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4 " CONCLUSIONS . . 

. . 

(relative t o  the W.I.P.P. s i te)  

1. The present W.I.P.P. s i t e  i s  probably the best locality available 

i n  the central and northern Delaware basin from the point of view 

of vulnerability to  the effects of regional deep-seated dissolution. 
. . 

2. Sal t  i n  the Delaware basin as a whole has been subjected t o  extensive ' 
. .  

dissolution, w i t h  50 percent of the original s a l t  dissolved. 'The 

northern part  of the basin, however, has been less subjected to  

deep dissolution than the central part  of the basin. 

3.  .The lower Salado s a l t  beds. have been the most active zone of 

'7% 
dissolution elsewhere i n  the basin, presumably due to  greater 

Yi 

permeability related t o  a break i n  deposition between the Castile 
I . .  . - .. and Salado formations. The advancing effects of l a t e r a l  deep 

dissolution a t  the lower Salado horizon can be expected t o  reach 

the disposal s i t e  before the,  removal of the overlying ' s a l t  beds. 

4. Estimates of the rate of deep-seated dissolution cannot be made with 

any degree of confidence with present data. The progression of deep 

dissolution has been from the south t o t h e  north in  the basin and one 

may expect the same undermining effects' of dissolution t o  develop i n  

the northern basin area as have already developed in  the central basin 

area and these w i l l  reach the s i t e  locali ty within the next few 

million years. . . 

- .  5. Localized features of deep.dissolution (breccia pipes, deep-seated 'I. 

sinks) are common i n  the basin and around the inner reef margin. 
I' 

\ 
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These features probably originate collapse chambers i n  s a l t  beds' 
'' , .~ 

immediately overlying the reef and basin aquifers. The process of 

dissolution and collapse that  formed the localized structures is a 

continuing one, possibly subject t o  climatic rejwination.  
. . 

6 .  Available informationsuggests that s a l t  ant icl inal  and associated 

deep-seated sink structures are present i n  the northern par t  of 

the disposalarea.. Locations with similar features have been the 

s i t e s  of expanded or  a d k c i n g  dissolution act ivi ty elsewhere i n  

the basin and have been associated with geopressurized br ine .  A 

sink i n  th i s  area may be in cornmication with the underlying aquifer 

or with the permeable horizon between the Castile and Salado formations. 

. . .  
f * g. . ~ 

. . 

a 

*.c 

C 

~: 
r. 

Information Only 



1. I f  a d e ~ i s i o n  should be forthconling t o  develop the .present 1V.I .P .P. 

s i t e  fo r  a nuclear waste disposal fac i l i ty ,  a number of geologic 

problems related t o  deep-seated dissolution remain t o  be evaluated, 

as f o l l ~ i s :  
. . 

a. Several known deep-seated sink features within the basin '. 
. . 

should be cored near thei r  centers t o  establish the horizon 

of active dissolution that produced the sink. One of these . , 

should be related t o  an anticl inal  structure and one t o  a 

sink w i t h  no'kno~m Gsociated anticline. The anticipated 

,- !. 
' 

coring of the depression i n  Sec. 9 i n  the northeast part of 

the s i t e  area, i n  conjunction with the coring of 'the -. - suspected anticl ine,  may demonstrate' the relationships, 

depending q o n  the findings. 

b. One large collapsed domal structure i n  the central or  

southern Nash Draw area should becored t o  establish the 

horizon of active dissolution. no-inch (nx) wireline core 

would be adequate for the purpose. 

c .  Several sinks i n  Nash Draw should be cored t o  the top of 

Anhydrite I11 to  establish i f  generalized dissolutibn of the 

Salaclo has occurred t o  the west of the s i t e  areaand t o  

determine the age and rate of subsidence of Nash Draw. 

NX wireline core would be adequate fo r  t h i s  detemination. 
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s' 
d. As per an earlier reconmendation, Bell Lake sink should 

- - be cored to obtain a lake history and sediment record to 

provide information on the rates of dissolution and 

collapse in the basin area. If Bell Lake sink should 

prove to be a deep-seated feature, it should be cored 

to the horizon of active dissolution. 

e. A 1000-1500 foot (305-457 m) core should be obtained 

from the Cenozoic Salt Basin to the west of the Guadalupe 

Mountains. The sediment profile should be analyzed and 

interpreted to determine the age and timing of uplift of 

the basin and its probable relationship to dissolution. 

2. Extensive regional and localized dissolution in the Delaware basin 

- 
d and the random distribution and on-going nature of localized 

. . 
dissolution suggests that this particular basin may have already 

> 
7 

progressed to a stage of dissolution where geological estimates 

of site integrity may not be obtained with the required degree 

of certainty. Studies of the statistical probability of the 

present and future occurrence of localized dissolution should be 

undertaken. This information, combined with information obtained 

from the above recommendations, shpuld be used to review and 

reevaluate the Delaware basin itself as an acceptable site for 

the disposal of high-level radioactive waste. 
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. . 
ABSTRACT. ' 

Deep-seated dissolution i n  the Delaware basin has developed i n  

association with the Capitan (reef) and the underlying Bell Canyon 

(Delaware) aquifers and a t  a more permeable horizon between the Castile 

and Salado formations. The upl i f t ,  erosion, and exposure of the reef 

inthe Guadalupe and Glass mountains has channeled meteoric waters through 

the reef aquifer. These waters gained access t o  the s a l t  through fractures 

around the reef margin, and dissolved overlying and superjacent salt by 

means of brine density flow. This type of deep dissolution moved into the 

s a l t  beds la tera l ly  a t  a horizon of increased petmeability between the 

Castile and Salado formations an! dissolved a wedge that undercut :the ' . . 
, P r . . 

overlying evaporites. The deep-seated dissolution also produced a nwnber 
. .  . .. ,- of large-scale collapse structures along the basin margin and along the 

western edge of s a l t .  This wedge-like effect ,  combined with surface 

dissolution,has removed 50 percent of the original s a l t  fromthe basin 
. . 

and reinoved 70 percent of the original s a l t  a t  the'lower Salado horizon. 

The waters in the aquifers, by gainingaccess t o  overlying s a l t  

through fractures, have also dissolved smaller scale localized chambers 

i n  overlying s a l t  beds that subsequently collapsed t o  f q m ~  bredcia pipes, 

deep-seated s i n k s ,  and other collapse structures. These features have 

been exhumed t o  different stratigraphic levels i n  the t i l t e d  and eroded 

basin, resulting i n  surface expression as limestone buttes (Castiles), 

collapsed outl iers , ,  domal structures with collapsed centers (breccia pipes), 

and deep-seated sinks. Plany of the deep-seated sinks are associated with 

s a l t  anticlines which probably formed as a result  of differential  s tress 
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. . . 3  '* 
from unloading related t o  dissolution. Localized collapse, as well as' 

. . - regiqnal dissolution, is an ongoing process. 

. . The W. I .P.P. s i t e  l i e s  i n  a comer of the Delaware basin that has 

been relatively protected from regional but not localized effects  of deep ' .  

dissolution. Deep seated, wedge-like dissolution, however, has progressed 

fran north to  south i n  the basin and s a l t  i n  the northern part  of the 

Delaware basin w i l l  eventually be 'dissolved a t  the lower Salado hoiizons 

. . before overlying s a l t  has been removed from the basin by processes of 

near-surface dissolution (suberosion). 
. . .  
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Deep dissolution of s a l t ,  northern Delaware basin, 

New P.:exico 

.. . 
I ~ O D U C T I O N  

Tho types of s a l t  dissolution, deep and shallow, can be recognized 

i n  the Delaware basin. The more familiar shallow type is the resul t  of 

the subsurface movement of undersaturated ground waters across the upper 

surface of s a l t .  Near-surface dissolution has l e f t  a residue a t  the top 

of the s a l t  body of the Salado Formation referred t o  by Vine (1963) as the 

leached zone. Estimates of the rate of dissolution and surface lowering 

(suberosion) for t h i s  process can be obtained from ground water flow data 

or ,  indirectly, from the rate of retreat  of the dissolving edge of the 
- 

s a l t  (Badunan and Johrson, 1973, p. 41; Jones, 1973, p. 4; Bachman, 1974, 

p. 68; Piper, 1973). 

A second type of s a l t  dissolution can be recognized as having dissolved 

s a l t  from somewhere within the bodyof evaporites, generally resulting i n  

the collapse and lowering of the overlying 'stratigraphic units.  This type 

of s a l t  dissolution was recognized by Anderson and others (1972) as a 

blanket dissolution breccia which occurs t o  the west of the present s a l t  

edge i n  the basin. In addition, abundant evidence exists  that  deep 

dissolution within the evaporites has resulted i n  more localized collapse 

features around the margin of the basin and within the basin. The origin 

of these deep dissolution features and breccias is more problematical than 
- - 

the origin of surface dissolution and the rates of dissolution more di f f icul t  
- 

torssess. This report s m a r i z e s  investigations t o  recognize and delineate 
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the effects  of deep dissolution i n  the northern Delaware basin. I t  

C relates observed patterns of deep dissolution to  probable hydrologic and 

tectonic factors and offers some explanations concerning the origin of the 

dissolution features. Finally, the report briefly summarizes the i m p l i -  

cations of the findings fo r  the s tab i l i ty  of the 1V.I.P.P. s i t e .  

I wish t o  thank Doris J. Rhodes and Sandra Etiller for  compilation of 

log data and help i n  the preparation of maps. Roberta Yliddicombe aided 

in f i e ld  work and i n  preparation of information on domal structures. 

DISRIBUTION OF SALT BEDS 

Original Distribution, Thickness, and V o l m :  
., 
0 

The first problem i n  determining the extent of s a l t  dissolution i n  ' , '  

. ~ 
. , .  - the basin is the recognition of the original extent and t h i ches s  of the 

. . 

s a l t  beds a t  the time of deposition. This problem was. simplified with the 

discovery of dissolution breccias i n  the western part  of the basin that 

were equivalent t o  hal i te  beds i n  the eastern part of the basin (Anderson 

and others, 1972). Subsequent varve and acoustical log correlations 

across the basin shaied that  individual s a l t  beds i n  Halite I11 (see. - 
Anderson and others, 1972 for  definition of stratigraphic units and 

Figures 2 and 15 for  stratigraphic sequence) to  the east  had a correspon- 

dingly thick breccia bed a t  the appropriate stratigraphic horizon i n  the 

western part  of the basin (Anderson, Kietzke, and Rhodes, 1978). More 

work showed that  every s a l t  bed i n  the sequence, ranging from Halite I 

through the laver part of the Salado Formation (with the exception of the 

Infracmirden hali te)  had an equivalent breccia bed t o  the west (Figure 2). 
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Figure 1. Location map shaiing dissolution depressions and position of 

western and eastern dissolution wedge. 
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. . 
A. 

. . 
. . .  

. . 
. . 

Figure 2. East-west section of acoustical logs showing evidence for 
western d i~so lu t ion  wedge. Note that  middle Salado sa l t  
overlies dissolved s a l t  beds of lower Salado which have . - 
beds of blanket dissolution breccia t o  the west. See .~ 

. . Figure 1 for location of section. (D, UNM-Phillips #1; 
E, Kirklin Drilling Co., J. H. Fisher #1, PSL 111, Culberson 
Co.; F, TXL O i l  Corp., W. P. Johnson e t  a l .  Fee #1, Loving 
Co.;G, Delfern O i l  Co., Ollie #I, Loving Co.; H, Union- . . 

University "37" #4,  Iiinkler Co., Texas). 
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bbst recently, a th in  bed of dissolution breccia (Figure 3) r i a s  discovered 

z 
w a t  the stratigraphic position of the lower part  of Halite I11 in  an outcrop 

of Castile Formation on U. S. Highway 62/180 near the Texas State line. 

This outcrop is only about 6 miles (10 km) from the western edge of the 

basin and shows that  the original distribution of most i f  not a l l  of the 

s a l t  beds once extended t o  the western margin of the basin. 

With th i s  information on the pre-dissolution distributions of s a l t ,  

isopach lines for  the major ha l i t e  units i n  the basin were reconstructed 

by asswning that the original s a l t  distribution i n  the basin followed the 

same trends i n  thickness as i n  the eastern part of the basin where it 

could be established that no s a l t  dissolution had occurred (see figures 

13, 15, 16, and 17 - i n  Anderson and others, 1972). The original volumes 

of s a l t  for  the different stratigraphic units i n  the basin are l i s ted  - 
i n  Table 1. 

'I 

Post-dissolution Thickness and I~olme: 

Present distribution and thickness of the major ha l i t e  units i n  the 

entire basin are depicted i n  isopach maps published by Anderson and others 

(1972)~. The compilation of volume of s a l t  in the different stratigraphic 

units (Table 1) shows that  approximately 50% of the original s a l t  i n  the 

basin has been dissolved. Contrary t o  what might be expected i f  surface 

or near-surface processes were the main agent of dissolution i n  the basin, 

the percent of dissolution does not linearly decrease with depth. Rather, 

the ha l i t e  units that have undergone the greatest r a te  of dissolution l i e  

within the body of evaporites. For the lower Salado unit ,  less  than 30% of 
- 

The distribution of lower Salado i n  the northern part of the basin 
differs  from that i n  Figure 1 7  of Anderson and others (1972) as a 

: result  of l a te r  interpretations. 
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Figure 3.  Photograph of dissolution breccia of lower s a l t  bed of 
Halite I11 collected from outcrop near Texas-New hlexico 
State  l i n e  on U.S. Highway 180/62. 
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Table 1. Original and post-dissolution volumes of  s a l e  in  h a l i t e  
un i t s  in the  Delaware basin. 

. . 

. . 
Original Post-dissolution Percent 

' . Hali te  volume volume dissolved ' ' 

un i t  3 11 3 11 m x 10 m x 10 

Middle and 
Upper Salado 

. . . . 
*lo00 f t  (305 rn) 

94.0 minimum 49.0 48 

"1500 f t  (458 m) 
126.0 49.3 minimum 

61 
c . . 

13.9 3.8 73 Lower Salado 
. . 

Hali te  I11 
Pre-Salado #14.4 9.6 #33 

Post-Salado 9.6 3.3 65 

5.3 49 Hal i te  I1 10.3 

Hal i te  I 
, . 

13.5 
. .  . . . . . . . . . . .  . . .  

7 . 7 '  
. .. 

43 

*Assuming un i t  was  1000 f t  (305 m) thick o r  1500 f t  (458 m) thick in  
western pa r t  of  the basin and 80% of volume is h a l i t e .  

#Volume of Hal i te  111 s a l t  assuming it w a s  once present i n  n o r t h e m s t  
pa r t  of  basin before Salado deposition. Percent dissolved by pre-Salado 
dissolution. 

