y  b l ew  wa te r   i n to   t he   ea s t e rn  .embayment .. The  

poQr d e f i n i t i o n  on beaches .a t   lower  levels i s  probably  due 
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t o   t h e   g e n t l e   s l o p e  of the  lake  bot tom  near   the  shore,   and 

t o  wind-induced movement o f   wa te r   t ha t   caused   o sc i l l a t ions  

i n   w a t e r   l e v e l   a t  t h e  shore.  

The shallow lake d r i e d  up  perhaps  only 3 ,000  years  

a g o .   S h o r t l y   a f t e r   t h e  lake evaporated.,  the  playa 

depressions  began  to   form and deepen ,   the i r   loca t ions   be ing  

i n i t i a l l y   c o n t r o l l e d  by so lu t ion   of  gypsum i n   t h e  Yeso 

Formation  beneath 4 0 0  f t  o f   a l l u v i a l  and l a c u s t r i n e   s t r a t a .  

A subsidence  zone  extending upward through  the  a lmost  

impermeable  clays  of  the Dog Lake formation  provided 

proto-depressions  on  the  exposed lake f l o o r ,  and  zones of 

increased  ver t ical   permeabi l i ty   through  which  ground  water  

could  leak  f rom  the  underlying  confined  aquifers .  

Under a r id   c l imat ic   condi t ions   the   l eakage   zones  and . 

i n i t i a l   d e p r e s s i o n s  became sites of v igo rous   de f l a t ion ,  

w i t h   d e f l a t i o n   p r o b a b l y   f a c i l i t a t e d  by the  sediment-loosening 

and f l u f f i n g   a c t i o n  of a l te rna te   wet t ing   and   evapora t ion  from 

the   playa  surfaces .   Deflat ion  proceeded  to ,deepen  the 

depressions  unt i l   the   combinat ion  of   decreased  ground-water  

f low  r e s i s t ance  and   increased   head   d i f fe rence ,   tha t   resu l ted  

from  thinning  of  the  upper member o f   t he  Dog Lake  formation, 

caused  ground-water  discharge  rates  to  exceed  the 

evapora t ion   po ten t i a l  on the   p laya   sur faces .  The pe renn ia l ly  

moist   playas  could  then no longer   be  def la ted.   Evaporat ion 

has   cont inual ly   increased  the  chemical   concentrat ion  of  water 

on the   p l ayas ,  and the  increased  concentrat ion  has   reduced 

evaporst.ion  rates.  Ground-water  discharge  has  remain& 

e s s e n t i a l l y   c o n s t a n t ,  however,  and t h e   r e s u l t i n g   i n c r e a s e   i n  
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f r ee   wa te r  on the   p l aya   su r f aces   has   caused   t he   p l ayas   t o  

beg in   i n f i l l i ng   w i th   bo th   s ed imen t   ca r r i ed   i n to   t he   bas in  

and wi th   c rys t a l s   chemica l ly   p rec ip i t a t ed   f rom the 

evaporating  water.  

The genera l   na ture   o f   the   Es tanc ia   hydro logic  

environment as it ex i s t s   t oday  w a s  a l ready  understood  before  

t h i s   p r o j e c t   s t a r t e d .   D e t a i l s   o f   t h e   i n t e r a c t i o n s   b e t w e e n  

geologic  and  hydrologic phenomena t h a t   c o n t r o l   t h e   f l o w  of 

ground  water had not  been  investigated,   however.   Furthermore,  

i n   t h i s   s tudy   t he   d imens ion   o f   geo log ic  time has  been  added 

to   t he   spec ia l   d imens ions   t ha t   have   been  the b a s i s   f o r  

previous  hydrologic   invest igat ions;   hydrologic  and recent 

geologic  phenomena i n   t h e   b a s i n   h a v e   i n   t h i s   r e p o r t  been 

cons idered   in   the   contex t   o f   evolu t ion   of   the   hydrogeologic  

system. 



Anonymus, 1952, Stratigraphy of  Paleozoic, Flesozoic rocks in 
parts of central New Mexico: New Mexico Geol. SOC. , Guidebook 
3rd Field Conf., Rio Grande country, central New Mexico, 
p. 106-126 

htevs, Emst, 1954, Climate of New Mexico during the l a s t  glacio- 
pluvial: Jour. Geology, v. 62, p. 182-191 

Atkinson, W. W., Jr., 1961, Geology of the San Pedro Mountains, 
Santa Fe County, New Mexico: New Mexico Bureau Mines Mineral 
Resources, B u l l .  77, 50 p. 

Bachhuber, F. W., 1971, Paleoliminology of Lake Estancia and 

Mexico:  Ph.D. dissert., Univ. New Mexico,  233 p. 
the Quaternary history of the Estancia  Valley, central New 

Mlance ,  w. c., 1965, Ground-water levels in ~ e w  ~ex ico ,  i963: 
New M e x i c o  State Engineer,  Basic Data Rept., 143  p. 

