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PREPACE 

Geological Characterization Report (GCR) for  the WIPP s i t e  presents, 
i n  one document, a compilation of geologic information available to 

August, 1978, which is judged to be relevant to studies for t h e  WIPP. As 
such,  rolrmonly available documents are  slnmnarized as appropriate while  

other documents may be presented more ful ly .  In  sane instances, the 

information presented may be preliminary or may reflect continuing 

studies not yet mmplete. The Geological Characterization Report 

cer ta inly s h o u l d  not be construed as  the f ina l  word on the WIPP geology. 

Furthermore, specific judgements of how t he  geologic infomation affects 

the WIPP are res t r ic ted  since the document is intended as  a source of 

information. Harever, recommendations may be made on the basis of the 

document. The Geological Characterization Report for the  WIPP s i t e  is 

neither a Preliminary Safety Analysis Report nor an Environmental Impact 

Statement; these documents, when prepared, should be consulted for  

appropriate discussion of safety analysis and environmental impact. The 

Geological Characterization Report of the WIPP s i t e  is a unique document 

and a t  t h i s  t i m e  is not required by regulatory process. 

The Geological Characterization Report (a) for t h e  WIPP has been 

created through the efforts of many individuals who are t o  be 

acknowledged for their contributions; l i t t l e  of the material presented, 

however, is or iginal  material created solely for t he  Geological 

Characterization Report. A t  Sandia Laboratories, principal contributors 

t o  the writing of t h e  GCR are,  i n  alphabetical order: G.E. Barr, 
B.M. Butcher, R.G. D~sch, L.R. H i l l ,  S.J. Lambert, D.W. Powers, 

S.E. Shaffer, W. Wawersik,  and W.D. Weart. Bechtel Corporation provided 

basic smaries for  many chapters; the principal participants were: 

D. Dale, C. Farrel l ,  V. Hcwes, J. Litehiser,  D. Roberts, R. Sayer. I n  
par t icular ,  J. L i t e h i s e r  provided t h e  analysis of seismic r i s k  i n  

Chapter 5. G.B. G r i s w o l d  of Tecolote Corporation slnmnarized resources i n  
Chapter 8. F.H. Dove of NUS sumnarized hydrology i n  Chapter 6 .  
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Editorial and review comen t s  were solicited on a working copy and 

received from independent agencies w i t h  personnel familiar w i t h  the 

geology of southeastern New Mexico, particularly the N e w  Mexico Bureau of 

Mines and Mineral Resources. An internal review a t  Sandia Laboratories 

of a working copy of the entire document also resulted i n  detailed 

comments. Those review comments were incorporated as appropriate into 

t h i s  draft  copy. As usual, sane of the suggestions were not  followed for 

various reasons. The draft copy received review and comment by the WIPP 

Panel (Commit tee  on Radioactive Waste Management, National Research 

Council) of the National Academy of Science, the Office of Nuclear Waste 

Isolation ( W I )  and various subcontractors, and by Westinghouse as a 

contractor to DOE. Major parts of the draft were reviewed by members of 

the Special Projects Branch, USGS. These caments have resulted i n  sane 

revision of the f i n a l  copy, as seemed appropriate. The editors assume 
responsibility for the contents of t h i s  report. 

The editors and writers acknowledge the  enormous volume of accumulated - 
data and interpretations w h i c h  provide the background for the Geological 

Characterization Report; referencing of authors is intended to reflect 

t h i s  background and to properly attr ibute material. 

The Report is primarily intended for use by those wi th  a technical 

background i n  earth sciences. However, the text should also be generally 

readable w i t h o u t  a l l  of this background by referral  to the American 

Geological I n s t i t u t e  Glossary of Geology (1974). 
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EXECUTIVE SrnlMmY 

.- 

This  E x e c u t i v e  Sunnnary presents ,  i n  condensed form, geotechnical  

information r e l evan t  to t h e  Waste I s o l a t i o n  P i lo t  P lan t  (WIPP) i n  

southeastern New Mexico. The presenta t ion  of material follows the  

Geological Charac te r iza t ion  Report (GCR) chapter organizat ion,  beginning 

w i t h  Chapter 2 ,  INTRDDUCTION. Figures and a reference list are not 

i n c l u d e d  i n  t h e  Executive S m a r y ;  where des i red  t h e  reader  must examine 

the  f i g u r e  and reference list following each Chapter. 

IWI'RODUCTION (Chapter 2 )  

The In t roduct ion  P r O V i d e S  an overview of the purpose of the  WIPP, t h & - - l  

purpose of the Geological Charac te r iza t ion  Report, t he  site s e l e c t i o n  

cri teria,  t h e  events  leading to s t u d i e s  i n  New Mexico, s t a t u s  of s tud ie s ,  

and the techniques employed during geological  charac te r iza t ion .  

The purpose of the Waste I s o l a t i o n  P i l o t  P l an t  (WIPP) is to demonstrate 

the  technology f o r  the disposal of the t ransuranic  (TRU) waste r e s u l t i n g  

from this na t ion ' s  past and cu r ren t  defense programs. It is an t i c ipa t ed  

t h a t  t h e  WIPP w i l l  be converted to a repos i tory  a f t e r  successfu l  

demonstration of t h i s  technology and assessment of s a f e t y  of a r epos i to ry  

for southeas te rn  N e w  Mexico. I n  addi t ion ,  t h e  WIPP is to  provide a 

research f a c i l i t y  to examine, on a l a rge  scale, the i n t e r a c t i o n s  between 

bedded salt and high-level r ad ioac t ive  waste. A Department of Energy 

(WE) Task Force (WE/ER-O004/D, 1978) has reccamnended that WIPP also be 

used to demonstrate su r face  and subsurface methods of handling, s t o r i n g  

and disposing of up to  1,000 c a n i s t e r s  of spent reactor fue l .  A decis ion  

on implementing t h i s  reconmendation has not been made a t  t h i s  time. 