- 
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the original volume remains i n  the basin. This departure from a linear 

trend is the resul t  of processes of deep dissolution i n  the basin following - 
Cenozoic up l i f t ,  t i l t i ng ,  and erosion. The isopach maps of Halite I11 and 

the lower Salado s a l t  units show that only a relatively narrow bel t  Z' 

(ca 30 mi . ,  50 km) along the eastern side of the basin has escaped the 

effects  of some regional deep dissolution (see also Figure 1 ) .  This same 

interpretation of the extent of dissolution was made by H i l l s  (1968, p .22) . 
Regional deep dissolution has had the greatest effect  on the western 

part  of the basin. The northern part of the basin, north of Township 25 

i n  New Mexico, has been more protected from some of the ef fec ts  of deep 

dissolution than the basin as a whole. More detailed maps of the ha l i t e  

beds and the 124 marker bed were constructed for the part of the basin 

that  l i e s  north of the New Mexico-Texas State l ine (Figures 4, 5, 6, 7, - 

8, 9, 10, and 11; see also Map 7, structure on top of Rustler Formation, 

of Hiss, 1976). These maps, plus information from cores and geophysical 

logs, as well as observations of ear l ier  workers i n  the area and personal 

observations i n  the f ie ld ,  provide a basis for  interpreting the extent, 

history, and causes of deep dissolution i n  the basin. The several stages 

or episodes of dissolution i n  the basin and the role and extent of deep 

dissolution are considered sequentially from older t o  yomger i n  the 

following sections of th i s  report. 
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Figure 4. Isopach map of Halite I unit of  ast tile   or mat ion. 
Note common occurrence of s a l t  anticlines and 
associated sinks and other isolated sinks. : 
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Figure 5 . Isopach map of Halite I1 unit of Castile Formation. 
Compare with map of Halite I to  see differential  
relationships between th ichess  of the nvo s a l t  beds. 
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Figure 6. Isopach map of s a l t  i n  Halite I11 unit of Castile 
Formation. Note outliers of s a l t  t o  the west and 
north of s a l t  edge and abrupt thinning of s a l t  t o  
the west and above the 100 foot (50.5 m) isopach 
t o  the north. 
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Figure 7. Isopach nap of Infracowden s a l t  bed of Salado Fomtion.  
Note gradually thinning southern margin and thinning of 
s a l t  over reef.  
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Figure 8. Isopach map of lower Salado (top Cowden t o  top 136 marker 
bed), including anhydrite beds. Compare posi t ion of s a l t  
edge t o  tha t  of s a l t  i n  middle Salado (Figure 9) t o  see 
extent o f  dissolution wedge. 
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Figure 9. Isopach map of middle Salado (top 136 t o  top 124  marker 

beds), including anhydrite beds. Note posit ion of s a l t  
edge. 
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Figure 10. Isopach map of upper Salado (top 124 marker bed to top 
of salt) , including anhydrite beds. 
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Figure 11. Structure contour map on top of 1 2 4  marker bed i n  the 
Salado Formation. Note the structural  high over s a l t  
anticlines i n  Halite I ,  low over reef ,  and additional 
lai west of s a l t  anticlines. (The contours i n  the 
vicinity of the W.I.P.P. s i t e  were adapted from Griniold, 
1977, figure 7). 
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PRE-CENOZOIC DISSOLUTION 

Post-Castile - Pre-Salado Dissolution: 

The nature of the contact between the Castile and Salado formations 

has been a troublesome problem for many investigators. Log correlations - 
within the Salado Formation and within theCas t i l e  are simple and straight  

fonrard but there is a zone of confusion between the two formations that  

has resulted i n  different workers selecting different units as the 

boundary and recognizing different marker beds as the Cowden Anhydrite: 

The problem has been compounded by deep Cenozoic dissolution a t  the 

boundary that  has removed some ha l i t e  beds and merged anhydrite beds t o  

a l t e r  original stratigraphic relations. 

Evidence for Enconformity and Dissolution 

Adam (1944) recognized the presence of an unconformity between the 

Castile and Salado formations i n  the northern part  of the basin. Jones 

(1954, p. 108; 1972 - i n  Brokarr and others) rejects  th i s  interpretation 

andbelieves there is a transitional and intertonguing relationship, 

with the surface of the Castile descending some 650 feet  (200 m) to  the 

north and being replaced by the lower Salado. Correlations of acoustical 

logs i n  the basin and the thickness relationships of Halite I11 support 

the interpretation of Adams that there was an episode of non-deposition, 

angular unconformity, and even s a l t  dissolution i n  the northern part of 

the basin following the deposition of the Halite I11 unit of the Castile 

Formation. m e  unconformity i s  of considerable importance t o  the processes 

- of l a t e r  deep s a l t  dissolution i n  the Cenozoic and so the relatianships 

have been examined in some detai l .  
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The edge of Halite I11 along the western s i de  of the basin and along 

most of the eastern side is a Cenozoic dissolution margin. This has been 

determined by correlation of laminae and breccia beds and acoustical logs. 

?he character of the northern margin of Halite I11 s a l t ,  i t s  apparent 

occurrence i n  sl ivers  i n  structures along the eastern basin margin, and 

suspected thin outl iers  of Halite I11 s a l t  i n  the northern part of the 

basin suggest that  Halite I11 once extended north of present distribution 

and that the northern edge is also a dissolution margin (Figure 6 ) .  

?his interpretation is also supported by the locus of thickest deposition 

of both the underlying and overlying s a l t  beds (Halite I and I1 and 

Infracowden Sal t )  which l i e  in the area of missing Halite 111, implying 

that  Halite I11 was also thickest i n  the same area. 

I f  the dissolution of the northern edge of Halite I11 took place a t  . 

the same time as the dissolution along the eastern and western margins 

(Cenozoic) then the northern part  of the basin w i l l  have been undercut by 

deep Cenozoic dissolution and the overlying units fractured during the 

process of s a l t  removal. Tnis does not appear t o  be the case as the cores 

from the overlying units do not show the sane degree of fracturing as 

observed i n  cores above dissolved s a l t  in  the western part of the basin. 

The available evidence indicates that  the dissolution of Halite I11 took 

place below the unconfomity separating the Castile from the Salado and 

hence was a pre-Salado event. 

Other evidence of dissolutioa an3 unconfomity l i e s  i n  the mutually 

exclusive distribution of Halite I11 s a l t  t o  the south and overlying 

Infracowden s a l t  t o  the north (compare Figures 6 and 7 and see Figure 16). 

Gorrell and Alderman (1968) observed similar inversions of in t ra fomt iona l  
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"thicks" as a resul t  of s a l t  dissolution i n  the middle and upper Devonian 

Prarie evaporites. In that example, removal of a volume of s a l t  was 

compensated by a thicker section above ths dissolved s a l t .  The Infra- 

cotden s a l t  appears t o  have compensated for  the surface lowering of the 

Castile i n  the northern part of the basin. 

The unconformity i n  the basin is also marked by a profound change i n  

the influx of clastics into the basin with Halite I11 being essentially 

f ree  of c las t ics  and Infracowden s a l t  containing a much hlgher percentage 

of clay. Around the basin margin,the lower part  of the Infracowden 

contains a s i l t s tone  member (La Huerta s i l ts tone of Lang, 1942). Geo- 

chemical associations of major and minor components i n  the system also 

change markedly following Halite I11 deposition. 

Jus t  how much s a l t  w a s  removed, or  the original thickness of 

Halite I11 to  the north cannot be determined exactly. I f  depositional 

trends i n  Halite I11 followed those of Halite I and Halite 11, the s a l t  

would have been i n  excess of 300 fee t  (90 nl) . The core from AEC t 8  

borehole was examined i n  deta i l  to determine i f  evidences of Halite I11 

s a l t  could be found. Thick lcm t o  2an "Salado type" anhydrite an& 

magnesite laminations were present above and below the suspected Halite I11 

horizon. The suspected Halite I11 zone occurs about 100 fee t  (30 m) below 

the Infracowden s a l t  and consists o f  about 40 fee t  (12 m) of disrupted, vuggy, 

recrystallized, and reorganized laminae. Recrystallization has proceeded 

t o  the extent that  original brecciated structure would be di f f icul t  t o  

observe i f  it were originally present. Some par t ia l ly  replaced fragnents 

were seen. Intense disruption is confined t o  a zone about 10  feet  (3 m) 

thick and it is not hown i f  th i s  zone might represent a l l  or  part of 

Halite I11 s a l t .  
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The same horizon as the disrupted zone in the AEC #8 core (100 feet, 

30.5 m, below Infracowden salt) contains beds of pure salt, without elastics, 

about 200 feet (61 M) thick in the core from nearby AEC #7 borehole (about 

2 miles, 3 h, separation). This suggests,along with the thin outliers, 

that all of Halite I11 salt was not removed during the dissolution interval. 

Another possibility is that another salt bed underlies the Infracowden next 

to the reef and that the disrupted, vuggy horizon represents the mconfonnity. 

Other slivers of Halite I11 occur in the deformed zone bordering the reef 

(Figure 6) but stratigraphic relations in this belt are often confusing 

owing to salt movement. 

Nature and Fxtent of Unconformity 

The unconfomity lies beneath the Infracowden salt, apparently at the 

base of or within the Fletcher Anhydrite of Lang (1942) and occupies the 
. . 

. :  position, essentially as described by Adams (1944, figure 3). In T 25 S, 
. . 

R 32 E, Lea county,where Cenozoic . . dis'solution has not obscured the 

original thickness relationships, as little as 70 to 100 feet (20 to 30 m) 

of anhydrite separates the upper salt beds of Halite I11 from the lower 

salt beds of the Salado Formation. To the north, this same interval is 

occupied by the Infracowden salt which wedges out to the south superjacent 

to Halite I11 deposition (compare Figures 6 and 7). The Cowden Anhydrite 

south of the Infracowden wedge-out rests on 1.3 feet (0.4 m) of dolomitic 

mudstone which is underlain by nodular anhydrite with a dolomitic mudstone 

matrix. Hence the lateral equivalent of the Infracowden salt is a clastic 

unit and the Infracowden salt edge is depositional. 
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Figure 12. North-south diagrammatic cross section (J-J') . Note 
outliers of H-I11 beneath unconfonnity and in collapsed 
depressions. See Figure 1 for location of cross section. 
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The few thin s a l t  beds above the Cowden also wedge out t o  the south, 

but aside from these exceptions, every other s a l t  bed in the eastern and 

northern part  of the basin has a la tera l ly  equivalent breccia bed i n  the 

area of Cenozoic dissolution t o  the west. In the MI-Phillips #1 core 

from Culberson County, Texas, (Anderson and others, 1972) the Cohfden 

Anhydrite cannot be recognized as a separate stratigraphic unit and the 

northern unconfonnity does not extend t o  the west central par t  of the 

basin. No c las t i c  units were observed i n  the Culberson County core 

below' the Rustler Formation. 

The mconfonnity appears t o  be recognizable only i n  the northern part  

of the basin, but Adams (1944) says +hat the time break is even longer in 

the south. The thickened section of Anhydrite 111, where Halite I11 is 

suspected of having been dissolved, can be traced southward along the 

eastern side of the basin t o  about the N e ~ i & k x i ~ ~ - T e ~ a ~  s t a t e  line. The 

effects  of the unconformity, however, appear to  be widespread as 

t h i s  was the most active horizon of Cenozoic s a l t  dissolution and increased 

permeability associated with c las t ics  or  s a l t  residues around the margin 

of the basin i s  a further suggestion that there was a major disruption 

i n  sedimentation before Salado deposition. 

History and hvironment of Original Deposition 
i n  Northern Part of Basin 

Sediments i n  the Castile Formation are characterized by laminations 

of organic-rid1 calci te  and anhydrite with zverage couplet thickness of 

about 2 m throughout most of the basin. These laminae have been assw-ed 

by most observers t o  represent seasonal and annual deposition (varves). 

The Salado anhydrite i s  also lminated,buton a scale of 1 t o  2 an having the 
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anhydrite laminae s e t  off by thin dark films, apparently of organic matter 
!. 

and, i n  parts of the section, by thin white layers of ragnesite. No 

calc i te  is present. 

'The so-called 'banded anhydrite" of the Castile persists well ulp into 

the Salado Formation i n  the central part  of the basin. The upper surface 

of the banded anhydrite c'escends stratigraphically toward the north so that  

a t  about T 23 S (location of ERDA #I0 borehole) only about the lower third 

of Anhydrite I11 is banded. In the northernmost corner of the basin near 

the reef margin (location of ERDA #6 and AEC #8 boreholes) banded anhydrite 

does not occur above hhyd r i t e  I1 and the laminae show evidence of lack of 

horizontal continuity, scour, development of multiple laminae between 

bet ter  defined se ts ,  reduction i n  calci te  content, and concentration of 

ca lc i te  into thick laminae. A t  the reef margin (location of AEC #7 

borehole) the calci te  banding appears t o  be even lower i n  the section 
- 

(Figure 12). 

'The loss of banding t o  the north and the reduced calci te  content 

paral lels  the development of thicker s a l t  beds from south t o  north i n  the 

basin and is probably related to  increased sa l in i ty  of the water towards 

the northern comer of the basin. 'The loss of banding has contributed to  

problems in correlating Halite I11 and equivalent units. A distinctive 

limestone marker bed i n  the l o ~ ~ e r  part  of IIalite I11 (a t  To + 163,000 - i n  

figure 6 of Anderson and others, 1972) can be observed i n  outcrop and 

traced on gamma ray logs t o  T 23 S i n  the basin where it is absent ei ther  

due t o  loss of calci te  and laminated character o r  because of truncation 

a t  the unconformity (the former explanation appears more probable). The 

loss of banded anhydrite t o  the north takes place i n  a relatively narrow 
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arcuate belt through T 23 S, R 30 E that swings slightly southeastward 

toward the eastern side of the basin. This belt also corresponds to the 

thick anhydrite section lying north of Halite I11 which is thick because 

it represents the anhydrite above, below, q d  within Halite I11 and also 

because of a trend taiard thick anhydrite to the north. This arcuate 
. . 

belt is also the site of what appears to be a thin salt bed in acoustical 

logs about 100 feet (30 m) above the base of Anhydrite 111. 

Salado type laminae represent the northern saline facies. This means 

that the salt beds of Halite I11 that were once present to.the north.were 

interlayered with thick Salado type anhydrite laminae. Removal of the 
I 

salt by near-surface dissolution during pre-Salado time would have left 
i 

a residue of different character than the dissolution 4reccias to the west. 

l Presumably, the near surface Salado-type residue was the material subjected 
I 

to recrystallization by saline waters in the horizon 140 feet (30.5 m) 
" 

belori the Infracoriden salt at the AEC #8 locality. 

The locus of thickest deposition of salt is essentially the same for 

the Infracoriden salt as for Halite I and Halite 11. The locus for 

Halite 111, however, is now about 30 miles (45 h) to the south. The locus 

for thickest salt deposition in the lower SaLado, above the Infracowden is 

about 70 miles (113 km) to the- south. The timing ofthe episodes of salt 

deposition can be determined from correlations with the time-series obtained 

from the ml-Phillips 141 core (Anderson and others, 1972, figure 6). These 

relationships are summarized in Figure 13. 

If the present distribution of Halite I11 represents the original, 

distribution, then some event shifted the locus of thick deposition to 

the south and then shifted it back to the north before deposition of the 
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Infracowden Salt .  This event could have been a gradual shallowing of the 

basin t o  the north so that  only thin layers of s a l t  would have precipitated 

in temi t t en t ly  whereas more continuous deposition would have resulted i n  

thicker s a l t  to  the south. In any case, some s a l t  could be expected i n  the 

northernmost part  of the basin unless one proposes a drastic change i n  

basin geomtry. I t  seem more probable, however, that the locus of thick 

deposition remained the same and that subsequent dissolution a t  the 

unconfomity made additional room for the Infracowden sa l t .  

This explanation means that  only one episode of tectonism occurred 

to  a l t e r  the basin geometry and. substantially s h i f t  the locus of thick 

deposition. By the time the unconfomity developed above Halite 111, the 

reef-defined basin was essentially f i l l e d  w i t h  evaporites. Uplift and 
r 

southward warping exposed the sa l t s  i n  the northern comer of the basin t o  

removal by dissolution as a break i n  deposition occurred around the margins 
> 

of the basin but not i n  the central basin area. Deepening of the basin 

regionally brought the return of sulfate and hal i te  deposition; f i r s t  t o  the 

northern part  of the basin and beyond. The Infracowden s a l t  extends beyond 

the limits of the basin t o  the north (Figure 7) ,  is thickened significantly 

i n  the locus of previous Halite I a d  Halite I1 deposition, and is thinned 

over the top of the reef.  This reef-top thinning suggests that the reef 

s t i l l  had some control on sedimentation a f te r  the warping and the development 

of the unconformity and throughout Salado deposition (Figures 7, 6 ,  9,  10). 