Bates, R. L., Wilpot, R. H., MacAlpin, A. J., and  Vorbe,  Georges, 

New M e x i c o  Bureau Mines Mineral Resources, Bu l l .  26, 57 p.. 
1947, Geology  of the G r a n  Quivira  quadrangle, New M e x i c o :  

Beede, J. W., 1911, The cycle of subterranean  drainage as  
illustrated i n  the Bloomington, Indiana,  quadrangle:  Indiana 
Acad. Sci. Prcc., v. 20, p. 81-111 

Bjorklund, L. J., and W e l l ,  B. W., 1961, Availability of ground 
water in  the Albuquerque area, Bernalillo and Sandoval Counties, 
New Mexico: New !4exico State Engineer, Tech. Rept. 21, 117 p. 

Bretz, J. H., and Horkxg, Leland, 1949, The Ogallala Formation 
west of the Llano Estacado: Jour. Geology, v. 57, p. 477-490 

Bryan, Kirk, 1941, Correlation of the deposits of Sandia cave, New , 

Mexico, w i t h  glacial chronology: Smithsonim ?fisc. Colln., 
v. 99, no. 23,  p. 45-64 

Bryan, Kirk, and McCann, F. T., 1950, The two high stages of 
Lake Estancia, New Mexico, and their relation to glacial  
chronology: unpub. m u s c r i p t ,  35 p. 

Busch, F. E., 1966, Ground-xmter levels in New Mexico, 1964: New 
Mexico State Engineer,  Basic Data Rept., 130 p. 

Busch, F. E., and  Hudson, J. D., 1967-1970, Grourid-water levels 

Data Repts. 
i n  New Mexico 1965-1968: N e w  Mexico State Ehgineer,  Basic 



1 9 2  

Dane, C. H., and Bachm, G. O., 1965, Geologic m p  of New 
Mexico: U.S. Geol. Survey 

Dartan, N. H., 1928, "Red Beds" and associated forrrations in  
New Mexico; w i t h  an outline of the geology of 'the state: 
U.S. Geol. Survey, Bull. 794, 356 p. 

Davies, W. E., 1960, Origin of caves in folded  limestones: 
N a t l .  Speleol. Soc., Bull., v. 22, p. 5-18 

Davis, S. H., and Dewiest, R. J. M., 1966, 'Hydrogeology: New 
York, John Wiley & Sons, 463 p. 

Davis, W. M., 1930, Origin of limestone caverns: Geol. Scc. 
America, B u l l ,  v. 41, p. 475-628 

W r i n e ,  B. E., 1971, Quantitative hydrologic study of a closed 
basin w i t h  a playa  (Estancia  Valley, New Mexico) : New 
Mexico Inst i tute  Mining  Technology, Ph.D. dissert.,  165 p. 

Dury, G. B., 1973, Paleohydrologic iqlications of som pluvial 

Soc., Amrica, Bul l . ,  v. 84, p. 3663-3676 
lakes in northwestern-New South Wales, Australia: Geol. 

Fallis ,  J. F., Jr., 1958, Geology of the Pedernal Hills area, 
Torrance  Cowty, New Mexico: MS. thesis, Univ. New 
Mexico, 50 p. 

Feth, J. H., and Brown, R. J., 1962, A method for measuring 
upward leakage from artesian  aquifers  using rates of salt- 
crust accmulation: U. s. Geol. Survey,, Prof - Paper 450-B, 
Short papers in geology, hydrology and topography, p.  B100-Bl01 

Forernan, Fred, Clisby, K. B., and Sears, P. B., 1959, 
Plio-Pleistocene sediments and climates of the San Aug~~stin 
Plains , New Mexico: New Mexico Geol. Soc., Guidebook 
10th  Field Conf., west-central New Mexico, p. 117-120 

Foster, R. W., and Stipp, T. F., 1961, Preliminary  geologic and 

Bureau Mines Mineral Resources, Ci rc .  57, 37 p. 
re l ief  map of the Precambrian rocks of New Mexico: New Mexico 

Freeze, R. A., and  Witherspoon, P. A., 1966, Theoretical analysis 
of regional groundwater flow, I. Analytical and nmwxical 
solutions to the mathematical &el: Water Resources 
Research, v. 2, p, 641-656 

_""" , 1967, Theoretical anaylsis of regional groundwater 
flow, 11. Effect of water-table configuration and subsurface 
perneabili ty  miation: Pra t e r  Resources Research, v. 3, p. 
623-634 



. .  . 