I f  this s i t e  is accepted by the  DOE, t h e  schedule calls for the 

i n i t i a t i o n  of f a c i l i t y  cons t ruc t ion  i n  e a r l y  1981; rompletion is to be 

l a t e  1985, and the  f i r s t  waste to be accepted i n  1986. The TRU waste 
would be r ead i ly  retrievable for a f i v e  t o  t en  year period of i n i t i a l  
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operation. 

the experiments. The conceptual design of WIPP f a c i l i t i e s  is complete. 

WE has expressed an i n t e n t  t o  request licensing of the WIPP by the 

Nuclear  Regulatory Camnission (E). but t h i s  issue is not  yet  resolved. 

A l l  Hw for experiments would be retrieved upon canpletion of 

In t e re s t  i n  disposal of radioactive waste i n  geologic media may be traced 

back to a 1957 c a m i t t e e  report  by the National Academy of Sciences - 
National Research C o u n c i l ,  that recamended guidelines for permanent 

disposal of radioactive waste i n  geological media. Reoommendations f e l l  

i n t o  two categories: burial  i n  bedded salt deposits or i n  deep 

sedimentary basins (perhaps 4000 - 5000 m deep). 

S a l t  became the leading candidate as a disposal medim, and fran 1957 

u n t i l  the 1970's most disposal s tudies  i n  the U.S. concentrated on bedded 

salt. In the  mi1+1960's, Oak Ridge National Laboratories (ORNL) 
conducted a successful -- i n  s i t u  experimental program called "Project S a l t  

V a u l t "  i n  a salt mine near Lyons, Kansas. A subsequent plan to es tab l i sh  - 
a federal repository near Lyons was withdrawn due to both technical and 

p o l i t i c a l  objections. 

Subsequent evaluation of salt basins i n  the United States  by ORNL and the  

USGS led i n  1974 to field investigations of Permian salt deposits of the 

Delaware Bas in  i n  southeastern N& Mexico t o  determine i f  the geologic 

s e t t i n g  w a s  adequate for a radioactive waste repository. Permian 
evaporite deposits mnsist of the C a s t i l e  Formation which  is interbedded 

halite and anhydrite, the Salado Formation which 

halite and the R u s t l e r  Formation w h i c h  1s mostly 
halite, dolomite, and siltstone. 

c o n s i s t s  pr incipal ly  of 

anhydrite but contains 

I n  1975, the AEC ( l a t e r  Energy Research and Developnent Administration 

(ERDA) and now Department of Energy (DOE)) assigned responsibi l i ty  for 
si te evaluation and oonceptual design for t h i s  project i n  New Mexico to 
Sandia Laboratories of Albuquerque, N e w  Mexico. The project i n  N e w  

Mexico is IDW known as the  W a s t e  I solat ion P i lo t  Plant (WIPP). 
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Preliminary site selection c r i te r ia  were general i n  nature. (Most areas 

are not well enough known to allow application of precise cri teria.)  

After Sandia Laboratories determined i n  1975 that t h e  first preliminary 

study area originally selected by ORNL was geologically unsuitable, s i t e  

selection factors were refined specifically for and applied to  the 

Delaware Basin i n  New Mexico to define the present study area. The major 

s i t i n g  factors employed i n  southeastern New Mexico are that the 

repository salt beds should  be: (a) relatively pure; (b) several hundred 

feet  t h i c k ;  (c) between depths of 1000 and 3000 feet; (d) located where 

groundwater dissolutioning is relatively limited; (e) a t  least  one mile 

fran boreholes that completely penetrate the evaporite section, ( f )  

generally located to avoid private land; (g) located where s t ra ta  are 

relatively f la t ;  and (h) located to  minimize conflicts w i t h  mineral 

resources. Data fran hundreds of borehole geophysical logs and more than 

fifteen hundred miles of existing seismic reflection l i n e s  fran petroleum 

companies were analyzed and considered along w i t h  hydrologic data and 

I available information on natural resources to narrow the area of search. 

A relatively restrictive criterion was the  requirement the repository be 

one m i l e  or more to the nearest borehole penetrating the complete 

evaporite section. Existing studies of borehole dissolution indicated 

one mile is sufficient, though perhaps not necessary, t o  ensure 

repository integrity. 0 Geologic studies for the WIPP f a l l  into three different phases: 

preliminary s i t e  selection act ivi t ies ,  geological characterization, and 

studies of long-range geologic processes affecting a repository. 

preliminary s i t e  selection act ivi t ies  are complete now, and geological 

characterization is nearing completion w i t h  t h i s  report. 

long-range processes are becoming the focus of geotechnical programs; 

sane of these la t te r  studies are already underway. These studies, which 

Studies of 

w i l l  be oriented tarard geologic processes and rates, w i l l  mostly be 

completed before conversion of the WIPP to  a permanent repository for 

defense waste; these studies plus operation should provide further 

refinement to cr i ter ia  for conversion of the WIPP. 
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Many standard petroleum and mineral industry techniques have been used t o  

characterize the WIPP site. Considerable reliance has been placed on the 

ambination of geophysical techniques corroborated by borehole 

information. The geophysical techniques most widely used to characterize 

the WIPP s i t e  include seismic reflection and r e s i s t i v i ty .  By sununer, 

1978, about 75 l i n e  miles of new seismic ref lec t ion  data were obtained 

and over 9000 r e s i s t i v i t y  measurements had been made and analyzed. 