This control may part ly account for continued thick deposition of s a l t  i n  

the old Castile-locus of thick deposition. Finally, with the f i l l ing  of the 

Castile basin, the geometric controls on salt precipitation and accmulation 

shifted the locus of Salado deposition to  the south-central part of the 

basin. This f inal  sh i f t  i n  the locus of deposition a f te r  the return of 
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waters above the &conformity took place i n  a few thousand years and w a s  

probably the resul t  of depositional f i l l ing .  . ' . . 

The c l a s t i c  influx into the basin began with the warping t o  the 

north and the development of a surface of non-evaporite deposition around 

the basin margins. This c las t i c  influx accompanied the f inal  disappearance 

of the reef as a barrier  although the reef was st i l l  somewhat of an 

effective barrier  to  the L a s  Huertas s i l t  t o  the north (F Plate 4 i n  

Jones, 1954). The c las t ics  associated w i t h  the unconformity and dissolution 

residues beneath the ~mconformity apparently l e f t  t h i s  particular horizon 

in the evaporites more perneable and more susceptible to  l a te r  dissolution 

i n  the Cenozoic. 

Pre-Rustler Dissolution: 

There is evidence for angular contact and loss of upper Salado units 

f 
4 

underneath the Rustler Formation i n  the western par t  of the basin (Baltz, 

1959; King, P. B. ,  1942; and A d a ,  1044). This truncation of beds w a s  

probably associated with the removal of some s a l t  but the amount of s a l t  

cannot be estimated because of the subsequent removal of greater quantities 

of s a l t  during Cenozoic dissolution and erosional stripping of the western 

part  of the basin. The unconformity, however, is not major and the 

contact between the Salado and the Rustler within the basin is conformable 

(Kroenlein, 1939 ; Pierce and Rich, 1962). None of the deep dissolution 

features i n  the basin appear t o  have been f o r n ~ d  a t  that  t i s e .  

Pre-Cretaceous Erosion and Dissolution: 

Badunan (1974, p.  13) shov~s an area west of the Delaware basin where 

Triassic rocks are absent and Cretaceous beds r e s t  directly on the Permian. 
> 

McKee and others (1959, p l .  9) show that  continental Triassic deposits were 
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eroded from the area to  the west of the Delaware basin. Sore dissolution 

of the upper part  of the evaporites i n  the western part  of the basin may 

have occurred during th i s  interval. The evidence fo r  renooval of Triassic 

beds from the western part  of the basin is the presence of Cretaceous 

sandstone and conglomerate in collapse depressions along the western 

margin of the basin. 

Malley and Huffington (1953, p. 541) interpret  a small area of 

thicker Triassic rocks i n  Lea County, north of the Capitan reef and 

outside the basin, as being associated with Triassic dissolution. Jones 

(1977, ora l  presentation) i l lustrated a band of th in  Triassic sedinents 

along the reef area i n  the northeastern part of the basin. I t  i s  l ikely 

that  some dissolutior, of the upper par t  of the evaporite sequence acc- 

ompanied the erosion interval prior t o  subsidence and overlapping of 

Cretaceous deposits. Has-ever, it is not believed that  pre-Cenozoic 

dissolution accounts for an appreciable volume of s a l t  removed from the 

basin because most of the dissolution features are so closely associated 

with Cenozoic and post -~rpl i f t  hydrologic and structural  controls. 

Vine (1976) has proposed that dehydration of gypsum to  anhydrite 

within the evaporites soiretime in the Triassic was the source fo r  water 

fo r  the dissolution of collapsing chambers i n  deep s a l t  beds that produced 

the breccia pipes i n  the northern part  of Nash Draw (Domes A, B.  and C 

of Vine, 1960). This interpretation was made a f te r  the discovery of the 

deep-seated nature of the breccia pipe under Dome C made ea r l i e r  interpre- 

tations of the shallower origin of the domes (Vine, 1960) unacceptable. 

This l a s t  interpretation of Vine is also unacceptable because there i s  no 

apparent reason t o  delay dehydrztion of gypsum u n t i l  Triassic o r  l a t e r  time 

and because other nearby and similar collapse structures c o ~ t a i n  t i l t e d  
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blocks of ~ le i s tocene  Gatuna Formation. mere i s  no:reason t o  assm 

that  such similar structures were fomed a t  widely separated times.' 

Tne domal structures, breccia pipes, and other features of deep- 

seated dissolution are believzd t o  have formed during the most recent and 

most extensive period of s a l t  removal following Cenozoic up l i f t ,  erosion, 

and exposure of the evaporites. These features are considered i n  the 

subsequent sections of this. report. 
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= CEPK3ZOIC DISSOLUTION 

Structural.and Stratigraphic Controls: 

Large-scale clissolution of s a l t  from the Delaware basin occmred 

I during the Cenozoic Era follaging upl i f t  and t i l t i n g  and exposure of the 

reef and evaporites. Much of th i s  happened d ~ ~ r i n g  the past few millions 

of years. Understandirg the present patterns of dissolution and the 

factors involved is, therefore, largely a problem in existing geometry 

and the mture of hydrologic flow. The Delaware basin, as a whole, 

responded t o  l a te  Cenozoic up l i f t  and t i l t i n g  as a single unit.  The 

up l i f t  occ~~r r ed  mostly along the western side of the Delaware and 

Guadalupe mountains to  the west of the basin and t i l t e d  the basin t o  the . 
east-northeast so that  present regional dip of the evaporite beds and 

I 

- v 
aquifers i s  about 100 f t  per mile (19 m per h.) . The bounding faults 

on the west intersected the reef (Capitan aquifer) a t  the southern end 

of the Guadalupe Mountains i n  Texa (Figure 1 ) .  The maxim upl i f t  was 

somewhat greater t o  the south than i n  the northern part of the basin so 

that  the Capitan aquifer became exposed and breached t o  the south f i r s t  

and the uplifted mountain mass became a major catchment for surface 

waters. The reef w a s  also uplifted and exposed t o  the south i n  the 

C l a s s  Mountains of Texas which became another catchment area for surface 

waters entering the reef aquifer system (Figcre 1 ) .  Following upl i f t ,  the 

s a l t  beds were systematically dissolved from the surface as erosion and 

dissolution progressed west to  east and ~ 0 ~ 1 t h  to  north across the basin. 

The geometry of the permeable (aquifers) and impermeable layers 

(evaporites) i n  the basin directed the subsurface flow of ground waters 
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t o  produce the present patterns of regional and localized deep dissolution. 

The Permian reef that  rings the basin (Capitan aquifer) is the major 

water-carrying unit  in the system. This aquifer has had a major influence 

on the moverent of salt-dissol%5ng waters, especially around the margin of 

the basin where the reef and the s a l t  beds are in close proximity. (In 

Permian time it was  the reef that was  the principal factor that  formed the 

basin and that  detemined the georetry of evaporite deposition. In Cenozoic 

time, it w a s  also the reef that  played a significant role i n  the removal of 

the evaporites.) Exhumation of the reef along the uplifted western and 

southern margjns of the basin allowed entrance of meteoric waters. The 

permeable aquifer carried the waters t o  the low northeastern part of the 

basin where they escaped through leakage into the San Andres Limestone 

aquifer (IIiss , 1975) . 
?he other major aquifer, related t o  deep dissolution, i n  the system 

underlies the evaporite sequence (Bell Canyon Fornation, Delaware Mountain 

Group). In contrast t o  the reef,  th is  aquifer is relatively impermeable but 

is under high a r t e s i m  pressure and does conduct water eastward across the 

basin t o  eventually emerge through leakage into the San Andres Limestone 

aquifer. The upper par t  of th i s  aquifer (Delaware sand) is more permeable 

than lower units.  The catchment area includes parts  of the reef and the 

exposed aquifer and evaporites along the western margin of the basin. 

The Cenozoic upl i f t  and t i l t i n g  of the basin was  accompanied by minor 

d i f ferent ia l  warping and flexuring and the development of well-defined 

fracture systems i n  the basin and reef-margin areas. Faults exist  a t  
1 

depth, below the evaporites, along the inner eastern reef margin and paral lel  

t o  the reef margin within the basin. These faults  are not thought t o  have 
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penetrated the evaporites (Haigler , 1962) but f lexuring along the reef 

% margin accompanying upl i f t  i s  thought t o  have fractured the reef and the 

overlying evaporites (P.dams, 1944, p. 1623; Miss, 1975, p. 118). 

Within the basin, joint se ts  w i t h  both a northeasterly and a north- 

westerly s t r ike  are recognizable. The northeasterly s e t  appears t o  be 

better  developed and has fractured the lo~~-er  anhydrite of the Castile 

Formation along the tiestern basin margin where it is exposed (King, 1948; 

Olive, 1957). This same direction of fracturing has also controlled the 

emplacement of "dikes" of replacerent limestone i n  the middle part of the 

evaporite sequence. A faul t  graben with a displacement of &out 80 feet  

has the same bearing as the joint s e t  and intersects both the b i e r  

anhydrite (Anhydrite I) and the underlying Bell Canyon Formation (Smith, 

: 19 78; Appendix C) . 
This brief  survey of the structural and stratigraphic controls on 

the moverrent of deep gromd waters i n  the basin forms a set t ing for  

considering the distribution and origin of regional and localized features 

of deep dissolution. The Capitan limestone, Delaware sand, pre-Salado 

unconformity, and the reef-margin and basin fracture system have placed 

moving undersaturated waters i n  contact with s a l t  t o  produce a variety 

of dissolution features. 

Features of Deep Regional Dissolution of Salt: 

I t  has been k m n  to  geologists who have worked in  the Permian basin 

that  large volumes of s a l t  have been removed from local areas i n  the 

Delaware basin by dissolution (see - Wlley and Huffington, p. 541). k h y  

of these features have been previously described i n  a general way and 

attributed t o  solution effects but the deep-seated nature of the process 
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I or a mechanism t o  produce them has not been recognized. The discovery of 

I :< 

beck of dissolution breccia and detailed knowledge of the stratigraphic 

I position of the b r ecc i a  from vanre correlation has made it possible t o  

use acoustical. logs t o  identify particular horizons of dissolution i n  . .. 

. . the basin. This ,  i n  turn, has sham that deep dissolution o f  s a l t  i s  a 

I common process and many of the dissolution features i n  the basin are of 

I Anderson and others (1972, figure 8) and Anderson, Kietzke, and 

. . Rho&s (1978) showed that the s a l t  beds of 'the upper and middle . Salado . 

had been undercut by dissolution along. the western margin of the basin. 

I This wedge-like effect  of dissolution i s  i l lus t ra ted  i n  Figure 2. These 

studies s h o ~  that  the most active horizons of dissolution along the wedge 

- have been the s a l t  be& of the Lower Salaclo and the upper s a l t  beds of 

I Halite 111. Tnese s a l t  beds l i e  above and below the position of the 

pre-Salado unconformity . The effect  of the wedge on volume of s a l t  disso- 

lutibn is reflected i n  Table 1 which shows that  the lower Salado has been 

the most active horizon of deep dissolution related t o  the wedge. 

The position of the wedge is depicted approximately i n  Figure 1. The . . . 

wedge apparently terminates i n  the southern part'  of t he  basin where the 

I Pecos-Reeves County l ine joins Jeff  Davis County. I t  follows a general 

north-south trend i n  most of the basin t o  T 25 S i n  New bkxico and then 

swings westward toward a prominent re-entrant i n  the margin of the basin 

southwest of Carlsbad. In T 24 S, R 28 E the wedges of both H - I 1 1  and 

I lower Salado s a l t  r.erge w i t h  the western margin of overlying s a l t  where 

1 i the wedge terminates (Figure 16). In southern New h!exico the leading 
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edge of the wedge has undercut the overlying s a l t  beds of the Salado 

fo r  a distance of 30 miles (49 km) and extended fo r  45 miles (73 km) beyond 

the western position of the l a i e r  s a l t  beds (Halite I and Halite 11) of the 

Castile. The greatest distance that the wedge has traveled from the western 

margin of the basin is about 80 miles (130 lm). 

The position of the eastern pargin of the wedge is closely associated 

with large features of dissolution and collapse (dissolution depressions). 

These are the large areas of dissolution f i l l e d  with Cenozoic s e h n t s  

i n  the central part  of the basin approximately along the axis of the Pecos 

River and which were described by Valley and Huffington (1953). This is 

the axis of dissolution described by Hiss (1975) as the Balmoreaha-Loving 

trough. The dissolution of the s a l t  beds i n  the center of these large 

depressions reached t o  deeper levels i n  the evaporites and involved the 

thinning of both Halite I1 and Halite I s a l t .  

Only the northernmost of the western dissolution depressions extend 

in to  New hlexico,and these are depicted particularl). well on a map of the 

top of the Rustler Fornntion (Hiss, 1976, Map 7) and on the top of the 

1 2 4  bed (Figure 11). Two of the areas of deepest depression occur in 

T 25 S, R 30 E. One is associated with the Poker Lake s a l t  anticline 

(Anderson and Powers, 1978) and another is apparently an isolated feature 

i n  the Big Sinks area. Both of these deep depressions contain downdropped 

blocks of Halite I11 s a l t .  The Big Sinks depression w a s  depicted i n  a 

cross section by Vertrees (1964) and is also i l lus t ra ted  diagrammatically 

i n  Figures 1 2  and 14.  I t  is dissolution of s a l t  from Halite I11 that  f o m  the 

leading edge of the depression (Figure 16). A th i rd  depression l i e s  mostly 

i n  T 26 S, R 31 E and i n  th is  depression it is the Lower Salado s a l t  that  

has been dissolved t o  form the leading edge of the wedge (Figure 16). 
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Figure 14. East-west d i a g r m a i i c  cross section (1-1') across 
northern Delaware basin. Note that western dissolution 
wedge penetrates t o  Poker Lake arid Big Sinks depressions. 
Note also that San Simon sink l i e s  above eastern reef. 
margin. . . 
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Eastern Dissolution Iiedge and Depressions 

The horizon of s a l t  dissolution responsible for  the reef-margin 

depression can be identified in  profiles of acoustical logs extending 

from areas of undissolved s a l t  on the west t o  the area of active dissolution 

adjacent to  the reef. One such profi le  i n  Ward County, Texas (Figure 15) 

shows dissolution of upper Halite I11 s a l t  beds and lower Salado s a l t  

under areas where Rustler Formation has collapsed in to  the dissolution 

depressions. Hence, the same horizons along the eastern reef margin as 

along the western dissolution wedge are the active zones of dissolution. 

The edge of s a l t  dissolution along the eastern margin of the basin is also 

a wedge (Figure 1). 

A series of large, deep dissolution depressions f i l l ed  with Cenozoic 

sediments l i e  above the inner margin of the reef along the eastern side of 

the basin. These were originally described by Malley and Huffington (1953) 

and are characterized more completely by the structure map on top of the 

Rustler Formation compiled by Hiss (1976, Map 7 ) .  The northemmost of the 

eastern depressions described by Malley and Huffington (1953) extends into 

New Mexico i n  T 26 S, R 36 E .  Another similar depression, which is also 

located above the inner reef margin, occurs about 15-20 miles (25-35 km) 

t o  the north and has surface expression as San Simon swale and sink. The 

depression i n  T 26 S contains more than 1000 fee t  (305 m) of Cenozoic 

f i l l .  The San Simon swale depression contains about 500 feet  (152 m) 

or  more (Bachman, 1974, f ig .  12). 