193 

Frye, J. C., and  Leonard, A. B., 1965, Quatemzy of the 
southexn G r e a t  Plains, in The Quaternary of the United 
States:  Princeton,  Prinzton Univ. Press, p..  203-216 

' Galloway, Robert W., 1970, The full-glacial climate in the I southwestern  United States: Annals Assoc. Am. Geographers, 
V. 60, p. 245-256 

Greene, F. C., 1909, Caves and cave formation of the "ithcell 
limestone:  Indiana Acad. Sci. Roc, for 1908, p. 175-184 

I '  
Hafsten, U l f ,  1961, Pleistocene develo-t of vegetation and 

climate in the southern High Plains are evidenced by 
pollen analysis, in Paleoemlogy of the Llano Estacado: 
Santa Fe, Museurn N& Mexico Press, p. 59-91 

H a r b w ,  Jerry, 1958, Microstratiqaphic and sedimentational 

thesis, Univ. New Mexico, 111 p. 
studies of an early-mn site near Lucy, New M e x i c o :  MS. 

Hibken, F. C., 1941, Evidences of early occupation in Sandia 
Cave, New Mexico, and other sites in the Sandia-mlzano 
Region: Smithsonian Misc. Col ln . ,  v. 99, n. 23, p. 1-44 

Hudson, J. D., 1971, Groundwater levels in New Mexico, 1969: 
New Mexico State Engineer, Basic Data Rept., 74 p. 

H u n t ,  C. B., Robinson, T. W., Bowles, W. A., and Washbum, X. L., 
1966, Hydrologic hasin, Death Valley, California: U. S. 
Geol. Survey, Prof, Paper 494-B, 137 p. 

Johnson, D. W., 1902, Notes of a geological  reconnaissance in  

V. 29,  p. 80-87 
eastern Valencia County, New Mexico: American Geol., 

Judson, S., 1950, Depressions of the northern portion of the 

Amxica, Bu l l . ,  v. 61, p. 253-273 
Southern High Plains of eastern New Mexico: Geol. Soc. 

Kelley, V. C., 1963, Geologic m p  of the Sandia PQuntains 
and vicinity, New Mexico: New Mexico Bureau Mines Mineral 
Resources, -01. Map 18 

"" "" , 1972, Geology of the  Fort Smmer sheet, New Mexico: 
New Meyim Bureau Mines Mineral Resources, B u l l .  98, 
55  p. 

Kelley, V. C., and Thompson, T. B., 1964, Tectonic map of the 
Ruidoso-Carrizozo region; New Mexico: New E 4 e x i c o  Geol. SOC., 

New Mexico, p. 110-121 
Guidekcok 15th  Field Conf.,  Ruidoso country, south-central 



0 '  1 9 4  

Keyes, C. R., 1903, Ephmeral  lakes: Am. Jour. Sci.,  4th ser., v. 
16, p.. 377-378 

, 1908, Geologic processes and geographic prducts  of 
, the  arid region: Geol. Scc. America, B u l l ,  v. 19, p. 570-575 

Kottlmski, F. E., 1961, Pennsylvanian rocks in north-central New 
Mexico: New Mexico Geol. SOC., Guidebook 1 2 t h  Field Conf., 
Albuquerque country, New Mexico, p. 97-104 

Lmgkein, W. B., 1961, Salinity and hydrology of closed lakes: U. S .  
Geol. Survey, ProfgPaper 412, 20 p. 

Leopold, L. B., 1951, Pleistocene climte in New Mexico: Am. Jour. 
Sci., v. 249, p. 152-168 

Lyons, T. R., 1969, A study  of  the  paleo-Indian and desert culture 
conplexes  of the Estancia  Valley ara, New Mexcio: Ph-D. 
dissert.,Univ. New Mexico,  355 p. 

Meinzer, 0. E., 1911, Geology and water resources of Estancia  Valley, 
New Mexico: with  notes on  ground-water mnditions in adjacent 
parts of  cenl-ral New Mexico: U. S. Geol. Survey, Water-Supply 
Paper 275, 89 p. 

Meyers, J. S., 1962, Evaporation from the 17 western states: U. S .  
Geol. Survey, ProfL'Paper 272-D, p. D71-Dl00 

Morrison, R. B., and Frye, J. C., 1965, Corxelation of the middle 
and l a t e  Quaternary successions  of the Lake Lathontan, Lake 
Bonneville, Rocky &m-~'cain (Wasatch  Range), Southern Great 
Plains, and eastern Midwest areas: Nevada Bureau Mines, Rept. 
9, 45 p. 

Myers, D. A., 1966, Gelogic m p  of the  Tajique  quadrangle, 'Ibrrance 

GQ-551 
and Bernalillo  Counties, New Mexico: U. S. Geol. Survey, 

County, New Mexim: U. S . Geol. Survey,  GQ-639 
, 1967, Geologic m p  of the Torreon quadrangle,  Tbrrance 

Needham, C. E., and Bates, R. L., 1943,  Permian type  sections i n .  

central New Mexico: Geol. SOC. America, B u l l . ,  v. 54, p. 
1654-1656 

New Mexico State Engineer Office, 1956, Climatological sum[l~vy, 
. .  