Twenty-one boreholes were d r i l l e d  to evaluate potash, 1 4  hydrologic test 

holes were drilled and four potash holes were oonverted for hydrologic 

studies of the aquifers above the  Salado Formation. Ten s t ra t igraphic  
test boreholes have been drilled on or around the WIPP s i t e  as of ear ly  

August, 1978, and t w o  other holes have been drilled w e l l  away frcm the 

WIPP s i t e  to  study d i s so lu t ion  processes. Two of these holes were 

dr i l led through the salt to test deep aquifers and t o  acquire geologic 

data. 

M a t  of the  WIPP geologic studies to date advanced geological 4 

characterization. Geologic s tud ies  w i l l  continue i n  order to permit a 

bet-er quantification of the  rates of geologic processes i n  and near the 

WIES site and to develop a more thorough understanding of the geologic 

, phenomena of in te res t  (see Chapter 10) .  
a .  

REGIONAL GMILo(;y (Chapter 3) 

Regional Geology provides a broad assessment of the surface and 

subsurface enviroment of the area w i t h i n  a radius of about  200 miles of 

the proposed WIPP Site .  The discussion comprises a synthesis of the 

available data pertaining t o  the physiography and geanorphology, 

stratigraphy and l i thology, s t ruc ture ,  tectonic developent and geologic 

history of t h i s  region. Such information is necessary to understand the 

geological processes that  need to be understood for assessment of 

long-term safe ty  of a repository i n  t h e  Delaware Basin of southeastern 

New Mexico. The paragraphs below present a brief summary of t h i s  

information. 
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The  WIPP site is loca ted  within the  Pecos Val ley sec t ion  of the southern 

Great P la ins  physiographic province, a broad highland belt which slopes 

gen t ly  eastward from t h e  Rocky Mountains and Basin and Range province t o  

the Cent ra l  Lowlands province. The P e a s  Valley sec t ion  itself is 

dominated by the Pecos River va l ley ,  a long n o r t b s o u t h  trough from 5 to 

30 miles w i d e  and as much as 1,000 f e e t  deep, which e x h i b i t s  an uneven 

rock and alluvium-covered f loo r  marked by widespread so lu t ion  subsidence 

f e a t u r e s  r e su l t i ng  from disso lu t ion  w i t h i n  the underlying U p p e r  Permian 

Ochoan rocks. The s e c t i o n  is bordered on t h e  east by t h e  Llano Estacado, 

the v i r t u a l l y  uneroded f l u v i a t i l e  p l a i n  of the High Plains sec t ion ,  and 

on t h e  west by t h e  Sacranento and Guadalupe Mountains area of the  

. Sacramento sec t ion .  

The p r inc ipa l  geomorphic fea tu res  w i t h  bearing on the  si te area include 

the Pecos River drainage system, the Mescalero Pla in ,  karst topography 

and wind eros ion  "blow-outs." The P e w s  R i v e r  system has evolved from 

the sou th ,  c u t t i n g  headward through t h e  Ogallala sediments to capture 

w h a t  is now t he  upper Pecos and beaming entrenched smetime a f t e r  the  

Middle Pleis tocene.  The system a t  present  receives  almost a l l  the 

surface and subsurface drainage of the region; most of its t r i b u t a r i e s  

are in t e rmi t t en t ,  due to  the contemporary semi-arid climate. M o s t  of t h e  

ground surface east of the Pecos R i v e r  va l l ey  amprises the Mescalero 

P la in ,  a poorly drained surface covered by grave ls ,  eolian sand and 

caliche, which has developed s ince  Ear ly  to  Middle P le i s tocene  time. The 

su r face  of the region e x h i b i t s  karst  topography containing s u p e r f i c i a l  

s inkholes ,  dolines, solution-subsidence troughs,  and related f e a t u r e s ,  

formed as a result of both su r face  e ros ion  and subsurface so lu t ion ing  

' ,  ' / The WIPP site lies on a caliche and sand covered drainage d iv ide  

separa t ing  two major and perhaps still developing solution-erosional 

features, Wash Draw an the w e s t  and San Simon Swale to the east. T h i s  

p reva i l i ng  e ros iona l  p a t t e r n  is expected to continue i n  t h e  f u t u r e ,  w i t h  

.- most local erosion occurring i n  the draw and swale areas. The s i t e  is 
loca ted  w e s t  of the local drainage d iv ide .  
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The stratigraphic section present  i n  the site region inc ludes  Precambrian 

through T r i a s s i c  r o c k s ,  ove r l a in  by outliers of poss ib l e  Cretaceous age, 

and widespread L a t e  T e r t i a r y  through Bolocene sediments. 