S t i l l  another feature that  i s  of about the same scale as San Simon 

swale and occupies the same position above the inner reef margin occurs 

along the northern margin of the basin northeast of Carlsbad (Brokaw and 
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Figure 15. East-west acoustical log correlations showing 
evidence for eastern dissolution wedge. Note 
that  depression of Rustler fornation (Rustler 
low) corresponds t o  the removal of s a l t  from the 
lower Salado and upper part of Halite 111. 
(A, Harvey L. Hurley, \Vilson #I, Sec. 127,  Blk. 34, 
H&TC Survey; B, Gold Metals Cons., Houston Heirs #1, 
Sec. 18, SF 7082, G. G .  Houston Survey; C, T. F. Hodge, 
Edwards Lumber Co. #1, Sec. 99, Blk. 34, H&TC Survey; 
Ward County, Texas). See Fig. 1 for location 
of section. 
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others, 1972, figure $), (Figure 1 ) .  This depression contains about 700 
~. - .' feet .  (213 m) of Cenozoic f i l l .  

San Simon Sink and S1iale:- The San Simon depression is of particular 

interest  because it contains an active sink a t  its southeastern end and 

because the depression l i es  along and paral lel  t o  the northeastern margin 

of the basin. I t  follows the same reef-margin trend as the deeper and 

larger collapse depressions to  the south and may represent the early stages 

. . of dissolution i n  the northemi part of the basin.', : ~ . . 

San Simon sink is  an elongate. collapse structure about 0.5 mile (0.8 km) 

wide and 1 mile (1.6 km) long withthe axis para l le l  to  the basin margin. 

The sink is defined by a 90-ft (27 m) surface depression and by a series 

of ring fractures. The most recent ring fracture occurs only i n  the 

northwestern part  of the sink. I t  developed when the sink collapsed a f te r  

a period of heavy rain i n  1927 and was 15 feet  (4.6 m) deep and f l a t  * 

bottomed a f te r  formation. San Simon sink occupies the southeastern end of 

San Simon wa le  which is a gradually sloping topographic depression about 

4 miles (6.5 km) wide and about 8 miles (13 km) long. The swale has about 

100 f t  (30 m) of topographic expression (excluding the sink) and also 

trends para l le l  t o  the basin margin. 

The W.I.P.P. 15 core, collected inMarch, 1978, probably represents 

the thickest and most nearly complete sequence available i n  the swale. 

, The core was collected from the center of San Simon sink '(see - Figure 18). 

The map of the red bed surface 'compiled by Nicholson and Clebsch (1961, p l .  1) 

shows a thickness of 170 fee t  (52 m) of f i l l  above the "red beds" i n  the 

swale near San Simon sink. This thickness corresponds t o  the top of a 
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red clay unit i n  the lake sediments and is not the top of the Triassic red 

beds. Bachman's (1974, p. 12) map of the bedrock surface recognized the 

true depth t o  the Triassic i n  the swale to  the northwest but not i n  the 

sink area. The greatest depth or thickness of f i l l  represented by Bachman 

i n  the area northwest of the sink (location of proposed W.I.P.P. 17) is 

actually no greater than the thickness of f i l l  i n  the San Simon sink area. 

Further evidence for  swale sediments throughout the sink area can be found 

i n  the t h i ches s  and purity of the red clay unit of lake sediment which 

suggests deposition i n  a much larger basin than San Simon sink. Younger 

sink sediments also pers is t  beyond the immediate area of the sink. In 

addition, a weak artesian flow was derived from the lower sands during 

coring operations suggesting thei r  persistence over a wide area and a 
. 

slope toward the sink. 

San Simon sink was cored to  a depth of 810.2 fee t  (247 m) . Eolian 
d 

sand and silt  and clay res t  on the reddish brown and green claystone and 

si l ts tone of the Doclcm Group (probably Chinle Formation) a t  a depth of 

545 feet  (166 m). This depth corresponds approximately t o  the predicted 

depth t o  red beds of Bachman (1974, p. 12). A spore and pollen flora 

containing forms closely resembling those of the Triassic D o h  Group, 

and described by Dunay and ~ravei-se (1971), was encountered i n  a dark 

gray s i l t s tone a t  a depth of 705 feet  (215 m) . The reddish brown and green 

si l ts tone and claystone above the foss i l  f lora  contain no recognizeable 

foss i ls  but the similar lithology and a similar s t a t e  of preservation of 

carbonized plant fragments suggests that  Triassic sediment persists t o  the 

contact with the dune sand a t  545 feet  (166 m). 

The sand sequence is overlain by about 60 fee t  (18 m) of brick red, 

green, and brown clay containing zones of sand and s i l t .  The lower part  
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of th is  clay unit yielded a flora containing abundant Artemisia and 

modem confier pollen indicating that  the clay-rich sediment represent a 

p l w i a l  climatic episode. The clay layer is overlain by dune sand which 

becomes increasingly calcareous and fine-grained upward and i s  in  turn 

overlain by alternating layers of calcareous sand and silt. The upper 

part of the sink sequence consists of tan playa clay containing 

concentrations of plant detritus and a modern pollen flora. This unit  i s  

overlain by a thin gypsum sand and gray clayey silt. , 

Gray sand dune accumulations and calcareous lake sediment mark the 

highest elevation of the most recent Holocene lake a t  about 3370 feet 

(1027 m), which is  about 20 feet  (6 m) above the present floor of the 

swale. This is the same level as the si l l  opening to  the southeast and 

the lake probably overflowed. Diatomaceous and calcareous lake sediment 

occur just  below the high shoreline. I t  may be possible to  obtain a 

radiocarbon date from these sediments. A preliminary estimate by Bradbury 

(Appendix B) suggests that  the l a s t  high lake stand probably occurred 

between 8000 and 9000 years B.P. 

Dips i n  the lower, Triassic par t  of the core are variable, ranging 

from 10' t o  30'. Minor normal faulting and ver t ica l  fracturing of the 

harder claystone and si l ts tone units was observed but no displacement 

greater than about 10 an was seen. The rock w a s  not brecciated. 

Comparison of the elevation of Triassic units i n  W.I.P.P. 15 with 

correlative units i n  adjacent boreholes indicate that  about 500 to 

700 fee t  (152 to  183 m) of depression has occurred within a 2 mile (3.2 !a) 

area adjacent to  San Simon ridge. A hard sandstone, containing numerous 

Indian grinding holes a t  a level just  above the high shoreline of the lake, 
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crops out a t  the western edge of San Simon ridge. This swdstone i s  

- underlain by reddish brown and green shale and is  probably Triassic in  

age. The sandstone and shale unit  i s  apparently faulted off and 

dormthro~m into  the wa le  and the outcrop contains a well developed s e t  

of joints para l le l  t o  the axis of the swale and ridge. 

Two apparent episodes of faulting or  depression and collapse are 

represented in  the sink and swale sediments. The first is the formation 

of the swale i t s e l f  which allowed space for  the accumulation of the 

thick lower dune-sand sequence. A lesser  event may have occurred a f t e r  

the a c c ~ l a t i o n  of about 250 fee t  (76 m) of sand where there is an 

influx of caliche c las ts .  A major collapse event occurred a f t e r  the 

l a s t  high lake level  and produced the present San Simon sink. This 

event actually occurred i n  stages, as reflected i n  so i l  levels and 

stratigraphic units within the sink and i n  continuing collapse activity. 

Collapse since the l a s t  high lake stand and within the sink amounts t o  

about 123 t o  150 fee t  139 t o  46 m), or  about orie f i f t h  of the to ta l  

depression i n  the swale. 

A preliminary estimate of the age of San Simon suale and sink 

features can be made a t  th i s  time, subject t o  verification by more 

complete investigation. The sink i t s e l f  post-dates the 8000 

t o  9000 year high lake stand. Sediments associated with t h i s  saline 

phase of lake development occur above the clay-rich horizon benieen 

160 t o  220 f ee t  (49 t o  67 m), which i n  a l l  probability represents the 

l a s t  f u l l  pluvial climatic episode. Correlation with Lake Estancia 

events and with Lake Lahontan would place th i s  interval a t  about 

18,000 t o  20,000 years B.P., o r  equivalent t o  Late Lake Estancia 
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(Bachhuber, 1971). I t  i s  conceivable that  the pluvial interval could 

represent early Lake Estancia time and be as old as 60,000 years but 

th is  seems unlikely i f  the diatomaceous beds prove t o  be 8000 to  9000 

years old. The lower unconsolidated sand appears to  be par t  of the same 

depositional environment as the sand above the pluvial clays and 

resembles the surface sand now accumulating i n  the swale. Although 

the sands are quite thick, they do not necessarily represent a long 

period of deposition and are probably no older than early Wisconsin. 
. . 

Localized Dissolution Features: 

A variety of collapse structures of a smaller scale than the large - 

dissolution depressions previously described are t o  be found i n  different 

parts of the basin ai~d along the reef margin. In  some cases, these . . 

VZ 

structures may di f fer .  from the dissolution depressions mainly i n  scale 

. -. and the extent of associated dissolution and may merely be different 

expressions of the s h e  feature. I t  is convenient, however, to  

describe these structures separately and according to  their  position 

i n  the basin. 
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Deep-Seated Sinks in the Defornled Basin Margin 

Jones (undated nap) recognized that  a 6 mile (10 Ian) be l t  adjacent 

t o  the reef and around the margin of the basin had been subjected t o  

deformation and the development of anticlinal structures. Anderson and 

Powers (1978) also i l lus t ra te  th is  zone and attributed the structures t o  

the flowage of s a l t .  A number of deep-seated sinks are associated w i t h  
. . 

. . 

the s a l t  anticlines and are expressed as thin or missing sections of 

Halite I and Halite I1 s a l t  and structural depression of the overlying 

stratigraphic units (see Figures 4, 5, and 16). 'Ihe sinks generally 

- appear t o  develop beti\reen the L t i c l i n a l  structures but l a d -  of control 

makes a determination of the true relationship d i f f i cu l t  . 1. '  

Deep-seated dissolution also occurred a t  several horizons along the 

upturned flanks of the anticline a t  ERDA #6 borehole locality (Anderson 

and Pavers, 1972) . This dissolution was. associated w i t h  flowing brine 

and H2S gas. A similar association of brine and gas under pressure 

associated with an anticl inal  structure occurs a t  the Belco o i l  f ie ld  

locali ty in  Sec. 1 T 23 S, R 30 E., and a t  other local i t ies  i n  the basin. 

Deep-Seated Sinks in  the Kid-Basin Area 

The mid-basin sinks, as those in the deformed margin, have thin o r  

missing Castilehalite ~ t s  and depressed structure contours of overlying 

units. Most of the sinks can be seen as thin areas on the Halite I 

isopach map (Figure 4) or a s  thin areas on the other isopach maps 

(Figures 5-10). Not a l l  of the localized thin ha l i t e  units have a 
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matching structural  depression and some thin ha l i t e  beds are found above 

Halite I and I1 so  that no one isopach or structure horizon depicts a l l  

of the suspected deep collapse features. A smni~~~y of the deep 

collapse structures encountered a t  different stratigraphic horizons 

i n  this survey is given i n  Figure 16. 

The deep-seated sinks i n  the basin can be divided into two groups: 

those that  are associated with anticl inal  structures and those that 

appear t o  be isolated, with no closely related anticline. There appear 

t o  be about 10 isolated sinks i n  the mid-basin area but the lack of 

association w i t h  anticlines may be partly due t o  lack of log control. 

About 5 sinks in  the mid-basin area are definitely associatedwith 

anticlines. 

. 
Tne s a l t  beds over and adjacent to  the anticlines have responded 

to  de fom~t ion  or dissolution in several trays tha t  can be seen by 
d 

comparing the isopach maps of Halite I and Halite I1 (Figures 4 and 5) .  

In some d the larger anticlines, particularly i n  the deformed zone, 

Halite I1 has been cut out of the section above the anticline. A t  

Poker Lake, i n  the basin, both Halite I and Halite I1 have thickened 

i n  the vtis of the fold. Three sinks have a thick sequence of 

Halite I1 above a thin Halite I and most of the mid-basin sinks have 

thin intervals of both Halite I and Halite 11. 

Most of the sinks associated with anticlines occur on the regional 

dam-dip side of the structures but two occur on the up-dip side. Where 

well control and spacing is close, the true scale of some of the collapse 

sinks can be seen, but even i n  these cases the low areas appear t o  be 

comprised of several indiiidual sinks. For most of the local i t ies  noted, 

only one data point is available so the true s ize  of the structures is 
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.e 16. Summary map of deep seated dissolution features in 
the northern Delaware basin. Note that  western 
dissolution wedge terminates where it joins s a l t  
edge of middle Salado i n  T 24 S, R 28 E. Note also 
that distribution of Halite I11 and Infracowden s a l t  
are mutually exclusive and that  dissolution features 
occur i n  north-south trending belts  across the basin. 
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not real ly hown. On the basis. of the number of sinks i n  areas with 

close ~ i e l l c o n t r o l ,  a t  least 100 deep-seated sinks probably exist at the 

present time i n  the New Mexico part of the basin. 
. . 

The mid-basin sinks appear to  have some preferred distribution with 

a clustering i n  an area that  roughly paral lels  the reef edge along a 

regional sag i n  the 124 bed structure contour (Figures 11, 16). ?his is 
, '  

also an. area that  contains two large surface sinks (Bell Lake sink and 

Slick sink). Neither of these sinks is i n  a place where boreholes are 
. , . . 

present t o  determine the depth of collapse. Both are associated w i t h  

blowouts of gypsum dunes above the sink floor. The soi ls  i n  the area do 

not appear capable of being a source of the gypsum and other sinks i n  the 

area are gypsum free, suggesting that  sulfate-r ich waters rose up t o  the 

5 sink through fractures a t  leas t  as deep as the Fxstler Formation and 

perhaps deeper. A water well w a s  dri l led i n  Bell Lake sink t o  a depth of - - 
150 feet  (46 m) and abandoned because it was too sa l ty  for  ca t t le  

(C . Johnson, personal c o m i c a t i o n )  . A l ine  connecting Slick sink, 

Bell Lake sink, and the two xpab le  depressiorfi in the 124 bed (Figures 

11 and 16) parallels the eastern basin margin about nine miles from the 
' 

eastern edge and may be the s i t e  of a faul t  or fracture zone. A faul t  

tha t  penetrates the Base of the Delaware bbuntain group with about 

200 fee t  (61 m) of displacement downthrown on the basin side occurs 

about 1 1 / 2  miles (2.4 km) east of this  inferred l ine  (Haigler, 1962, 

p. 3). This same trend extends through the northwestern lobe of Nash 

Draw and aligns with an exceptioxlly deep area of dissolution i n  the 
- 
d Salado above the reef (see Erokaw and others, 1972, figure 91, (see - 

also Figure 16). - 
i - 
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Breccia Pipes and Domes . . 

Vine (1960) and Reddy (1961) mapped and described a nunber of 

domes in  a north-south be l t  approximately corresponding t o  the area 

of Rustler outcrop i n  the west-central part  of the basin. blany of these 

domes have been breached by erosion to  reveal cores of collapsed Gatuna. 

Rustler, and Triassic beds. A number of these domes were visited and 

mapped i n  order to  help c lar i fy  their  relationships and origin (see 

appendix D) . The domal structures can be classif ied into unbreached 

simple domes that  give no clue as t o  thei r  internal structure, breached 

domes which show evidence of circular faults ,  collapse and brecciation 

of the overlying beds, and some breached doves ( in  the Queen Lake area, 

Reddy, 1961) where the central core appears t o  be higher stratigraph- 

. ica l ly  than adjacent beds. 

The domal structures i n  the area that  could be observed i n  the 
- 
w 

f i e ld  o r  on aer ia l  photographs were plotted (Figure 16) and the 

orientation of the long axis of the domes plotted on a rose diagram 

(Figure 17). Those domes that  were visi ted and where actual collapse 

and brecciation could be verified are plotted on Figure 16 I\-ith a 

different symbol than unclassified domes. 