New Mexico, precipitation 1849-1954: New Mexico Sta te  Fngineer, 
Tech, Rept. 6, 407 p. 

, 1965, Thiclcness of a l l w i m  (valley f i l l  and lake 
deposits), Estancia Underground  Water Basin: New Mexico State 
Engineer,  open-file mp 



195 

-"""""_ , 1966,  Specific  conductance of ground water,  Estancia 
Underground  Water  Basin:  New Mexico State  Engineer,  open-file 
m P  

IQrthroj?, S. A.,  1959,  Minerals  of  New Mexico: Albuquerque, Univ. 
New Mexico Press,  665  p. 

Olsen,  Siguard,  1944,  Danish  Charophyta,  chronological,  ecological, 
and  biological  investigations:  Det K. Danske  Vidensk.  Selsk., 
Biol. Skr., bind  3, nr. 1 

Peck, R. E.,  1957, Wrth m i c a n  Mesozoic  Qlarophyta:  U. S. 
Geol. S u w e y ,  Prof.  Paper  294-A,  44 p. 

Phalen, W. C., 1919,  Salt  resources  of .the United  States:  U. S. 
Geol. Survey,  Bull.  669,  284  p. 

Piper, A. M., 1932, Ground water in north-central Tennessee: 
U. S. Geol. Survey,  Water-Supply  Paper  640,  238  p. 

Read, C. B . , Wilpolt, R. H i ,  Andxews ,. D. A., S m s G n ,  C. H., 
:. 

and !@md, G. H., 1944,  Geologic  map  and  stratigraphic  sections 
of P d a n  and  Pennsylvanian  rocks  of  parts of San Miguel, San'ca 
Fe,  Sandoval,  Bernalillo,  Tbrrance, and Valencia  counties,  north 
central  New M e x i c o :  U. S . Geol. Survey,  Oil  and  Gas Gv. 
Prelim. W p  OM-21 

Feeder, H. O., Herrick,  E. €I., Hood, J. W., and  Gordon,  E.  D.,  1959, 
Annual water-level  measurenents in observation  wells,  1951- 
1955,  and  atlas  of  maps  showing  changes in water  levels  for various 
periods  from  beginning o€ record  through  1954,  New M e x i c o ;  & 
Par t  C, South-central  closed  basins  and.Rio  Grande  valley: 
New Mexico S t a t e  Engineer,  Tech.  Rept.  13, p- 221-269 

Reeves, C. C., Jr.,  1973,  The  full-glacial  climate  of the southern 
High  Plains,  West  Texas: JOW. Geology, v. 81, p.  693-704 

Reiche,  Parry,  1949, Geology of the Manzanita and north Manzano 
Mountains,  New  Mexico: Geol. Soc. America,  Bull.,  v. 60 
p. 1183-1212 

Richmnd, G. M., 1963,  Correlation  of sore glacial  deposits in 
Ncw Mexico:  U. S. Geol. Survey, Prof. Paper  450-E,  p. 
E121-El25 . . .  

S h m ,  'R. C., 1961,  Genesis and classification  of  soils in the ' ' 

New Xexico State Univ., 156 p. 
semi-arid  region of  central.New M e x i c o :  M.S..thesis, 



1 9 6  

&xi&, G. I., 1966, Geology of Searles Iake-a guide to 
prospecting for buried continental salines, i n  Second 
Symposium of Salt:  Cleveland, Northern Ohio &l. Soc., 
p- 167-180 

Smith, R. E., 1957, Geology and ground-wa* resoucces of Tbnance 
County, New Mexico: New Mexico Bureau Mines Mineral Resources, 
Ground-Water Rept. 5, 186 p. 

Stems, C. E., 1953, Tertiary Geology of the Galisteo-Tongue area, 
New Mexico: Geol. Scc. m i c a ,  Bul l . ,  v. 64, p. 459-508 

Stephenson, R. L., 1965JQuaternary human occupation of the plains, 
- in The -ternary of the United  States:  Princeton,  Princeton 
Univ. Press, p. 685-696 

Swinnerton, A. C., 1932,  Origin of l b s t n n e  caves: Geol. Soc. 
mica, Bul l . ,  v. 43, p. 663-693 

Talmdge, S. B., and Andreas, A., 1942,  carbon dioxide in New 
M e x i c o :  New Mexico Bureau Mines Mineral Resources, C i r c .  
9, 7 P. 