Metasediments and g r a n i t i c v o l c a n i c  igneous ma te r i a l s  c o n s t i t u t e  the 

major i ty  of the reg iona l  basement, cropping o u t  i n  i s o l a t e d  areas to t h e  

w e s t  and north.  The g r a n i t i c  rocks range i n  age from about 1,400 mi l l i on  

years  i n  the nor th  to about 1,000 mi l l i on  years  i n  the south and are 

ove r l a in  i n  places by younger Precanibrain volcanic  terrains. The 

su r face  of t he  Precambrian reflects t h e  Late Paleozoic platform and basin 
s t ructural  conf igura t ion  of the  area. .. 

\ 

, i, 
' . '  

, ,  
The Paleozoic sec t ion 'compr ises  up to  20,000 feet of Upper Cambrian :. , '  

sandstones through Upper Permian evapor i tes  and redbeds. The Ordovician,. 

S i l u r i a n  and Devonian rocks are p r imar i ly  carbonates w i t h  lesser sands, 
shales and cherts which were deposited i n  shallow, rather calm s h e l f  

areas of broadly subsiding areas of t h e  Tobosa Basin, w i t h  sane minor 

inf luence from up l i f t ed  areas such as the ancestral Cent ra l  Basin 

Platform. 

limestones ove r l a in  by s i l t y  and sandy shales, t runca ted  aga ins t  adjacent  

emerging uplands. Pos t -Miss i ss ippian  orogeny caused u p l i f t ,  t i l t i n g  and 

erosion;  producing a massive s e c t i o n  of Lower Pennsylvanian con t inen ta l  

sediments, interbedded w i t h  d a r k  l imestones,  p a r t i c u l a r l y  toward the  top 

of the sec t ion .  Late i n  the  Pennsylvanian, a basin,  bas in  margin, and 

shelf conf igura t ion ,  w h i c h  endured through the Permian, developed, 

r e s u l t i n g  i n  depos i t ion  of d a r k  shales, elastics and Same limestones and 

b i o c l a s t i c s  forming a series of reefs along the basin margins, and 

shallow-water l imestones and elastics on t h e  adjacent  shelves .  Upon 

f i l l i n g  of t h e  basins  i n  the Late  Permian, a sequence of evapor i tes  

t o t a l l i n g  4000-5000 feet i n  th ickness  w a s  deposited during r ecu r ren t  

retreats of shallar seas restricted by the enc i r c l ing  Guadalupian reefs. 

The C a s t i l e  Formation c o n s i s t s  of anyhdr i te  inter laminated w i t h  calcite 
and halite ove r l a in  by the  Salado Formation, wh ich  is pr imar i ly  hali te 

w i t h  lesser elastics, anhydr i te  and a s u i t e  of salts. The Rus t le r  
Formation overlying t h e  Salado is composed of anhydri te ,  gypsum and 

- 
The Mississippian sequence c o n s i s t s  of l o c a l l y  cher ty  
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lesser salt w i t h  carbonates and elastics. The top  of the Paleozoic is 

m a r k e d  by the t h i n  Dewey Lake Redbeds. 

The Mesozoic sequence is represented by only t h e  Upper T r i a s s i c  Dockum 

Group of te r r igenous  redbeds, which i n  many places  are truncated or 

removed by erosion, and by s c a t t e r e d  patches of Cretaceous limestone and 

sandstones.  

The laver Cenozoic sec t ion  is missing from the region due to  erosion 
and/or non-deposition, and the widespread Late  Miocene-Pliocene Ogallala 

elastics represent  the earliest deposi t ion of the sec t ion .  The Ogallala 

is capped by a dense, resistant layer  of ca l i che ,  which probably started 
to  form during the  Late Pliocene. Quaternary deposits occur only  l o c a l l y  

and consist of t h e  Middle P le i s tocene  to Holocene terrace, channel and 

playa deposits as w e l l  as windblarsn sands. 

The major s t r u c t u r a l  f rwework of t h e  region is provided by the 

large-scale basins and platforms of late Paleozoic  age and by Cenozoic 

f e a t u r e s  pr imar i ly  assoc ia ted  w i t h  Basin and Range tectonics. 

The p r i n c i p a l  late Paleozoic features of the area cons is ted  of the 

western e x t e n t  of the  T u b s 3  and later the Permian Basin and its border 
lands.  These elements include the  Delaware Basin, Cent ra l  Basin 

Platform, Midland Basin, t h e  Northwestern Shel f ,  Pedernal U p l i f t ,  Matador 

Arch, Val Verde Basin and Diablo Platform. 

The site is located i n  the northern por t ion  of the Delaware Basin, a 

broad, oval-shaped asymmetrical trough with a nor the r ly  t rend  and 

southward plunge and a s t r u c t u r a l  relief of more than 20,000 f e e t  on top 

of the Precambrian. Deformation of the basin r o c k s  is minor, those 

formations older than Late  Permian are only gen t ly  dovnwarped. 

Deep-seated f a u l t s ,  Sane r e f l e c t i n g  Precambrian f a u l t s ,  occur i n  the 

basin,  as do folds, j o i n t  sets, and a number of snaller, probably 

so lu t ion- re la ted  s t r u c t u r e s  o r ig ina t ing  i n  the  Upper Permian evapori tes .  

The basin w a s  defined by e a r l y  Pennsylvanian time, and major s t r u c t u r a l  
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adjustment occurred from Late Pennsylvanian to Early Permian 

the  Late Permian, t h i s  episode of tectonic ac t iv i ty  ended i n  

regional eastward t i l t i n g  occurred later, i n  t h e  Cenozoic. 