'Ihe upper surface of the domes is most commonly veneered l ~ i t h  a 

layer of hlescalero caliche. This upper surface has been draped over the 

collapsed and brecciated core of the dome where breaching has exposed the 

relationship. In some cases, elongate domes are underlain by mre  than 

one center o r  core of collapse. This can be seen a t  the dove i n  the 

southeast corner of Sec. 24, T 23 S, R 30 E. Hence, the bearing or 

direction of orientation of some of the larger domes may represent 

several structures. 'Ihe rose diagram shows a preferred orientation a t  
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Figure 17. Rose diagram of orientation of domes i n  northern 
Delaware basin (see Figure 16 for  distribution of 
domes). Data concerning frequency and orientation . 
of domes a s  fo l lo~ \~s  : 

Woriented (+ - circular) domes . . . . .  318 

. . .  W-SW oriented domes 201 . .  NW-SE oriented domes .* . . . . . . . . .  Oriented domes. .347 

. . . . .  . . . . .  Questionable domes. ; - 38 
Total number of domes . . . . . .  .702 
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about N 62' E and a lesser cluster a t  about N ~ O ~ ' \ V ,  which i s  ?pproxirkately 

. . 
. . the orientation of known fracture systems i n  the basin. a 

. . 

The. doMl structures range i n  s i z e  (diameter) from less '  than 50 neters . 
. 

. . 

t o  more than 500 meters. The domes are associated w i tha rea so f  relatively 

recent. region21 surface s a l t  dissolution and are more common along the 
. . . . 

course of the maindrainages i n  the area. The doming i t s e l f  appears 'to . , 

be related t o  this regional removal of s a l t .  Thesmaller domes occur . . .  

most comonly i n  the areas of the main drainages o r  active subsidence 
. . . . . . 

(Figure 16). . . 
. . . . .  

. . 

Domes with collapsed cores of Gatuna  orm mat ion and blagenta 

(Rustler) 'dolomite occur i n  the southern and central part of Nash Draw. 

The breached domes a t  the north end .of Nash Draw contain brecciated cores . . 

Z, of Triassic r o c k . .  These domes were described by Vine (1960). Vine's 

. . 
Dome c was subsequently mined under a t  the  1200 foot (366 m) level by . . 

- = Mississippi Chemical Company. The mine tunnel encountered a core of 

. brecciated rock directly beneath Dome C. The b r~cc iacons i s ted  of 

blocks of coarsely banded (Salado type) anhydrite and hal i te  ranging i n  

s ize  from centimeters t o  several meters. 'Zones of gray clay 10-20 an 

wide occurred near the Valls of the pipe and some of the breccia' blocks . . 

were also sheathed i n  clay. The clay was relatively pure and was 

apparently emplaced by seeping fluids. b he sides of the pipe a t  the 

level examined were dipping outward a t  an angleof about 60'. blarker 

beds i n  the mine tunnel gradually began dipping toward the pipe a t  a 

distance of about 200 feet  (61 m) from the edge of the pipe. A few , 

1 meters from the pipe, these same marker beds dipped in, and do~mkrd toward 

the pipe a t  an angle o,f about 20' where they were terminated by the ' 

' '  

. . ,. * 

collapse structure (see - Figure 12). 
. . 
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'ho other breccia pipes have been encountered in  the general basin 

area. One of these (Weaver pipe) l i e s  north of Dome C above the reef. 

This feature was dr i l l ed  t o  a depth of about 800 feet  i n  collapsed 

material and then abandoned. Another breccia pipe was encountered i n  

the north~vestern part of T5, Blk 60, in western Culberson County,. 

Texas, by R. Y. Anderson during research investigations. This core 

began stratigraphically near the upper part of the Castile Formation and 

consisted of brecciated Castile gypsum and anhydrite fragments t o  a depth of 

435 fee t  (133 m). The location was abandoned a t  about the stratigraphic level 

of Anhydrite I11 or  Halite 111. The entire core was breccia. The pipe 

a t  Dome C and other domes a t  the North end of Nash Draw l i e  above the 

inner reef margin, lieaver pipe is above the reef according t o  the 

outer reef boundary as figured by Hiss (1975), and the Culberson County 

pipe is  near the center of the basin (Fig. 1). 

Collapsed Outliers 

Numerous collapsed outl iers  of Rustler Formation, mostly Culebra 

Dolomite, occur i n  the area of' the basin west of the domes and where 

salt has been completely dissolved from the evaporites. The position 

of the outl iers  is shown i n  Figure 16 and some outl iers  are depicted 

on the geologic map compiled by Kelley (1971). The Rustler outliers 

have been derived from overlying units and now are surrounded by the 

gypsum of the Salado and Castile formations. The features are circular 

t o  elongate to  somewhat irregular i n  outline and of about the same 

diameter as the domes. One of the collapsed out l iers  i n  the south- 

eastern part of T 26 S, R 26 E is bounded by a ring structure with a 

brecciated margin and a collapsed center. 

Information Only 



51 . . 

. . 

A large collapse structure is well exposed along U.S. Highway 

* 62/180 about 1 3/4 miles (2.8 Ion) north of the New hfexico-Texas State 

l ine  (Locality 1 of Kirkland and Evans, 1976). This out l ier  contains 

Rustler beds ( ~ e l l e ~ ,  1971) and laminated Salado Gypsum as well as 

blocks of tan conglomeratic sandstone which have tentatively been 

identified as an equivalent of the Cretaceous Cox Formation i n  the 

Apache Mountains. The gypsum beds have been replaced along fractures 

by biogenic ca lc i te  of the type fomd in  the replacement limestone buttes 

(Castiles) farther t o  thewest  and south on the Gypsum Plain. Another 

out l ier  containing Cretaceous foss i l s  has been reported north of  th i s  

local i ty and scattered cretaceous foss i l s  have been found t o  the 

south (Lang, 1947). 

a -. 
Replacement Limestone Masses . ' . , 

. . .  . . . Groups and clusters of replacement limestone buttes (Castiles) . '  

= 

occur on the Gypsum Plain to  the west and south of the collapsed 

outl iers  (Kirkland and Evans, 1976). The mainbody of the buttes 

consists of biogenic calci te  which has replaced the gypsum or  anhydrite. 

Some of the buttes are actually collapse structures with brecciated 

cores which apparently helped provide access fo r  the solutions 

accompanying the replacement process. The diameter, scale, and d i s t r i -  

bution of these features is similar t o  that of the. collapsed outliers 

farther to  the east. 

The replacement limestone masses occur mainly in Texas in  the 

lower part  of the c i s t i l e  Formation. The collapse out l ier  with biogenic 

ca lc i te  near the State l ine  occupies a higher stratigraphic position than 

most of the Castiles on the Gypsum Plain. Just  south of the outlier,  - 
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there are several dike-like bodies of replacement limestone that intersect . . 

. . 
- .  . - the Highway (Figures 1, 16). ' The trend of the fractures along which , ' 

replacement has taken place i s  the same as fo r  t he  solution troughs i n  the . 
' .  

western Gypsum Plain (Olive, 1957). This is the same trend as the limestone. . ' 

replacement mass rvhich was controlled by faulting of the lower Castile 

anhydrite and Delaware sand described by smith (1978; see appendix C). 
. . . . 

Other CoIlapse 'Structures 
. . 

Many sinks are present i n  the Delaware basin and most of these are ' . ' 

associated with active near-surface s a l t  dissolution,' such as along the 
. . 

Pecos River and in  Nash Draw. Some of these sinks, such as the one i n  

Sec. ' 6, T 23 S, R 30 E,  show evidence of recent collapse. , I n  th is  . . 

example, gypsum dunes bordering the sink have had the i r  s l i p  faces I .  

* 
~. steepened t o  about 60' by deepening and further subsidence of t h e  sink. 

' 

. . ' Other collapse structures representing ea r l i e r  episodes of sink, devel- . .  

'> 
opment can be found above the leve l s  of existing: sinks i n  the IVillow Lake . 

. . . . 
area, suggestingseveral generations of relat ively young sinks. 

Below the Mescalero caliche, there are collapse structures i n  the . . 

Gatyna Formation that have not acted a s  resistant  plugs t o  produce the 

l a t e r  doming and arching of the overlying caliche. One of these structures 

' . (no association with doming can be demonstrated he re )hasd ip s  of 40'-60' ] 
. . 

and involves more than 200 feet  (61 m)of  Gatuna section and appears t o  be 

a synclinal structure plunging northeastward. n his particular structure' i s  

exposed i n  the bed of the Pecos River a t  t h e  Pierce Canyon crossing east of 

Malaga (Figure 16). Another pre-Mescalero structure is located a t  the southern 

- edge of NaSh Draw in  Secs 33 and 34, T 23S,  R 29 ,E (Figure 16). A t  t h i s  lo- 

ca l i ty two episodes of collapse during Gatuna deposition (one may be post- ". 

" 

Gatuna) produced a sink structure that was not involved i n  l a te r  doming. 
. . 

I . " .  . - - : '  

. . 
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Origin of Deep-seated ̧ is solution: 
.4 

The large dissolution depressions along the reef margin, 

breccia pipes lying above the reef edge, deep-seated sinks in the 

basin, collapsed outliers, and brecciated limestone buttes share a common 

relationship. The origin of all these features can be explained by their 

association with fracture systems that have comunicated with underlying 

aquifers. (The western wedge of dissolution, which has undercut the salt 

beds for great distances, requires a different explanation.) In the 

course of this investigation a concept of deep-seated dissolution by means 

of brine density flow has been developed that explains why such features 

are common in the Delaware basin. These ideas are presented in the 

context of the individual examples or features of deep-seated dissolution. 
: 

Origin of :Reef-associated 'Dissolution 

- several observors have noted the absence of halite'adjacent to and 

above the reef in the eastern and northeastern part of the basin (see 

summary by Hiss, 1975). In addition to ~iss, Adam (1944, p. 1623), 

and Adam and ~renzel' (1950, p. 301) have recognized that flexuring and 

fracturing of the Artesia Group and impermeable anhydrite, that accompanied 

uplift and tilting of the basin, allowed waters to gain access to the over- 

lying and superjacent salt near the reef resulting in its subsequent 

removal. One problem with this explanation, and with other explanations 

for lateral and subsalt dissolution, has been providing for a circulating 

hydrologic system. It is not sufficient to place undersaturated water in 

contact with salt because it will soon become saturated and dissolution 

will stop. Water must continually be circulated to and from the salt body. 
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has suggested a mechanism of brine density flow t o  account for  the removal 

of s a l t  under these circumstances. Using th i s  suggestion, I constructed 

a briiie density flow model i n  the laboratory that  simulated the hydrologic 

flow system i n  the Delaware basin (see appendix A fo r  a more complete 

description of the model and the experimental results).  In the brine 

density flow process, undersaturated waters, under artesian pressure, 

r i s e  i n  open fracture systems un t i l  they encounter a s a l t  body. Once i n  

contact with the s a l t  body these waters soon become saturated and dense. 

The heavy, saturated waters descend through the more open fractures as 

a density current o r  flow and are replaced by l ighter  undersaturated 

waters under artesian pressure to  complete the circulation cycle. 

The dense brine enters. the underlying aquifer where it is removed by 

mixing withflowthrough the aquifer. In t h i s  manner acontinuous flow 

of water travels to  and from the s a l t  to  accomplish continuous dissolution. 

The laboratory model (see appendix A) showed tha t  undersaturated 

"fresh" waters rose i n  a constricted passageway, connecting an underlying 

aquifer with an overlying s a l t  body, toward the potentiometric surface. 

Upon encounteringthe s a l t ,  the water became sal ine and dense and the 

brine descended through a more open passageway t o  the  underlying aquifer. 

A t  the same time, undersaturated water moved up the more constricted 

passageway to  contact the s a l t  and establish a continuous brine flow cycle. 

The dense brine, upon entering the simulated aquifer, moved do~m and out of 

the system. The opening i n  the simulated system tha t  carried the brine 

downward and away from the s a l t  body had a diameter of 2 nun. Circulation 

i n  the tube, driven only by brine density flow, moved a t  a ra te  of about 

5 an per second. This flow i n  the tube dissolved s a l t  i n  the overlying 
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In the Delaware basin the potentiometric surface above the reef i s  

C near the surface (Figure 14) and the high artesian pressure would be more 

than adequate t o  raise waters through fracture systems to in i t i a te  the 

cycle. The volume of water flow through the Capitan aquifer is many 

times more than needed t o  carry away the brine derived from dissolution 

depressions overlying the reef. I t  is probably the permeability of . . 
. . 

. . 
fractures that  limits s a l t  dissolution near the reef.  

The brine density flow mechanism helps explain how deep' depressions 

above the reef,  with no external surface drainage, could have developed 

a t  the observed horizons of dissolution a t  the base of the evaporite . . 

sequence (upper Halite I11 and lower Salado). Once a chamber i n  the 

s a l t  above the aquifer had developed and collapsed, the resulting faults 

and fractures would have allowed conmumication between surface waters and the 

aquifer through the fractured evaporites. . The, surface waters would then 
5 - have contributed t o  the brine-dissolving mechanism as they contacted 

the s a l t ,  became saturated, and descended through the leaky collapse 

depression into the aquifer. In th i s  manner surface drainage would have 

contributed t o  enlarging the original depression and s a l t  beds throughout 

the. section i n  the depression would ultimately have been subjected to  . . 

dissolution. . The large eastern reef-margin depressions described by . .. 

Malley and Huffington (1953) are thought t o  have originated i n  th is  way. 

San Simon sink and swale may represent an early stage of deep-seated 

reef margin dissolution i n  the northeastern par t  of the basin but 

suff icient  evidence is not yet available t o  demonstratethis conclusively. 

- The following review summarizes the principal relationships: 
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Nicholson and Clebsch (1961, p. 44) suggested that  San Simon swale 
\ 

once may have been an early Tertiary r iver  valley and drained southward. 

They also suggested that  the swale could have formed from coalescing 

sinkholes. Subsequently, Bachman and Johnson (1973, p. 32) interpreted 

the swale, as \gel1 as the deep eastern reef-margin depressions of Malley I 
and Huffington (1953) as the result  of dissolution along a major abandoned 

tributary t o  the Pecos River. They concluded that dissolution of the 

Rustler Formation beneath the red beds was responsible for the collapse I 
of San Simon sink within the old stream course. 

The preliminary information obtained from the W. I .P.P. 1 5  core does 

not support the concept o f  an ancient stream channel. No stream deposits 

were observed beneath the lake sediments and the thick sequence of water- 

deposited dune sand indicates that ponding took place shortly af ter  the I 
development of the swale. The si l l  level i n  Triassic bedrock for  the 

lake-deposited sediments i n  the wale  is  about 425 fee t  (129 m) above the 

base of the sand and the floor of the swale, eliminating the possibility 

of through-flowing drainage accompanying swale development (note: Nicholson 

and Clebsch's map suggested the possibility of drainage, but this was 

based on an erroneous interpretation of the elevation of top of the red 

beds). The youthful age of the sediments i n  the swale would also preclude 

the i r  deposition i n  a long-abandoned tributary t o  the Pecos. 

The W.I.P.P. 15 core did not penetrate deep enough t o  provide specific 

information about the horizon of dissolution responsible for  the collapse. 

The variable dips i n  the underlying bedrock indicate some distortion and 

t i l t i n g  but the absence of brecciation shows that  a chimney or pipe of 

breccia does not extend to  the pre-collapse surface i n  the center of the 
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sink. The swale appears t o  have formed as a downdropped . . -it about 

2 2 miles (3.2 lon) across. The Triassic? outcrop and the fau l t  and fractures 

along the western edge of San Simon ridge suggest that  most of the 

depression took place close t o  the swale margin (Figure 18). A t  least  

500 f ee t  (152 m) and possibly as much as 700 feet  (213 m) of vertical 

displacement has occurred across an area less than 2 miles (3.2 Ian) wide. 