Talmdge, S. B., and  Tkotton, T.P., 1937, The non-metallic 
mineral resources of New Mexico and their economic features 

B u l l .  12, 159 p. 
(exclusive of fue l s ) :  New Mgxico Bureau  Mines Mineral Resources, 

Thra i lk i l l ,  John, 1968, chemical and hydrologic factors in the 
excavation of l i m s t o n e  caves: Geol. S o c .  Anaerica, Bul l . ,  
V. 79, p. 19-46 

Titus,  F. B., 1961, Ground-water geology of the Rio Gmnde 
trough in north-central New Mexico, w i t h  section-’on the 
Jemez Caldera and the Lucero Uplift: New Mexico Geol. Scc., 
Guidebook 1 2 t h  Field Conf.,  Albuquerque country, New Mexico, 
p. 186-192 

- , 1969, Late Tert iary and Quaternary hydrogeology of 
Estancia Sasic, New Mexico: Univ. New Mexico l?h.D. dissert., 
179 p. 

Tbth, J., 1963, A theoretical analysis of gromdwater flow in maI.1 
drainage basins: Jour. Geophys. Research, v. 68, no. 16 ,  
p. 4795-4812 

U. S. Weather Bureau, 1955-1968, Climtological data, New Mexico: 
V. 59-72 



197 

Weir, J. E., Jr., 1965, Geolosy and availability of ground water in 
the  northern  part of the White  Sands Missile Bnge and 
vicinity, New Mexico: U.  S. G&l. S w e y ,  Water Supply 
Paper 1801, 78 p. 

Wendorf, Fred (ed.) , 1961, Paleoecology of the Llano Estacado: 
Santa Fe, Museum  bJew M e x i c o  Press, 144 p. 

Wilpolt, R. H., MacUpin, A. J., Bates, R. L., and Vorbe;Georges, 

rocks of Joyita H i l l s ,  Los Pinos Mountains,  and northern 
1946, Geologic map and stratigraphic  sections of Paleozoic 

Chupadera Mesa, Valencia, Tbrrance, and Socorro Counties, 
New Mexico: U.. S. Geol. Survey, O i l  & Gas Inv. Prelim. 
Map OM-61 



1 9 8  

APPENDIX A -- Selected Drillers' I.cgs of Water Wells 
(from New Mexico State.zngineer Office files) 
" " 