- 
time. By 

the basin: 

The C e n t r a l  Basin Platform, a northward-trending feature, separated fran 
the  Delaware Basin to its west by a zone of major normal fau l t ing ,  

represents a broad uplift of Precambrian to Pennsylvanian rocks, w i t h i n  

wh ich  movement took place periodically, probably fran the Precambrian 

u n t i l  the late Paleozoic when the b a s i n  became s t ruc tu ra l ly  s table .  

North and northwest of the  Delaware Basin lies the  Northwestern Shelf, 

which was well-developed before Permian t i m e  and may have originated i n  

the  Early Paleozoic, when it formed the margin of the TObosa Basin. A 

number of flexures, arches, and f a u l t s  which have been ident i f ied  on t h e  

shelf  had probably ceased tectonic ac t iv i ty  i n  Tertiary time. 

The Diablo Platform. forming t h e  southwestern border of t h e  D e l a w a r e  - 
Basin, experienced primary deformation i n  the l a t e  Paleozoic i n  the form 

of u p l i f t ,  folding and fault ing.  Deformation also occurred here during 

la te  Tert iary time through block fau l t ing  and buckling. Recent u p l i f t  

along its eas te rn  side suggests continuing tectonic  d e w l o p e n t  i n  the 

area. The remainder of the previously listed late Paleozoic s t ruc tu ra l  
elements of the area are only remotely related to the  s i t e  area. 

Late Tert iary Basin and Range tectonics produced the  Sacramento, 

Guadalupe and Delaware Mountains bordering the region on the w e s t .  These 

u p l i f t s  are generally eastward-ti l ted f a u l t  blocks bordered on the  w e s t  
by complex n o r m a l  f a u l t  systems forming short, s teep westward slopes and 

backslopes dipping gently eastward. Tectonic ac t iv i ty  began i n  t h i s  area 

during Mississippian to Early Permian time i n  the form of f a u l t  systems, 

followed by the  major Basin and Range tectonics. Small f a u l t  scarps i n  

recent alluvium along the western edge of these ranges, as w e l l  as  sane 
seismic ac t iv i ty ,  suggest that s t ruc tura l  developtent here may still be 

taking place. 
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Post-Precambrian igneous ac t iv i ty  i n  the region consis ts  of Tertiary 

intrusives and Tertiary t o  Quaternary volcanic te r ra ins  located on the 

north, west and south of the  s i t e  area. Only minor igneous ac t iv i ty ,  i n  

the f o r m  of d i k e s  and possibly sills, i s  known to have occurred w i t h i n  

t h e  Delaware Basin. 

The closest such igneous feature  t o  the s i t e  is a near-vertical trachyte 

or lamprophyre d ike  or series of en echelon d i k e s  trending about N5OoE 

for perhaps 75 miles i n t o  N e w  Mexico fran near  t h e  Texas-New Mexico 

border southwest of Carlsbad Caverns, passing about  9 miles northwest of 

t h e  site. Evidence for the dike's  existence consists of exposures i n  two 

mines, cuttings from several d r i l l  holes, aeromagnetic indications and 

surface exposures sane 42 miles southwest  of the site i n  the Yeso H i l l s .  

T h i s  dike has been dated as mid-Tertiary and intrudes only the L a t e  

Permian SalacS3 and underlying formations. 

1 The principal Tertiary igneous features  of the area beyond the D e l a w a r e  

Bas in  include several  intrusive bodies within t h e  D e l a w a r e  Mountains, 

widespread Occurrences further south i n  the  Trans-Pews region and 

several areas w e l l  t o  the north of the basin, i n  the form of the 

eastward-trending E l  Camino del Diablo and Railroad Mountain dikes (near 

Roswell) and the s t o c k s  of the Capitan and Sierra  Blanca Mountains. 
Quaternary volcanic and related extrusive terrains are present west of ..' 

4 , 7  .. :> 

I .  

t h e  site region, w e l l  within the Basin and Range province. . .  

The geologic history of the region is recorded i n  igneous and 

metasedimentary r o c k s  as old as about 1,400 million years which indicate 

a complex Precambrian history of mountain-building, igneous events ,  
metamorphism and erosional cycles. Probably before Paleozoic time, 

erosion had reduced the area t o  a nearly leve l  plain. 

The ear ly  t o  middle Paleozoic Era was characterized by generally m i l d  

epeirogenic movements and carbonate deposition interrupted by only minor 

,- c l a s t i c  sedimentation. The oldest  sediments i n  the region are the La te  

Cambrian and perhaps Early Ordovician B l i s s  sandstones. Following Early 
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Ordovician time, a broad sag, t he  Tobosa Basin, formed and began 

deepening. Shelf depositions of clastics continued, derived pa r t ly  f ran  
the ancestral  Central Basin Platform, and carbonates deposited i n  shallow 

waters. By Late Ordovician time, t h e  Marathon Ouachita geosyncline t o  
the south of the area began subsiding, but  u n t i l  the  Middle 

Mississippian, only mild tectonic ac t iv i ty  continued, w i t h  several  
periods of minor fo ld ing  and perhaps sane faulting, the basin subsiding, 
t h e  Pedernal landmass to the  north emergent and same regional erosion , ~. 

occurring. 
'%. 