This amount of displacement, if translated t o  volume of s a l t  dissolution, 

indicates that  the s a l t  would have t o  have been removed from the entire 

Rustler Formation as well as a good part of the upper Salado by localized 

ground water flow, mostly during the l a s t  pluvial episode of the 

Pleistocene. Estimates of the volme of ground water flow a t  the top 

of the evaporites could determine i f  th is  is a reasonable possibility. 
. . - Clearly, some means of focusing or  concentrating ground water movement i n  . . 

the San Simon area would be needed to  account for  s a l t  removal a t t h e  top 
~ . . 

of the sequence i n  the time-frame available. 

An altelnative t o  a collapse origin for  the swale by means of 

dissolution a t  the top of the evaporites, i s  t o  assume relatively recent 

' . tectonic movement along the swale margins and the development of a .  graben- . , 

l ike  structure. This interpretation would be contrary t o  the conclusions 

of Haigler (1962) andother workers regarding the age of faulting in  the 

basin but cannot be entirely ruled out at this  stage of the investigation. 

This explanation would account for  the existence of a nearly. normal, 

regional q o u n t o f .  s a l t  i n  the Rustler and upper salad0 i n  the two boreholes 

within the swale (see - Figure 18). Faulting of the evaporites beds has 

i been reported by Griswold (1977) and the age of th is  faulting has yet to  

be determined. 
" 
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Figure 18. Diagrammatic. cross section of San Simon sir& and shale. 

. . 
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San Simon swale and sink can also be visualized as the l a t e s t  and 

# northernmost of the series of deep-seated dissolution depressions that 

have fonned along the eastern margin of the basin. The zone of flexuring 

along the axis of the swale and the margin of the basin, as depicted i n  

Figure 11 and on Hiss' (1975) map of the top of the Rustler Formation, 

would have provided permeability and access of reef water t o  the overlying 

s a l t  beds. Water under artesian pressure would have contacted the s a l t  

and the s a l t  removed by brine density flow. I t  is possible that  some 

water under artesian pressure may have risen along fau l t s  and fractures 

to  mix with surface waters i n  the wale .  A diatom f lo r a  w i t h  sal ine 

a f f in i t i e s  was reported by Bradbury (Appendix B) and this could possibly 

be due to  brine mixing. J. Mercer (personal c o m i c a t i o n ,  1978) 

performed a preliminary conductivity t e s t  on fluids flowing from the lower 

sands in the swale under weak artesian pressure and o b t a i ~ d  during 

coring operations. He reported no measurable sal ini ty.  This artesian 

system, however, i s  probably related t o  sink configuration and not of 

deep-seated origin. 

Of the three possibi l i t ies  fo r  the origin of San Simon swale, I 

favor deep-seated collapse related t o  removal of s a l t  from the base of 

the evaporite sequence because t h i s  horizon h a  demonstrably been the 

I 
source of collapse and active dissolution elsewhere along the, reef edge. 

Also, the youthfulness of the depressiori is t o  be expected a t  that 

local i ty i f  it fonned by the same process as other reef margin depressions. 

In addition, there are analogs of similar collapse structures i n  other 

evapor i te  basins. 
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The dissolution depression about 14 miles (23 lan) northeast of 

Carlsbad (Figure 1) along the inner reef margin that contains about 

700 fee t  of f i l l  is another feature that may have originated from 

deep collapse. Piper (1973, p. 21) citing t he  pressure head i n  the 

Capitan aquifer, concluded that i f  the conduits above the. aquifer i n  

that area had sensible transmissivity then the amount of upward movkment 

may have been sufficient t o  dissolve tRe evaporites. Cooley (in - Brokaw 

and others, 1972, p. 62), referring t o  the area northeast of Carlsbad, 

c i tes  evidence that such upward movement of waters has taken place. 

To my knowledge, no cores of the evaporites overlying the reef 

margin i n  areas of collapse depression i n  the Delaware basin have been 

taken or  are available. Closely analogous collapse structures i n  the 
? 

" 
Prarie evaporites of Saskatchewan, however, have been cored. The 

collapse depressions i n  the Prarie Formation also occur where a fringe 

reef i s  overlapped by evaporites (de bfille, and others, 1974). The 

,reef i n  that  area has influenced dissolutiofi along a 200 mile (324 h) 

trend and it was concluded by de lrlille and others .(1974) that irregular 

compaction over t h e  reef (fractures) aided . . the movement of waters which 

dissolved the overlying s a l t  i n  the evaporites. The Saskatchewan area 

tha t ,  was subjected to  dissolution contains several' large depressions 

analogous t o  the reef-margin depressions i n  the Delaware basin. These 

depressions have structural lows on overlying units of up to  600 feet 

- 
w (183m). One of these structures was cored t o  the base of i t sco l lapse  

. . 

and brecciation WE, present i n  t he  evaporites above the reef 
. 
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(Gorrel and Alderman, 1968, p. 311). The Canadian example indicates that 

the si tuat ion i n  the Delaware basin, is not unique. The brine density. ~. 

flow mechanism can also probably be. applied t o  the Canadian occurrence. 
. ~ 

The breccia pipe under Dome C described by Vine (1960), and the 

cluster  of related domes and collapse structures a t  the north end of 

Nash Draw that l i e  above the reef margin, can also be explained by the 

mechanism of brine density flow. The diagranunatic cross section (see 

Figure 12) shows that the domes and h o ~ m  pipe s i t  above the reef margin 

i n  the zone of flexure and fracturing suggested by Hiss (1975). The 

breccia pipes can best be visualized as the precursors o r  the incipient 

stage of development of larger collapse depressions and have probably 

developed above the most open fracture systems. 

A circulation system related t o  brine density flow is probably the 

mechanism for the l a te ra l  and r\~esbiard extension of dissolution a t  the - 
4 

Halite I11 and lower Salado horizons (eastern dissolution wedge). In 

th i s  model, saturated brine rnove'do~cn dip prom the actively dissolving 

s a l t  edge to  be removed by the lower part of the reef aquifer. The 

dense brine was replaced by undersaturated waters moving through fractures 

above the brine-conducting horizon and under artesian pressure from the 

upper part of the reef aquifer. Originally, the undersaturated water may 

have gained access t o  the s a l t  lateral ly along the permeable horizon. 

Subsequently, the breccia produced by collapse over dissolved s a l t  layers 

would have provided additional permeability; 

Origin of Deep-seated Dissolution i n  the Basin . 
d 

General Considerations: The similarity i n  scale, geometry, and distribution 

- * 
w of domes and collapse structures along the reef margin and i n  the basin 
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suggests that -these structures have a comon origin. Also, each type of 

localized collapse feature, from the brecciated Castiles i n  the west, t o  

collapsed outliers,  to  collapsed domes, to  deep basin sinks in the east, 

has its own particular area o r  bel t  of expression in the basin, suggesting 

that these features represent different levels of exhumation as erosion 

has progressed from west t o  east across the basin. This explanation seems 

particularly appropriate when one notices the similar scale of the features 

and the clustered patterns of distribution. A unifying mechanism that can 

explain the deep-seated origin of the collapse associated with these 

features can be found in the removal of s a l t  from localized areas near the 

base of the evaporites. The alternative is  t o  assume that somehow surface 

waters have maintained circulat ion vert ical ly through fractures i n  the 

evaporites and that the plast ic  properties of s a l t  a t  depth were not 

suff icient  t o  close the fractures. Another alternative i s  to  transmit 

the dissolving waters do~vn dip through fractures i n  the anhydrite beds over 

great distances. A f inal  alternative i s  t o  assume that each of these 

collapse structures developed as a unique response as dissolution progressed 

t o  different levels i n  the evaporite. This alternative could be invoked t o  

explain some of the collapse structures i n  the western part  of the basin, but 

it cannot explain the deep-seated nature of the sinks in the central and 

eastern basin areas, the brecciated Castiles , or  the harm breccia pipe. 

I t  seems n m s t  l ikely that the many evidences of localized collapse 

i n  the lower part of the evaporites can best be explained by the same 

mechanism and processes that produced deep collapse around the reef margin. 

This means that a different aquifer and different fracture systems were 

involved i n  bringing waters t o  and from the salt than for  the reef margin. . 
" 
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For the basin area, the underlying aquifer is the q p e r  part  of the 
' ' 

Delaware lrlountain Group where the Delaware- sand is the most permeable 

unit. The impermeable unit above the aquifer is the lower anhydrite 

(Anhydrite I) of the Castile Formation and the s a l t  bed subject t o  

i n i t i a l  dissolution is the lower hal i te  (Halite I) of the Castile. The 

geometry and hydrology of th i s  system w a s  examined to determine if 

dissolution by means of brine density flow is an acceptable explanation. 

Qdrologic Potential fo r  Dissolution: The basin aquifer is t i l t ed  

eastward a t  100 feet  per mile (19 m per Ian) and the potentiometric surface 

r i ses  to  sl ightly above the ground surface east of the Pecos River. The 

artesian pressure is more than adequate t o  raise water i n  fractures i n  the 

lower anhydrite, should they have suitable permeability. Evidence for 
rr 

permeability i s  found i n  the limestone buttes i n  the western part of 

the Gypsum Plain where biogenic limestone has replaced anhydrite along 

fractures in  the lower anhydrite unit and where small-scale faulting 0.f 

both the Delaware s a d  of the overlying anhydrit'e has occurred 

(Smith, 1978; see appendix C).  

The sa l in i ty  of the water within the aquifer shows that  the natural 

recharge area i s  i n  the western part of the basin, and that  the water i n  

the aquifer picks up s a l t  (increases sal ini ty)  as i t  moves eastward and 

down-dip through the -aquifer (see  - Hiss, 1975, map 4) .  The sal ini ty 

increases t o  a maximum where the aquifer l i e s  adjacent t o  the reef. The 

potentiometric surface for the reef i s  lower than for the basin aquifer 

indicating that  the brines are escaping into the reef aquifer. The 

sa l in i ty  of the water in  the basin aquifer is  greater than for the water 

... i n  the permeable units a t  greater depth i n  the basin, (EluUeal, 1965, 
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figures 8-13). This indicates t ha t  dissolved br ine from the overlying 

evaporites is entering the upper Delaware uni t s  'and increasing sa l in i ty  

beyond t h a t '  of the  other waters in the basin. 

The hydrologic.infonnation compiled by Hiss '(1975) can be used t o  

estimate the  volume of water and salt moving through the basin aquifer. 

Using the  equation , 

a = n A = a~ Kdh [LT-'] 

from Lohman (1972, p. l o ) ,  and the  permeability of 0.0049 d d a y  (Hiss, 

1975, p. 154) and a f i n a l  s a l i n i t y  i n  the  aquifer before discharge in to  

the  Capitan aquifer of 15og/1 (Hiss, 1975,' map 4) ,  the upper 100 f e e t  

(30.5m) of the  basin aquifer has t h e p o t e n t i a l  t o  transport NaCl a t  a 

2 r a t e  o f  14g/m /day. This r a t e  i s  suf f ic ien t  t o  carry away the salt 
" 

dissolved by brine density flow f rom 100 collapse chambers (50 x 100 x 

1 
' 100 m) i n  the  sou then  three townships of t he  t el aware basin i n  Neri 

Mexico in a period of 30,000 years. I f a  thicker a q u i f e r i s  used the  

dissolving potent ia l  is much greater.  Hence, it rvbuld appear that  the 

l imit ing fac tor  t o  brine density flow is not the  capacity of the aquifer 

t o  remove the  br ine but t h e  fracture  systems i n  the lower anhydrite. 

Deep Basin Sinks and S a l t  Anticlines: A number of isolated deep-seated 

sinks i n  the cent ra l  and eastern basin area can be explained by dissolution 

f r o m  below,through sets.oEintersecting fracture  systems. This is pa r t i -  

cular ly  t rue  f o r  the  southeasterly trending trough i n  the 124 bed (Figure 11) 

where several  deep-seated sinks appear t o  be aligned along an inferred 

f rac ture  system pa ra l l e l  t o  the reef edge and where f au l t s  beneath the  

evaporites may have made recurrent movement during Cenozoic up l i f t  

3 and t i l t i n g .  
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Several sinks i n  the basin, however, l i e  next t o  s a l t  anticlines and 

the relationship of the sinks t o  the anticlines o r  the anticlines t o  the 

sinks is d i f f i cu l t  t o  determine. I t  seems likely that  dissolution and 

sink development may have preceeded anticline development. The overburden 

above the lower s a l t  bed, which i s  generally the s a l t  bed that has produced 

flowage, is inadequate t o  account for  the temperature and pressures 

required t o  cause s a l t  flowage under ordinazy geological conditions of 

differential  vert ical  s t ress  (Anderson and Powers, 1978). The dissolu- 

tion of a collapse chamber and subsequent collapse of the overlying units 

can be expected t o  increase differential  s tress in a relatively short 

time period. This s t ress  differential  may have been adequate to  cause 

the movement of salt, i n  which case, the structure of the s a l t  anticlines 

a t  depth may be quite complicated as s a l t  may have tended to  move into 

collapsed areas. This may account for the few structures where Halite I1 

was observed to  thicken above thin areas of Halite I (Figures 4 and 5).  

The s a l t  anticlines around the deformed basin margin are also asso- 

ciated with deep-seated sinks. Either sink development and subsequent 

anticline formation was greater near the basin margin o r  sagging of the 

basin during t i l t i n g  and up l i f t  created greater differential  s tress i n  

th i s  area. In ei ther  case sink development and s a l t  movement are closely 

related and t h i s  problem deserves further consideration. 

Domes and Collapse Structures: The doming over collapsed and brecciated 

pipes is clearly a superficial process related to  the removal of salt from 

around collapsed structures. The pipes are more resistant  to  the effects 

of near surface dissolution on a regional scale. The sheathing of the 
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breccias i n  the pipes by clay, as observed in the blississippi Chemical 

Company mine under Dome C (Figure 12), may have protected the brecciated 

core so that it remained as a spine over which caliche was draped during 

the general lowering of the surface by dissolution. Evidence for  t h i s  is 

found i n  Sec. 18, T 23 S, R 30 E where circular ring fractures have 

lowered successively lower sections of caliche around a resistant  

central plug. 

The doming over collapsed brecciated structures implies that the 

pipe beneath the dome extends below the general surface of dissolution 

i n  the upper Salado, which i n  a l l  but the most active areas of dissolu- 

t ion near the Pecos River is 500 feet  (152 m) or  ,more beneath the surface. 

Some collapse structures that  have ifivolved the Gatuna Formation (Sec. 24, 
. 

T 23 S, R 29 E) have not developed doming over the collapse indicating 

that structures of both deep and shallow origin are present. . ,. 
Reddy (1961) recognized three different types of domes i n  the Queen 

Lake area; simple uncollapsed domes, collapsed structures with circular 

faul ts  and brecciated centers, and domes with pushed up centers of lower 

stratigraphic units.  Some of the domes i n  the Queen Lake and IVillow Lake 

area appear to  have been formed as high areas remaining a f te r  the collapse 

of surrounding sinks. In any case, many of the smaller domal features in 

the basin, especially i n  areas of most recent and active dissolution 

associated w i t h t h e  main drainage systems, may not have brecciated cores. 

Sequence of Collapse Development: The different localized collapse features 

i n  the basin occur i n  north-south trending bel ts  across the basin that 

correspond t o  different depths of erosion. I t  seems apparent that these 

are different manifestations of the same general process being seen a t  " 
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G different levels of exhumation. Although individual structures may depart 

from the general pattern, i t  is possible t o  diagrammatically reconstruct 

a composit collapse structure (Figure 18) based on hown structures i n  

the basin, and describe a sequence of events to  explain how such struc- 

tures are formed. 