b a t i o n :  SE%dW%j sec. 18, T. 4 N., R.' 9 E. 
mer: N. Knight ' 

~~~ ~~ 

S q l e  description Thickness 
f t   f t  

Lacustrine unit 
Surface soil  . .  6 
Gray clay 8 

6 
14 

Alluvial u n i t  
Caliche 
Caliche and gravel 

26 

Pale  red clay 
39 

9 48 
Gray clay,  some gravel and sand 
Pale  red clay, gravel 9 

55 ' 

Red clay, gravel, sand 
64 

24 
Gray clay, gravel, sand 36 

88 

Gray clay 
124 

Red clay, gravel 
4 
4 

128 

Brown clay,  gravel, sand 20 
132 
152 

12 
13 

7 .  
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m a t i o n :  SWkSW%S& sec. 10, T. 6 N., R. 8 E. 
&Mer: IhkllOWIl 

Sample description Thickness 
. f t   f t  

Lacustrine unit (?) 

Adobe clay 
Topsoil 

Allwial unit 

Water 
Red clay,  gravel 

Clay, gravel 
Sand, gravel,  clay 
Yellow clay, sand 
Yellow clay, sand, gravel 
Red clay,  gravel 
Sand, gravel 
Clay 
Gravel, clay 
?ed clay 
Sand, gravel, water 
Clay 
Gravel, clay, sand 
Red clay 
Boulder rock 

Madera Limestone 
. Red-bed clay 

3 3 
12-  15 

21 
2 

20 
7 

3 
I 

12 

10 
3 

10 
20 
5 
5 
5 

28 
2 

36 
38 
45 
65 
68 
75 
87 
90 

100 
110 
130 
135 
140 
145 
173 
175 
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Location: sW% sec. 30, T. 6 N., R. 11 E. 
Owner: ' 'iy. Blackwell 

. . . .  . 

. . . .  . . .  

-le description "h ichess  Depth 
ft ft 

Lacustrine unit and alluvial  unit . .  
(undifferentiated) 

Soil 3 3 
Gravel 
Colored clay 

7 
18 . ' 

10 
28 

Gray sandy clay and gravel 3 31 
-Gray and red  clay w i t h  sandy clay 1 9  
Gray  and red sand with sandy clay, water 11 61 
Gray  and red  clay 14 75 
Gray sand and  sandy clay, water 
Red clay 1 

3 78 

Lost circulation (rock) 8 
79 
87 

. 50 ' 
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kcation: NW@W&SE% SeC. 19, T. 7 N., R. 10 E. 
mer: H. Price 

S q l e  description Thichess 
f t  f t  

Lacustrine unit (?) 
Soil 
Caliche 

Alluvial unit 
Sandy shale 

Lime shell 
Sand  and mud 

Triassic rocks 
Red bed 
Red sand rock 
Red sandy shale 
Red sand rock 
San3.y red shale 

San  Aqdres  Formation 
Broken liw 

27 
3 

20 
65 
15 

30 
40 
50 
50 
5 

30 
3 

115 
50 

130 

160 
200 
250 

305 
300 

7 312 

i 



Location: 
owner: , H. Benefield 

Wfi'?$i sec. 19, T. 7 E., R. 10 E. 
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Location: NE%fi'?$i sec. 19, T. 7 E., R. 10 E. 
owner: , H. Benefield 

Sample description Thickness Depth 
f t  et 

Lacustrine unit 
Surface' 2  2 
Yellow sha le  36 38 

Alluvial unit 
Caliche ' 7  45 
Sand 45 90 
Lime 2 92 
Iied sandy shale and gypsum 33 125 

Triassic rocks 
Red shale 30 ,155 
Sand 10 165 
Sand and gravel 10 175 
Red shale, sandy 
Red shale, gypsan, shells 

25 
15 ' 215 

200. 

-Red sandy shale 25 
Red shale 10 

240 
250 

Hard sand 4 .  254 

San adres Fonnation 
Yellow clay and gravel 26 280 

. .  

. .  

Sample description Thickness Depth 
et f t  

Lacustrine unit 
Surface' 2  2 
Yellow sha le  36 38 

Alluvial unit 
Caliche ' 7  45 
Sand 45 90 
Lime 2 92 
Iied sandy shale and gypsum 33 125 

Triassic rocks 
Red shale 
Sand 
Sand and gravel 
Red shale, sandy 
Red shale, gypsan, shells 
-Red sandy shale 
Red shale 
Hard sand 

San adres Fonnation 
Yellow clay and aravel 26 280 

10 
30 

10 
25 
15 
25 
10 

4 .  

155 

175 
165 

200 
215 
240 
250 
254 



203 

Lxation: S a  sec. 3, T. 11 N., R. 8 E. 
owner: W. Richards 

S q l e  description . . . . .  . . . . ,  

Alluvial unit 
Topsoil and caliche . 

Brown mdium sand 
Sand, brown 

I, 11 

It I 

,I 8 ,  11 

White rocks 
Brown sand and gravel 

Brown gravel and granite 
Various gravel and boulder 
Various boulders 

Mesaverde  Formation 
Light brown sandstone and sand 
Light. brown sandstone 
Green shale 
Blue shale 
Blue and brown shale 
Light brown sandstone 

10 37 
27 64 
10 74 
15 89 
23.  112 

9 1 2 1  
138 
162 

132 294 

17 
24 

25 319 
97 

9 
416 
425 

56 481 
50 531  
19 550 
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Location: SWk sec. 32, T. 11 N., R. 9 E. 
, mer: B. K i n g  

- 
Sample description Thickness 

ft ft 

Alluvial unit 

Caliche 
Topsoil 

Shale 
Sand  and gravel 

' Gravel 
Sand and gravel 
Gravel 
Sand  and gravel 

6 6 
14 20 
70 90 

110 
110 

200 

10 
310 
320 

65 385 
' 20 405 

Triassic rocks 
Redbed 55. 460 
Red rock 15 
R e d b e d : .  . . 

475 
. .  15 490 

"" 