:'? . ,  
$ 

Fram l a t e  i n  Mississi&ian time through the Pennsylvanian, regional " 

tectonic  ac t iv i ty  accelerated, folding up the Central  Basin Platform, 
Matador Arch and the Ancestral R o c k i e s ,  producing massive deposition of 
c las t ics .  The Tobcsa Basin w a s  def in i t ive ly  s p l i t  i n to  the  rapidly 
subsiding Delaware, Midland and V a l  Verde  Basins. Throughout the 

Permian, sedimentation was continous i n  the basins, climaxing i n  the 

developnent of massi.ve reefs ,  and, following s t ab i l i za t ion  i n  the L a t e  

Permian, i n  the deposition of a t h i c k  sequence of evaporites. By the end 
of the period, t h e  area w a s  s l i gh t ly  emergent, and a th in  sheet of 
redbeds covered the evaporites. 

- 

Since  t h e  close of the Permian, the b a s i n  area has been r e l a t ive ly  s t ab le  
tectonical ly ,  and the  Mesozoic through Cenozoic eras have been 
characterized by erosion, w i t h  only re la t ive ly  minor deposit ion of 
terrestrial materials. During the  Triassic ,  a broad flood pla in  sediment 
surface developed, followed l a t e  i n  the period by f l u v i a l  c l a s t i c  
deposition and formation of a ro l l i ng  topography. 
Cretaceous, s h e r g e n c e  occurred, and t h i n  limestone and clastics 
collected i n  intermit tent ,  shallow seas. During the  Jurass ic  and perhaps 

as ear ly  as the Triassic, Subsurface dissolution of the  Upper Permian 
evaporites began. 
orogeny and u p l i f t  of the Rocky Mountains, w i t h  m i l d  tectonic  and igneous 
a c t i v i t y  to  the w e s t  and north of the  site area. 

Tert iary,  erosion dominated, un t i l  deposition of the Ogallala l a t e  i n  t h e  

era. 

Sametime during the 

The close of the Mesozoic w a s  m a r k e d  by the Laramide 

Throughout m o s t  of the  
-. 

M i d  to l a t e  Tert iary Basin and Range u p l i f t  of the  Sacramento and 
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Guadalupe+elaware Mountains w a s  accanpanied by regional up l i f t  and 
east-southeastward t i l t i n g .  Upon t h i s  gently sloping surface the  

Miocene-Pliocene Ogallala fan deposits accumulated, and a res i s tan t  

caliche caprock  began t o  form. D u r i n g  Quaternary time, the present 

landscape has developed through processes of surface erosion and 

dissolution of the Upper Permian evaporites, accompanied by terrace and 

stream valley deposition and eolian ac t iv i ty .  

The regional geology s h o w s  that the northern Delaware Basin has been a 
par t  of large s t r u c t u r e s  reacting slowly t o  tectonic and climatic 

processes. About 300 mi l l i on  years of Paleozoic geologic history 
indicate a downwarping basin on a grand scale.  The last 200 million 

years are characterized by slar u p l i f t  re la t ive  to surroundings resul t ing 

i n  sane erosion and dissolution of rocks i n  t h e  Delaware Basin. Dramatic 

geologic events such as f a u l t s  and volcanic ac t iv i ty  have not Occurfed i n  

the northern Delaware Basin where the WIPP site is located. The nearest 

events of t h i s  type are occurring west of the Guadalupe Mountains about 

70 miles southwest of the WIPP site. The regional geology does not 
indicate that any dramatic changes i n  geologic processes or ra tes  have 

recently occurred a t  the WIPP site. 

SITE GEOLOGY (Chapter 4) 

Much investigative effort has been expended t o  def ine  subsurface geologic 

conditions a t  the WIPP s i t e .  These s tudies  not only provide detailed 
information regarding mining conditions at the repository levels, but 
also furnish a basis far  an assesspent of the  level  of protection or 

safeguard against possible m o d e s  of containment fa i lure  at the site, i n  
the context of the long-term isolat ion requirements of radioactive waste. 
Information for geologic investigations conducted by the  U.S. Geological 
Survey and reported i n  several open-file reports by t ha t  agency, as w e l l  

as d e t a i l s  of salt deformation investigated by other consultants, have 

done much to define the general geologic conditions i n  the vicini ty  of 

the WIPP si te and have been f r ee ly  u t i l i zed  i n  assembling Chapter 4 of 
the  GCR. Detailed site-specific exploration techniques include seismic 
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ref lect ion,  r e s i s t i v i t y ,  gravity and magnetic surveys, borehole 

exploration including coring, geophysical logging and hydrologic tes t ing ,  

and reconnaissance geologic mapping. F r m  data thus obtained a series of 

StrUCtUe Contour and isopach maps were wnstructed which are presented 

and discussed i n  section 4.3 and 4.4 A continuously cored s t ra t igraphic  

test hole, ERDA-9, has been d r i l l e d  to a depth of 2,875 f e e t  below ground 

surface near the center of the  WIPP site and provides much de t a i l  on 

geologic properties at and above t h e  WIPP repository levels.  

The Surface of t h e  WIPP site is a s l igh t ly  hummocky plain sloping gently 

southwest a t  about 50 feet per m i l e :  elevations range a t  the site from 
about 3300 to 3600 feet above sea level.  There are no permanent drainage 

courses i n  the si te area. Any intermit tent  runoff drains west i n t o  Nash 

Draw, a broad swale of about 150 feet of relief leading southwest toward. 

the Pecos R i v e r .  A decl iv i ty  marking the east edge of NaSh D r a w  i n  the 

s i t e  area, k n m  as Livingston Ridge, is located about 4 miles west of 

the center of t he  s i t e .  Nash Draw, now part ly  f i l led w i t h  Pleistocene -. 

sediments, has evolved both by surface erosion and by subsurface 

dissolution of salt, presmably during wetter in te rva ls  i n  the geologic 

past. 3 ,'*, . . .  