After uplifting and t i l t i n g  of the basin and erosion to  expose the 

western reef,  meteoric waters began moving slowly down dip through the 

basin aquifer. A t  the same time,. hydrocarbons (mainly gas, Kirkland 

and Evans, 1976) migrated up dip. Both the meteoric waters and the 

hydrocarbons moved upwards into fractures in the lower anhydrite and, 

infused with a bacterial culture, replaced the anhydrite i n  the walls of 

the fractures with biogenic calcite.  There is a 1 0  percent volume 

reduction i n  the replacement process so that the biogenic activity 

increased the permeability of the fractures. In the more open systems 

of intersecting fracture se ts ,  the undersaturated waters came in contact 

with the s a l t  and developed a circulation system of brine density flow. 

Continued dissolution enlarged a chamber i n  the lower s a l t  which sub- 

sequently collapsed to  form a breccia chimney, sometimes penetrating t o  

the surface. Meteoric waters, hydrocarbons, and bacterial populations 

moved upward i n  the collapsed chimney t o  replace brecciated anhydrite 

a t  higher stratigraphic levels. Some of the evolving H2S gas from the 

biogenic act ivi ty became trapped and reduced t o  form sulfur deposits 

that  are associated with collapse from below (Hinds and Cunningham, 

1970, p. 11). 

Probably not a l l  of the collapsed chimneys penetrated to  the surface, 

3 especially i n  the deeper eastern part of the basin. Those that did i n  the 
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Figure Diagrammatic illustration of a composit collapse 
structure originating from dissolution above Bell 
Canyon (Delaware) aquifer. Note: not all struc- 
tures will show the combination of all features. 
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COMPOSITE BRECCIA PIPE 

FIG 18 
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west were f i l l ed  with downdropped blocks of Rustler and Gatuna and a 

thick calcic so i l  (Mescalero caliche) developed over the f i l l e d  collzpse 

structures. Finally, regional near-surface dissolution removed salt from 

around the pipes and sagging around the pip%produced domes. 

The process described above cannot be assumed to  have affected the 

entire basin simultaneously. Brine density flow can be expected to  be 

most eff icient  where sa l in i ty  differences between theunderlying aquifer 
. . 

and the overlying saturated brine are greatest.. . This means that the area 

of optimum development of collapse structures is probably slowly moving. 

from west to  east across the basin. 
. . 

. . 
. .  . 

Origin .'of The 'Westefri Dissolution Wedge 

The geometry of the western wedge and its location in the basin 

provide some clues as to  the controls that were operating t o  produce the 

feature. The wedge occurs along almost the ent i re  western margin of the 

basin, indicating that it is not a local feature and that it is in some 

way related t o  the general stripping, erosion, and dissolution that 
1 

followed up l i f t .  The fact  that the leading edge of the wedge is developed 

i n  the lower Salado Formation and the upper part  of Halite 111 indicates 
/ 

that t h i s  was the horizon of greatest permeability and that it I ~ S  more , '  

susceptible t o  dissolution. (This same horizon along the eastern side of 

the basin is also the most susceptible t o  dissolution). As the western 
. . 

reef was exposed and the reef became an aqu i f e r , a  dissolution wedge 

probably developed a t  the susceptible horizon., This would hardly explain, 

however, the presence of the wedge some 70 miles (113 Ian) from the 
. . 

western margin of the basin. 
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As the surface of the evaporites i n  the riest was lowered by erosion, 

the permeable and susceptible horizon became direct ly exposed to  surface 

inf i l t ra t ion.  The extensive development of gravels along the western 

edge of the basin t es t i f i e s  to  abundant surface water in contact with 

the exposed evaporites. The discharge from these eastward flowing 

streams may have been the vehicle for  the further dissolution of the 

wedge. In th i s  case, the water moving through the wedge would have flowed 
. . 

paral lel  t o  the axis of the wedge and approximately parallel t o  the present 

axis of most of the Pecos River. The Pecos valley sits above, or  behind . ~ .  
. . 

the leading edge of the wedge in  much of the basin suggesting that deep 

dissolution i n  the wedge has controlled the position of the Pecos during 

its l a t e r  history. The ancestral Pecos probably migrated eastward across 
* 

the basin, occupying a valley behind the leading edge of the wedge. 

The marginof the wedge turns rieshiardto the north of the Big Sinks 

and Poker Lake dissolution depressions and terminates adjacent t o  the 

large reentrant i n  the Capitan reef southwest of Carlsbad. This reentrant 

also marks the nor L hem limit of extensive development of gravels from 

eastward floriing streams. The loss of re l ief  t o  the north and the reentrant 
\ 

appear to  have combined t o  delay dissolution in  the area to  the north of the 

present position of the wedge. 

The leading edge of the western wedge a t  the present time is directly 

associated with the large dissolution depressions described by hlalley and 

Huffington (1953) i n  the central basin area (see Figure 1) .  The deepest 

parts of these depressions contain collapse structures that' penetrate to '  - .. 
the lower basin aquifer. I t  i s  conceivable that s a l t  dissolved in the 

wedge found access to  the lower aquifer through the coilapse structures 
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and that  th i s  was the path of escape of the brine from the basin. One 

can estimate the volume of s a l t  that might have escaped by th i s  route 

from the capacity of the aquifer t o  conduct water. With a head of 

100 f t  per mile (19 m per lan) arid a permeability of 0.0049 m per day, 

using the Bell Canyon aquifer t o  transmit the brine, only about' 

20-30 percent of the s a l t  in Halite I11 and the lower Salado that is now' ' . 

missing from the basin could have been removed through the lower aquifer \ 

since the up l i f t  of , the  basin. Hence, the brine derived from these units 

must have founda way out of the basin by some other means, a t l e a s t  

during the early stages of dissolution of the wedge i n  the basin. 

Later i n  the history of the basin, however, some of the waters from 

the Pecos may have found the i r  way through t o  the lower aquifer by moving 

- down gradient into the collapse depressions and enlargingthemto thei r  

.. . present size. Collapse features of the scale of the Big Sinks or Poker 

Lake dissolution depressions have the potential of having substantial 

amounts of brine drained from them through the lower aquifer. A collapse 

depression ~ i i t h  an area of about 10 m i  26 lan2) and with a 100 foot 

(30.5 m) thick aquifer collecting the brine from over a distance of 4 

miles (6.5 lon) can'have i ts  brine removed in about 40,006 years. 

This explanation seems particularly appropriate to  the dissolution 

depression around Poker Lake anticline. The f loor of the collapse a t  

the level of the Rustler Formation i s  some 1000 feet  (305 m) below the 

level of the Rustler a t  the Pecos River which l i e s  about 6 miles (10 Ion) 

to, the west. The dissolution depression a t  Poker Lake is much larger than 

the small sink adjacent to  the anticline, which i n  turn appears to  consist 

of several collapse structures. Surface waters, including some from the 
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Pecos, might have enlarged the original depression by contacting the salt 

and by having the brine removed through the lower aquifer. 

The development of the western dissolution wedge has been a complex ' . 

process, most easily visualized if divided into three stages. The first 

stage was initial wedge development adjacent to the reef. The second 

stage was the undercutting of the overlying salt beds by waters moving 

through the penneable horizon from surface streams flowing eastward from 

the Guadalupe Mountains. The third stage is related to the enlargement 

of dissolution depressions east of the axis of the Pecos River. Examples 

of the first stage of development of the wedge can still be seen operating 

around the eastern and northern margins of the basin. Remnants of the 

second stage can still be seen but it was probably most active during the 

early dissolution of the western part of the basin. The third stage is 

9 active today. All three stages, although representing somewhat different 

processes, have the development of a wedge-like dissolution front in common. 

This can best be explained by the potentid for greater dissolution at 

the Castile-Salado penneable horizon and unconformity. 

Rate of Cenozoic Dissolution 

Determining the rate of both surface and deep dissolution in the 

basins depends largely on the time and rate of uplift of the   el aware and 

Guadalupe mountains to the west. It is generally agreed by most workers 

that the major uplift took place beginning in late Pliocene or early 

Pleistocene time tha in^, 1948). Low fault scarps have displaced 

gravels in the western foothill areas of the mountains indicating some 
. . 

movement in late Pleistocene time. Leveling sur~eys across the graben to 
n - 

the west of the mountains indicate that this area is tectonically active at the 

present time. Haw fast the salt was dissolved depended upon the pace of 
* 

the uplift. 
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One can roughly say that the main episode of Cenozoic dissolution was 

accomplished i n  the past 4-6 m.y., o r  af ter  the removal of the Ogallala 

Formation. A younger limit for  some of the dissolution has been se t  by 

Bachman (1974) by correlating the Mescalero caliche surface with surfaces 

of similar development in other areas. I f  ~achman's correlation is correct, 
. . 

then most o f  the dissolution i n  the basin had been accomplished by about 
' '  

' 

1 / 2  m.y. ago.' T h i s  period of Mescalerci s tabil izat ion w& followed by 
. . 

. . 

renewed dissolution which is active a t  the present time. 

Extrapolations of the ra te  of dissolution from such meager infor- 

mation are of limited value because they do not take into account the 

ra te  of change over time. In geomoqhic terms, the dissolution stage 

of the Delaware basin, with 50 percent of the s a l t  removed, can be 

considered mature and the basin probably has a maximum development of 

dissolution features. We do not how how much fas ter  s a l t  dissolves 

during the i n i t i a l ,  intermediate, or  l a te r  stages of dissolution of a 

basin. If  we assume 4 my. fo r  the in i t ia t ion of the western disso- 

lucation wedge, then it has progressed eastward across the basin a t  a 

ra te  of about 20 miles per m.y. I f  we assume 8 m.y. as the starting 

point and a lesser  distance of travel across the basin then the rate may 

be as l i t t l e  as 5 miles per m.y. Neither of these two figures is sig- 

nificant because the wedge probably developed i n  stages from different 

controls with different rates. 

The central-basin dissolution depressions and the eastern and 

northern reef-margin dissolution depressions contain Conozoic f i l l  

which would be considered post upl i f t  (Ogallala) and hence Pleistocene 

i n  age. The reef-related depressions, as well as  the basin depressions 

along the Pecos River, probably did not develop simultaneously but 
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followed a progression. One could expect the southennost depressions 

. t o  develop first because they ~muld be up the sa l in i ty  gradient and erosion 

has progressed from southwest to  northeast across the basin. This would 

agree with the 06servation that  the relatively young, s t i l l - ac t ive  San 

Simon sink represents the most recent stage i n  th i s  process. Similarly, 

the reef margin dissolution depression northeast of Carlsbad could be 

expected t o  be older than San Simon sink and swale. This means that  

other dissolution depressions and an associated wedge w i l l  ultimately 

develop along the northeastern comer of the basin. San Simon swale and 

sink are young geologically and probably developed under the influence 

of pluvial climate. 1Ve can expect enlargement of the sink and swale 

and perhaps the development of additional similar features around the . . 

1, northern basin margin during subsequent pluvial episodes. 

The effect  of p l w i a l  climate on the ra te  of dissolution is unknown 

but can be assumed t o  be significant.  Extrapolations of the rate of 

di4solution under Nash Draw by assuming a constant ra te  of dissolution 

since the development of the Mescalero surface are of limited value 

because most of the s a l t  may have been dissolved during pluvial stages 

and significant collapse of Nash Draw could be as la te  as the lvisconsin. 

Age of Localized Dissolution i n  the Basin 

The domes and collapse structures i n  the west-central part  of the 

basin have Gatuna cores and Mescalero caliche draped over the top. ,This 

means that  the collapse structures developed before 1/2  m.y. ago and the 

doming since that time, i f  the correlation of the Mescalero caliche i n  - 

that  area is  correct. The model of brine density flow predicts that 

the development of collapse structures i n  the s a l t  overlying the aqui- 

f e r  w i l l  be a function of the sa l in i ty  gradient between brine i n  the 

dis soiut ion chm&Itfegqm a t ~ ~ Y Q g & y ( a s s ~ i n g  eclua1 



fracture development) . The sa l in i ty  maps of Hiss (1975) and ?,luUeal (1965) 

show that essentially fresh water is contained in the aquifer in the part 

of the basin west of the s a l t  cover and that the sal ini ty gradient gradu- 

a l ly  increases eastward to  the margin of the basin. This means that as 

the basin is eroded, the most effective sa l in i ty  gradients w i l l  gradually 

migrate eastward. As the gradient moves, weaker fracture systems can be 

expected to  be activated. Application of the brine density flow model . . ',. 

to  the Delaware basin means that the development of collapse structures 

i s  an ongoing and developing process. 

Climatic changes during the pluvial episodes c q  be-expected t o  have 

increased the artesian pressure in the aquifer and shifted the sal ini ty 

gradient eastward i n  the basin. This means that the development of 

collapse structures in a particular area m y  be an episodic,climatically 

controlled process. The above considerations mean that no one age can be 

assigned to the collapse structures that have already formed in  the basin. 

Certain times may have been more favorable t o  the development of the 

structures than others, and the structures t o  the west, in general, 

are older than the structures to the east. Bell Lake sink and Slick 

sink are relatively young features that may represent the most recent 

episode of deep-seated collapse i n  the eastern par t  of the basin. 
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POTENTIAL GEOLOGIC HAZ4RDS FROM DEEP-SEATED DISSOLUTIOX 

(Implications for the W. I .P.P. Si te)  

Long-term Hazards : 

The northern part  of the Delaware basin has been relatively 

protected from the effects of advancing deep dissolution from the 
. . 

south and vest and from the development of large dissolution depressions 

and a wedge along the reef margin. The area selected for  the s i t e  is 

about equidistant from large-scale dissolution features t o  the southwest, 

southeast, and northwest. Of the possible locations in the basin, the 

present s i t e  is probably the best available from the standpoint of large- 

scale features of deep dissolution, . . 

The Delaware basin i t s e l f ,  however, has been extensively affected by 
C . . 

deep dissolution and the disposal horizons selected are the ones most . . 

susceptible t o  the process. I hesitate t o  make estimates of long-term 

s i t e  s t ab i l i ty  on the basis of r \ f ha t l i t t l e  information is available 

concerning the timing of the upl i f t  and the age of the dissolution- 

related deposits. A general idea can be obtained by a s l i g h t l y  different 

approach than using the ra te  of advance of a dissolution edge as was done 

by Bachman and Johnson (1973). About Sopercent of the original volume of 

s a l t  from the s a l t  beds of the Castile and Salado formations has been 

dissolved from the basin. The removal of s a l t  from the beds belorv the 
. . 

middle Salado probably did not begin un t i l  the western edge of the basin 

was well exposed and unt i l  a considerable volume of s a l t  had already been 

removed from the upper Salado units.  I f  we assume as Bachman and Johnson 

(1973, p. 39) did, that the stripping of the protective Ogallala Formation 

began about 4 m.y. ago, we can use th is  figure as a s tar t ing point for the 
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beginning of deep dissolution. I f  we also assume a linear relationship 
* 

(probably not a valid assumption) and that 73 percent of the lower Salado 

s a l t  has been dissolved since that  time, then the s a l t  from that unit w i l l  

be gone from the basin in about another million years. 

For the s i t e  area, this  would probably be a minimum estimate of the 

time unt i l  to ta l  dissolution of the lower Salado unit because of the 

protection afforded by the northeast corner of the basin, unless, of 

course, the 4 m.y. assumption is incorrect or  i f  the dissolution rate 

should be nonlinear and faster  during l a t e r  stages. 