APPFIDIX B -- Sarrple logs from  deep test holes drilled by 
New Mexico Inst i tute  of Mining & Technolgy 
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Location: NE%IW%SW% sec. 1 2 ,  T. 6 N., R. 9 E. 
NFilW: Means #1 

Sanple description Thidness 
f t  f t  

Dune sedirrent 
Gypsum sand 10 10 

Upwr lake sequence 
Clay, s i l ty ,  gray;  laminated orange clay 

interkedded in miadle of section;  disseminated 
fine gypsum crystals below 26 ft 28 

t o  buff  clay  loose;  disseminated gypsum; 
organic  fibrous material (chaxophytes?) 30 

Clay, gray, pale-yellow to buff,  sticky, yellow 
38. 

68 

Pkdial sand sequence 

rounded, frosted,  quartzose; little sandy 
Sand, very fine  to  fine,  clean, loose, w e l l  

clay in -per part, qray, yellow 19 87 

Lower lake sequence 
Clay,  sandy, gray, orange t o  buff;  gypsiferous 
a t  top; few nodules orange to brown linestone 
near base 21 108 

Alluvial unit 

Sand, fine to  coarse,. loose, very well rounded 1 109 
Clay, partly sandy, brick-red to pale 

brick-red, few thin zones i n  upper 2 f t ,  
cream; f e w  flakes carbonized wccd a t  118 f t  
(soi l  zone?) 22 131 

sand very coarse .to Wium, rounded; caliche 2 133 
Lks tone ,  sandy, w h i t e  to tan, nodular; 
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Location: SU%W%SW% sec. 16, T. 6 N., R. 9 E. 
N m :  School Section #l 

Sample description Thickness 
f t  f t  

Upper lake sequence 
Clay, l ight  gray to  t a n ;  contains  fine 

gypsum crystals, fibrous organic mterial 
in lower part 60 60 

Prtedial sand sequence 
Sand, fine, well sorted, rounded, frosted  18 78 

Lovrer lake sequence 
Clay, gray, tan, little orange 24 102 

Alluvial unit 
Clay, brown to reddish-brown; tkin sand beds 28 
Sand and clay, brown, red toward base . 50 
Sand, mdium to coarse, very permeable 28 
Clay,  reddish-brown; thin sand  beds 27 
Sand, coarse, little very fine;  thin  granule 

gravel beds, p a r t l y   c m t e d ;  orange clay M s  
near base 40 

Sand, s i l ty ,  red, fine; red,  gray  clay; s i l t y  
gravel a t  290 to  295 f t  25 

Sand, very fine to  coarse, partly cemented; little 
red, tan, white clay 20 

Clay, brown, red 5 
Sand, medim to coarse, partly cement& with 

calcim carbonate 5 
Clay, silty, red, t a n ;  very f ine,   s i l ty  sand 
beds 20 

Sand, s i l t y ,  tan, red, very fine, pdorly 
cemented; red  clay 1 0  

130 
180 
208 
235 

275 

300 

320 
325 

330 

350 

360 
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Location : 
N m :  Berkshire #l 

S&S&Wk sec. 22, T. 6 N., R. 9 E. 

Sample description Thickness =P* 
f t   f t  

Upper lake sequence 
Clay, gray, pale-yellow t o  orange: 
disseminated smll gypsum crystals; 
os t rads  and charophytes 44 44 

Medial sand  sequence 
Sand, fine to  rredium,  rounded, frosted, 

Clay,  sandy, tan; slightly gypsiferous; 

Sand, partly clayey, medium t o  very coarse, 

Gravel, very sandy, very fine, rounded, 

quartzose 11 55 

os t rads  and charophytes  12 67 

rounded, frosted,  partly c m t e d  13 80 

mstly  quartz and l h s t o n e ;  a 1 1  caliche 
fragments and thin  clay beds in lower par t  15 95 

Imer lake sequence 
Clay, silty, tan, gray, some pale-green; 
contains mall caliche fragments 
(allochthonous?) 10 

Alluvial  unit 
Sand, s i l t y ,  tan to brown; very fine gravel 

s ize  & caliche, rounded (allochthonous?) 15 
Clay, s i l ty ,  sandy, red to pink 10  
Sand  and red t o  pink s i l ty   c lay interbedded 40 
Gravel, very sandy, very f ine   t o  fine, 
rounded, calcium carbonate cement 38 

Clay, silty, sandy, tan, reddish-brown, 
l i t t le  pale-green; thin sand interkeds 27 

Sand, fine, cemented 7 
Clay, s i l t y ,  reddish-brown, pale-green 8 
Sand,  reddish-brovm, coarse, well sorted, 
subangular 7 

Clay, reddish-brown, gray, sticky 23 
Sand, very coarse to  fine, rounded to 
subrounded, poorly cemented 8 

Clay, gray, reddish-brown, sticky . 12 

105 

120’ 
130 
170 

208 

235 
242 
250 

257 
280 , 

288 
300 
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42 342 

Sand  and very fine gravel, subrounded to 
subangular, sand fine to coarse, partly 
c m t e d  with calcium carbnate;  gravel 

of reddish-brown, gray  clay 
contains few feldspar grains; interbeds 

chips mllusk shell,  highly permeable 
(taking water), fresh-water  limestone?; 