I 
Recent windblarn sand and par t ly  s tabi l ized sand dunes blanket m o s t  of 

the site area. A hard, res i s tan t  duricrust  or caliche (Mescalero 

caliche) is typical ly  present beneath the sand blanket and has developed 

upon the surface of the underlying Pleistocene f luv ia l  (Gatuna) 

deposits. The f l w i a l  deposits are tentat ively assigned a Kansan age and 

the caliche formed upon them a Yarmouth ( in te rg lac ia l )  age; t h a t  is, the  

caliche formed s t a r t i n g  approximately 500,000 years ago. A t  sane places, 

the caliche is fractured and drapes i n t o  Nash D r a w  along Livingston 

R i d g e ,  indicating t h a t  some erosion and dissolution has taken place i n  
NaSh  Draw s i n c e  the caliche was formed, presmably during wetter c l imat ic  

in te rva ls  associated w i t h  I l l imian and Wisconsin glaciations.  Increased 

erosion from runoff, should the climate of the region becme more humid 

i n  the future ,  would be expected t o  occur i n  the exis t ing drainage 

courses, leaving the drainage pat terns  re la t ive ly  unaltered. 
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The proposed WIPP underground s to rage  facilities are to be placed neas 

t h e  m i d d l e  of a 3,600-foot-thick sequence of r e l a t i v e l y  pure evapor i t e  

s t ra ta  containing pr imar i ly  r o c k  salt and anhydri te ,  l y ing  between depths 

of about 500 and 4,100 f ee t  beneath ground surface.  The formation 

richest i n  rock salt, the Salado Formation, is near ly  2,000 f e e t  t h i c k  

and conta ins  the  r e l a t i v e l y  pure salt l a y e r s  i n  which the two proposed 

underground s to rage  l e v e l s  are to be constructed,  a t  a depth near 2,120 

feet fo r  the upper l e v e l  and near 2,670 feet fo r  t h e  lawer. The s to rage  

horizons are well i s o l a t e d  from the hydrologic envi roment  by adjacent  

evapor i t e  s t r a t a .  A thickness  of at  least 1,300 f e e t  of undisturbed 

evaporite r o c k ,  p r imar i ly  rock salt, o v e r l i e s  the upper storage horizon 

and about  an equivalent  thickness  of anhydri te  and r o c k  salt in te rvenes  

between the  lower s torage  horizon and the next' adjacent  underlying 

non-evaporite formation. The salt deposits of the Cas t i le  and Salado 

Formations a t  the WIPP s i te  were formed about 225 mil l ion  years  ago and 

have remained isolated from d i s so lu t ion  s ince  about t h a t  time. 

The total thickness  of t h e  sedimentary p i l e  r e s t i n g  on top of Precambrian .: . - basement beneath the WIPP s i te  is about 18,000 f e e t  of Ordovician to 

Recent s t r a t a .  Following is a brief s m a r y  of the S t ra t igraphy,  
1 _  1 ,$ i ' ~ , 

51 %, I '  i' 9 $!L 

,(. ; 
, '  , .  i;;, 

proceeding from the sur face  down to the  basement. Beneath a t h i n  but 7 ,  ' , 

p e r s i s t e n t  veneer of windblown sand a t  the. site are sediments 

represent ing  Pleis tocene,  Upper Triassic, and uppermost Permian strata, 
a l l  of which occur above t h e  evapor i t e  sequence. Sandstone of the 

Ple i s tocene  Gatuna Formation, capped by Mescalero caliche also developed 

+ i n  P le i s tocene  time, is only a few tens of feet t h i c k  a t  t h e  site and is 

, .  h ~ . .  

of interest pr imari ly  for  the geochronologic and paleoclimatic 

implications of its presence. Between the Ple i s tocene  deposits and the 

evapor i te  sequence is a 500-foot-thick succession of nomar ine  redbeds of 

L a t e  Triassic Age (Santa Rosa sandstone) and marine redbeds of la tes t  

Permian age (Dewey Lake Redbeds). This  redbed sequence t h i n s  westward 

and th ickens  eastward, having been beveled westward by seve ra l  post-Late 

Triassic eros iona l  episodes; the  thickness  of redbed deposits remaining 

1 above the evapor i te  sequence is crudely proport ional  to the degree to 

which the underlying s a l t  horizons have been protected from s u r f i c i a l  

processes leading to erosion and d i s so lu t ion .  
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A t  the center of t h e  si te a l l  but  the uppermost 50 f e e t  of the  18,000 

feet of strata are of Paleozoic  age,  the marine Dewey Lake  Redbeds being 

t h e  topnos t  Paleozoic  rocks .  T h e  Permian s e c t i o n  alone,  about 12,800 

feet  t h i c k ,  c o n s t i t u t e s  over - thirds  of the sedimentary pile. The 

Permian section is divided i n t o  four series, t h e  three lowest of which 

(wolfcampian, Leonardian and Guadalupian) con ta in  t h i c k  clastic 

sequences, and the uppermost of which (Ochoan) is represented  by the 

C a s t i l e ,  Salado, Rus t le r ,  and Dewey Lake ( i n  ascending o rde r ) .  