The future course of dissolution i n  the northern comer of the 

basin can be predicted from the past history of dissolution elsewhere 

i n  the basin. More reef-margin depressions w i l l  probably develop and . 
enlarge as water from the Pecos continues to  enter the Capitan aquifer 

+ and move toward the northeast lori area of the basin. . Hiss (1975) believes " 

that the basal t ic  dike that  intersects the reef near the Eddy-Lea County 

l ine has retarded the flow of water through the reef to  the west of the 

dike. This may have slowed the development of dissolution depressions 
\ 

i n  the northern reef area. Several potential s i t e s  for the development 

of future dissolution depressions are present along the northern reef 

edge. The cluster of domes a t  the north end of Nash Draw is one locality. 

A thin area of Infracowden s a l t  was noted i n  Sec. 25, T 2 1  S, R 32 E 

that could represent dissolution (Figure 7).  Both of these features are 

about 11 miles (18 Ion) from the edge of the s i t e .  (A loxi in the structure 

contour of the Rustler Formation in the northeast corner of T 21  S, R 32 E 

on the map of Hiss (1976, map 7) is  actually a plotting error and not a 

- dissolution feature ( I i s s  1977, personal com~mication). 
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The long tkrm hazard to  the s i t e  would be presented by an advancing 

dissolution wedge associated with reef-margin depressions. The irregular 

nature of the margin of the eastern dissolution wedge suggests that deep- 

seated sinks i n  the deformed margin area of the basin have influenced 

the extent and development of the wedge &map 7 of Hiss, 1976). This 

means that  the sinks t o  the north and east  of the s i t e  area may ultimately 

play a role i n  bringing dissolution into the area. Three sinks appear t o  

be present within about a 5 mile (8 lan) radius of the center of the 

s i t e  (Figure 16). The sink t o  the northwest originates i n  Halite I. The 

deep-seated sink t o  the east,  however, shows no involvement of the lower 

s a l t  beds (Figure 4), a near absence of Infracowden s a l t  (Figure 7),  and 

a substantial depression in the structure contour of the 124 marker bed 

(Figure 11). In this case, localized dissolution appears to have developed 

a t  the Infracowden horizon and ei ther  a t  present, or sometime i n  the future, 

could be associated with reef-margin dissolution. The lack of involvement 

of deeper beds, however, may be due to  inadequate information. The 

suspected sink on the northern edge of the s i t e  area has a depressed 

structure contour on the 124 marker bed. Seismic profi les  show it to  be 

of deep-seated origin and associated with faulting of the Bell Canyon Fm. 

The eastern dissolution wedge projects, a t  places, about 15 miles 

(24 loll) beyond the reef margin and into the basin. Ultimately, as reef- 

associated dissolution moves into the northern corner of the basin, it 

can be expected that wedge-like dissolution effects  w i l l  enter the s i t e  area, 

probably a t  the Lower Salado horizon. This advancing wedge could represent 

a long- ten  hazard to  the s i t e  i f  dissolution has already progressed to  the 

sink local i t ies  north and east of the s i t e  area or i f  the rate of advance 

can be demonstrated t o  be relatively rapid. 
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A possible long-term hazard may be advancing dissolution related t o  

'I - the western dissolution wedge. The formation and enlargement of deep 

dissolution depressions east of the Pecos River is  the most recent stage 

i n  the development of the western wedge. Whether or  not this  process 

represents a long-term hazard depends upon an interpretation of the origin 

of Nash Draw. The alignment of the dissolution depressions along the 

western s a l t  edge, and the occurrence of Nash Draw as a northern continua- 

tion of th i s  trend, implies that Nash Draw is an early stage i n  the. 

development of a large dissolution depression (Figure 1). I t s  location to  

the north of the other depressions, the scale of the feature, a d  the 

labate pattern formed by its margins suggest a genetic relationship. 

The top of the Rustler Formation is 'also depressed i n  the southern Nash - . 

Draw area, which is a feature comon t o  the other depressions to  the south. 

On the other hand, Nash Draw is an area of active near-surface 

dissolution and i t s  recent subsidence appears to be related to  the removal 

of s a l t  a t  the top of the Salado Formation rather than from the base. No 

deep-seated collapse features such as the Poker Lake or  Big Sinks depressions 

appear to  be associated with Nash Draw, although, a number of suspected 

breccia pipes are present i n  the area of depression. 

An examination of the isqpach maps and logs of the Salado Formation 

i n  the Poker Lake and Big Sinks area (Figures 8, 9, lo) ,  shows that above 

the wedge i n  the lower Salado, both the middle and upper Salado have los t  

about half of the i r  original thickness. This means that development of 

the wedge and depression was not a simple process of undercutting the 

;. overlying evaporites. Rather, dissolution appears to  have developed 

throughout the overlying s a l t  section i n  the area of the depression. 
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.5 

ü is solution of s a l t  beds, as determined by the comparison o f  acoustical 

logs, i s  a very selective process. Township-size areas have had s a l t  

removed a t  selected horizons throughout the s a l t  section that l i e s  

adjacent to areas of deepest dissolution. Apparently, dissolution 

effects are capable of moving lateral ly,  bed by bed, for distances of 

several miles (kilometers) from the point of origin of dissolving 

waters. 
. . 

The lack of well-log o r  core control i n  the:part.of Nash LMw 

with the greatest depression does not permit an examination of the 

effect of selective dissolution beneath Nash Draw. A t  th is  point in 

the investigation, the origin of Nash Draw and the reasons why it has 

developed its distinctive lobate form and well-defined. collapsed margins 
- 

is not understood. The greatest hazard related t o  dissolution from the . . 

west or  southwest may be in t he l ack  of infonnation about the deeper 
* 

geologic features west of the s i t e .  Some of t h i s  infonnation for the 

shallower stratigraphic horizons may exist i n  the records of potash 

exploration. 

Short-term Hazards: 

The common occurrence of localized features of deep dissolution and 

collapse (breccia pipes, isolated deep sinks., and anticlinal sinks) i n  the 

basin presents an unavoidable r i sk  that w i l l  have t o  be weighed and evaluated. 

In the general s i t e  area, there i s  some evidence that  deep-seated disso- . ' 

- 
lu t ion , fau l t ing  of evaporites, and anticline development has taken place. 

. . 
Structurally th is  can be seen as a low i n  the 124  marker bed contour i n  the 

z 

southeast corner of Sec. 9, T 22 S, R 31 E and about Zmi les  (3 Ian) north 

of ERDA n"9 borehole (Griswold, 1977, 'figure 7 ) .  This is  the' depression' .: 
that  aligns with several deep-seated depressions t o  the southeast . . as well as 
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a suspected dissolution feature to  the northwest and i s  associated with a 

faul t  i n  the basin. Anticlinal structures have developed both t o  the 

north and south of this sink, along with faults within the Castile Formation 

that could be associated with the anticl inal  structure (Griswold, 1977, 

figures 8 and 9) .  Hence, the depression is of the anticline-associated 

type. The presence of such a structure and the associated sink could 
, . 

present a short-term geologic hazard to the disposal f ac i l i t y  fo r  two 
. ., 

reasons: (1) Geopressurized brine and H2S gas may be present i n o r  near 
.. . . 

the structure and eruption into the mine workings would be an immediate 

threat t o  personnel and might bring radionuclides t o  the surface; (2) brecciated 

rock may be present i n  the depression or i n  other sinks associated w i t h  the 

anticline and, combined w i t h  f au l t s  and fractures and possible dissolution 

horizons associated with the anticline, could fonn a conduit f o r  transmission 

of brines from the area. 

The evidence suggests tha t  dissolution of deep-seated collapse 

chambers by means of brine density flow has been &n active process in the 

basin. The brine density flow model' infers that  the development of such 

chambers w i l l  affect different areas of the basin a t  different times and 

that  it is an on-going process subject t o  rejwination during periods of 

higher artesian pressure, especially dv~ ing  pluvial climatic episodes. 

In th i s  respect, there i s  probably no way of being absolutely certain 

that  fractures or incipient collapse chambers are not present a t  depth 

i n  the s i t e  area or that collapse chimneys are present but have not 

breached the surface. Detection of such small features by geophysical 

methods is not possible in  the present s t a t e  of the a r t  although larger 

structures, especially those that have involved collapse to  the surface, 
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can be identified. The potential fo r  the formation of such collapse 

a structures i n  the s i t e  area constitutes an unavoidable geologic hazard 

that  i s  inherent f o r  any s i t e  selected i n  the basin. Studies of the 

s t a t i s t i c a l  probability of occurrence based on known distributions and 

on a bet ter  understanding of the collapse process w i l l '  provide estimates 
. . 

of the seriousness of the hazard. 
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Deep Dissolution in the Delaware Basin 

by Means of Brine Density Flow 

Brine Density Flow: 

This concept was suggested by D. W. Kirkland and is related t o  
the mechanism suggested by Kirkland and Evans (1976) fo r  the origin 
of limestone buttes (Castiles) in the Delaware basin. 

The assumption is that undersaturated water f r o m  the underlying 
aquifers (Bell Canyon, Capitan) can gain access t o  the overlying s a l t  
(Halite I,  lower Salado) by means of fractures o r  intersecting fracture 
systems i n  the intervening anhydrite (Anhydrite I, Fletcher anhydrite). 
The contact of the undersaturated water with the s a l t  w i l l  increase 
water density and the brine thus generated w i l l  move back down through 
the fracture system by gravity flow and th i s  downward flow of brine w i l l  
draw up more undersaturated waters to in i t i a te  a flow cycle which w i l l  
dissolve chambers i n  the s a l t  bed. Collapse of such chambers will 
result  i n  a breccia pipe or  other collapse structure. The concept is 
described diagrammatically i n  Appendix Figure 1. 

Experimental Nodel: 

An apparatus was bui l t  to  approximately simulate the hydrologic 
system described above. I t  consistsoof a f ive foot length of 1 1 / 2  inch 
inside diameter pipe mounted a t  a 25 angle and with the lower end 
attached t o  a drain by tubing ~ i i t h  a regulating valve (Appendix Figure 2).  
A constant water level in the pipe (aquifer) is maintained by tubing 
carrying inflow and overflo~v to and from the upper part of the pipe. A 
chamber containing a s a l t  block or  s a l t  crystals i s  affixed to  the pipe 
by means of two 1 / 2  inch inside diameter tubes of lexan polycarbonate 
tubing. The polycarbonate tubing is open t o  both the pipe and the 
chamber and these openings can be sealed o r  equipped with stoppers and 
capil lar ies  t o  change the diameter of the conduits communicating between 
the pipe (aquifer) and the chamber (sal t  body). A constant ra te  of flow 
in  the pipe is maintained by the regulating valve i n  the drain tubing. 
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~ r i n e  d e n s i t i e s  from H i s s  (1975) 

Appendix 
Fig .  1. Diagram of  a q u i f e r s  and s a l t  bedq i n   elaw aware b a s i n .  Pressure  

s u r f a c e  raises unsa tura ted  b r i n e  through f r a c t u r e s  i n  over ly ing  
a n h y d r i t e  t o  c o n t a c t  h a l i t e . .  Brine d e n s i t y  flow removes s a l t .  

. . . . .  . . . .~ 

Appendix 
F i g .  2 .  Diagram of l a b o r a t o r y  appara tus  used t o  d i s s o l v e  s a l t  by 

means of b r i n e  d e n s i t y  flow. 
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Sumnary of Results: 

The two open polycarbonate conduits, with a throughflow rate i n  the 
aquifer of 0.9 l i t r e s  per hour dissolved s a l t  a t  the ra te  of 10.3 g per 
minute i n  the overlying salt chamber. Fresh water moved up one tube and 
brine water moved down the other tube to  form a continuous brine flow. 
Because of an inadequate overflow drain, siphoning was observed in the 
tubes that  khan ed the water level i n  chamber.As the water level was 
rising i n  the Aamber brine which had developed as a pycnocline i n  the 
pipe was drawn up into the chamber through the upper tube. During a 
phase of fal l ing water level, the brine moved down the lower tube and 
was replaced by fresh water from above the pycnocline by r is ing through 
the upper tube. When throughflow w a s  stopped, the brine and fresh water 
flows were observed exchanging i n  the same tube. 

The tube system was  modified by blocking off one of the 1/2 inch I D  
polycarbonate mounting tubes and placing a 1/16 inch I D  "capilla~y" in the 
other tube (Appendix Figure 3) and sealing the sides of the polycarbonate 
mounting tube with a rubber stopper. The stopper was placed securely i n  
the mounting tube but without a sealant so that "tight" water communication 
was  possible between the sides of the stopper and mounting tube (Appendix 
Figure 2). This configuration with a throughflow rate in the underlying 
aquifer of 1 l i t r e  per hour dissolved s a l t  i n  the chamber a t  a rate of 
1 . 2  g per minute. Current velocity i n  the capillary of about 5 cm/sec. 
w a s  observed. The heavy brine moved dam the capillary and was replaced 
by a continuous flow of fresh water passing between the t ightly f i t t ing  
rubber stopper and the polycarbonate mounting tube. The pressure surface 
in the chamber was maintained a t  a constant level about 2 an below the 
head i n  the aquifer. 

The tube system was further modified by placing a sealant between the 
rubber stopper and the walls of the polycarbonate tube so that communication 
could only be maintained i n  the capillary. This configuration dissolved 
s a l t  in the chamber a t  a ra te  of about 1 g per minute. The single small- 
diameter passage resulted i n  feedback system consisting of a f i l l ing  mode 
and a draining mode. Brine moved down through the capillary unti l  water 
level i n  the chamber w a s  lowered from 0.5 t o  about 1.5 an. The flow then 
reversed i t s e l f  as fresh water f i l l ed  the chamber. The cycle repeated 
indefinitely i n  an arythmic manner with an average cycle frequency of 
seconds t o  minutes. The strongest flows with the shortest frequency 
occurred with the greatest throughflow rates and the greatest difference 
i n  brine density between the chamber and aquifer. 



Appendix Figure 3. Photograph of chamber containing salt block 
connected to lower pipe (aquifer) by means of 
single capillary (a) inside mounting tube. 
Water moving only through the capillary dissolved 
the salt cavity in the chamber above in about 
90 minutes. 
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Conclusions: 

1. The access of "fresh" or unsaturated water by means of open 
conduits from an aquifer below to an overlying body of s a l t  
would appear t o  be a sufficient mechanism for establishing 
and maintaining water circulation by means of a density flow. 

2. Differential flow can probably be expected i n  different conduits 
with the viscous brine moving down through the more open systems 
and the "fresher" water moving trp through the tighter systems. 
Density gradients appear to  be sufficient  to produce a pulsating 
flow where only single conduits are available. 

3. The ra te  of brine flow (and dissolution) appears t o  be controlled 
by density difference which i n  turn is controlled by the rate of 
removal of brine by the aquifer. The geometry of the fracture 
(conduit) system i s  also a controlling factor. 
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C L o v i s - B l a c k w a t e r  Draw s i t e  i n  New Mex i co ,  and t h a t  t h e y  r e f l e c t  
r e g i o n a l  c l i m a t i c  changes.  I t  may be t h a t  t h e  d i a t o m i t e  a t  San Simon 
S i n k  c a n  b e  f i t t e d  i n t o  t h i s  c h r o n o l o g y  when more samples  a r e  a n a l y z e d  
and a  b i o s t r a t i g r a p h y  i s  p roduced.  D e s p i t e  t h e  g e n e r a l  s i m i l a r i t y  o f  
t h e  d i a t o m  assemblages .  however .  d i a t o m s  a t  San Simon S i n k  appea r  t o  
r e p r e s e n t  more s a l i n e  e n v i r o n m e n t s  t h a n  t h o s e  a t  C l o v i s - B l a c k w a t e r  
Draw and  Lubbock.  Most L i k e l y  t h i s  r e f l e c t s  a  g r e a t e r  i n p u t  o f  s a l i n e  
g r o u n d w a t e r  d e r i v e d  f r o m  u n d e r l y i n g  e v a p o r i t e s  a t  San Simon S ink .  @ 
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