interkdded with coarse sand  and gray t o  
red clay 1 0  

Clay, silty, partly sandy, red i n  top 5+ ' 

ft, becoming a yellow to gray below; contains 

chert fra-ts; seed pod from 360-362.5 ft; 
unidentified  black mineral grains and few 

gastropd fragmsnts 22 

Limestone, clayey, light-brown, few 

. .  
374 

352 

Yeso Formation 
Shale, very s i l t y ,  sandy, red, little green 
clay;  light-gray  sandstone,  white gypsum at 
base 1 6  390 

,. v- I? j j 
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Location: SE%SE%W% sec.  20, T. 6 N., R. 9 E. 
N m :  Berkshire  82 

209 

S w l e  description  Qickness 

Uppr lake  sequence 
Clay,  light-gray,  pale-yellow; mall. gypsum 
crystals  43 

Medial  sand  sequence 
Sand, fine  to medim, rounded, frosted 3 
Clay, light-gray  to  white 6 
Sand, fine  to  coarse,  rounded; little  light-gray 

gravel in lower part 
clay in upper  part,  little  light-red  clay;.fine 

28 

Iower lake  sequence 

Clay, tan to  white,  gray: thin beds of  red  silt 
near  base  20 

Alluvial  unit 
Clay,  gray,  red;  caliche 12 
Clay,  silty,  red 16 
Caliche;  red.  clay 7 
Sand,  rcedim  to  coarse,  rounded; interbedded  red 
clay,  silty,  partly  sandy;  caliche  bed  at 
181 to 184 ft 74 
Caliche,  sandy,  white;  little  red  sand 9 
Sand,  silty,  red,  coarse 6 
Clay,  silty,  sandy,  red  to tan; thin sand  layers 
interbedded  26 
Sand,  gray  to  red,  coarse  to very coarse;  caliche 
fraqents  12 
Silt,  clayey,  sandy, red, gray;  little  fine  gravel 
at  274  to  275  ft 21 
Sand, tan to  gray,  coarse  to  very  coarse,  few 
feldspar  grains 7 
Sand,  very  clayey,  silty,  gray,  dark-red,.fine  to 
coarse,  quartzose,  feldspar  grains ' 19 
Gravel,  sandy,  fine,  rounded to subangular 11 
Sand.,  clayey,  silty,  gray  red,  fine  to  coarse; 
clay,  red,  gray;  little  gravel,  sandy,  granules 10 
Limestone,  clayey,  brown  to  light-brown,  light- 
gray;  coarse  sand 10 
Clay,  sandy, red to  dark-red;  contains  fragments 
of qastropod shells 10 

%Pa 
ft 

43 

46 
52 

80 

100 

112 
128 
135 

209 
218 
224 

250 I 

262 

283 

290 

309 
320 

330 

34 0 

350. . 



APPENDIX C -- Chemical analyses  of water from playas and from selected 
wells i n  Estancia Valley 

(Analyses " by U.S. Geological  Survey,  Albuquerque, - New Mexico; const i tuents  i n  mg/l) 
" 

PLAYA.  SAMPLES 

Location 

North end, Laguna del  Perro 
same as above 

same as above 
same a s  above 

a s  above 

bJE'&SE% sec.  20, T. 6 N.,  R. 9 E. 
same a s  above 

W'r see. 21, T. 6 N., R. 9 E. 
same as above 

NE$NW$ sec. 28, T. 6 N., R. 9 E .  
same as above 

SW$ sec. 6, T. 6 N.,  R. 10 E .  

NE$NE$SW'a sec. 19, T. 6 N.,  R. 10 E.  . .  <* PS VTIA VALLEY FORMATION 

l'7n W$ sec. 1 ,T .  6 N.,  R. 9 E.  . 
'sec. 11, T. 6 N . ,  R. 9 E .  

Date C a  - - 
5/ 3/67 1.2 
6/22/67 42 
8/ 8/67 680 
9/ 7/67 333 
1/ 2/68 540 
5/21/68 20 

2/ 6/68  695 
4/30/68 I, 200 

6/22/67 843 
2/ 6/68  570 

2/ 6/68  620 
4/30/68 39 

6/22/67  701 

6/22/67  485 

4/26/50  228 
4/12/50  177 

MEDIAL SAND MEMBER, DOG LAKE FORMATION 

SWiSW'aSE'a sec. 16, T. 6 N., R. 9 E. ' 2/20/68 174 

f!E1~XEbSE'a sec. 20, T. 6 N., R. 9 E. 12/12/67  188 
(Berkshire #3 t es t  hole) 

s m e  as above 1/4/68 92 
same as above 4/23/68 106 

- Mg - N a  - K 
25,400 65,000 2,500 
34,000 52,100 2,630 

20,000 112,000 2,260 
5,330 37,400 624 

3,170 27,000 402 
16,000 114,000 1,630 

636 5,800 7 1  
1,380 11,600 138 

4,500 26,500 409 
9,380 61,500 840 

13,700 211,800 . 916 
39,900 73,600 3,500 

7,160 57,800 497 

620 ' 3,260 107 

WELL SAMPLES 

107 
69 

226 
122 

203 670  16 

144  698 2 0' 

170 
237 

542 
634 

1 7  
2 1  

- 
1,010 78,500 

20,250 

321 30,200 
734 95,000 
156 15,100 
416 94,000 

126 4,600 
62 8,800 

148 13,100 
320 30,500 

3,580 29,500 
3,940 lox, 000 

114 

53 

252 
295 

524 

640 

648 
633 

13,000 

1,640 

462 
780 

1,150, 

732 

766 
I t  090 

c1 

177,000 
126,000 

50,800 
160,000 

39,500 
151,000 

8,700 
17,600 

101,000 
45,500 

147,000 
60,400 

103,000 

6,750 

__ 

336 
190 

774 

888 

490 
670 

Total 
Solids 

443,400 

126,000 
294,000 

400,000 

377,000 
86,400 

20,900 
40,800 

210,000 
91,000 

137,000 
373,000 

182,000 

12,900 

1,830 
1,160 

3,290 

3,040 

2,440 
3,100 

A 
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