The Rus t l e r ,  which lies over t h e  Salado, conta ins  the  largest percentage 

of clastic material of the  three evapor i t e  formations,  y e t  where its 
o r i g i n a l  th ickness  of around 450 f e e t  has been protected frm salt 
d i s so lu t ion ,  about 70 percent  of the formation is canposed of  evapor i te  

minerals ,  more than half  of which is hal ides .  Beneath the  Los Medanos 

si te the R u s t l e r  has been leached of most of its r o c k  salt, w i t h  the 

result that  310 f e e t  of the  formation w a s  encountered a t  ERDA-9 a t  the 

center  of the site. This  implies that up to  140 f e e t  of rock s a l t  have --.. 
been removed and that the over ly ing  strata have subsided accordingly; it 

does mt ,  however, imply that d i s so lu t ion  and subsidence is presen t ly  

a c t i v e  or even that it has r ecen t ly  occurred. The uppermost occurrence 

of halite i n  the R u s t l e r  Formation was encountered a t  a depth of about 

760 feet (about 100 f e e t  above t h e  base of the  formation). Between t h i s  

level and the upper level storage 'ione of the  proposed WIPP f a c i l i t y  over 
1,300 feet of undisturbed evapor i t e  r o c k ,  p r imar i ly  Salado r o c k  salt, 

in te rvene  . \. 
* 1 ,  .,;; ~ . ,  

The 2,000-foot th ickness  of the salt-rich Salad0 Formation is divided ' ,  

i n t o  three members by the  recogni t ion  of a middle member  r e f e r r e d  to  as ' .  

the HcUutt potash zone, which i s  t h e  i n t e r v a l  wi th in  the Salado that 

conta ins  a l l  of the p o t e n t i a l  reserves of potash,  or potassim minerals  

cornmercially mined i n  the C a r l s b a d  d i s t r i c t  west of the  site. The lawes t  

member of the  Salado, beneath t h e  McUut t  po ta sh  m e m b e r ,  is the  m e m b e r  
that contains  the  near ly  pure halite chosen for the proposed f a c i l i t y .  

, , 

The C a s t i l e  Formation beneath t h e  Salado conta ins  highly pure beds of -, 

halite but,  un l ike  the Salado, also conta ins  much massive anhydrite. 
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The rest of t h e  Permian s e c t i o n  beneath t h e  evaporite sequence, together 

w i t h  the subjacent  Pennsylvanian and poss ib ly  Late Mississippian 

sec t ions ,  conta in  h i n a n t l y  clastic r o c k s  that represent  depos i t ion  

during the  time i n  which the Delaware Basin ex i s t ed  as a d i s t i n c t  

s t r u c t u r a l  e n t i t y .  Much of these pre-evaporite,  bas ina l  sediments, which  

total about 11,000 feet i n  th ickness  beneath t h e  site, have been t a rge ted  

for p e t r o l e m  explora t ion  a t  one po in t  or another i n  t h e  Delaware Basin 

and conta in  near ly  a l l  of the region 's  known p o t e n t i a l  reserve  of 
hydrocarbons. 

The remainder of t h e  Paleozoic  section (Mississ ippian down through t h e  

Ordovician) c o n s i s t s  of about 3,000 feet of mainly carbonate strata 
deposi ted i n  shallow-water or she l f  condi t ions  over a period of 

long-sustained crustal  s t a b i l i t y .  

The underlying c r y s t a l l i n e  basement is bel ieved t o  be a g r a n i t i c  t e r r a n e ,  

formed about 1,300 mil l ion  years  ago. The only o ther  igneous r o c k s  that 

are known i n  the s i te  area are known only i n  the subsurface and occur as 
lamprophyre (basaltic) dike r o c k  intruded i n t o  evapori te  beds along a 

single nor theas t  dike t rend that approaches no closer than about 9 m i l e s  n 
northwest of the center  of the proposed WIPP site. 

With regard to subsurface geologic s t r u c t u r e  a t  the site, a l l  of t he  
W Permian and older strata e x h i b i t  a gentle, regional hcmoclinal d i p  to  t h e  

east or southeas t ,  r e f l e c t i n g  the  presence of the  D e l a w a r e  Basin t e c t o n i c  

s t ruc tu re .  N o  su r f ace  f a u l t i n g  is known. A general  smI0Uary and 

assessment of s t r u c t u r e  i n  the site area w a s  provided by C.L. Jones i n  an 
open-file report i s s u e d  by the U.S. Geological Survey i n  1973. Jones 

s t a t e d ,  

"The s t r u c t u r e  of the  Los Medanos area is bas i ca l ly  simple and t h e  
r o c k s  are, for t h e  most part, only s l i g h t l y  deformed. Nevertheless,  
the  r o c k s  have &en tilted, warped, eroded, and subroded, (ed. note: 
subjec ted  to  subsurface removal by d i s s o l u t i o n ) ,  and d i s c r e t e  
structural f e a t u r e s  can be recognized. These include: (1) . 
s t r u c t u r a l  features of reg iona l  e x t e n t  r e l a t e d  to Permian 
sedimentation, (2) in t ra format iona l  folds of limited ex ten t  related 
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t o  "down-the-dip" movement of salt under t h e  influence of gravi ty  A 

and weight of overburden and (3) subsidence folds related to warping 
and se t t l i ng  of rocks  t o  confarm w i t h  the general shape and 
topography of t h e  surface of salt i n  areas of subrosion... 

"On the  basis of available geological information, the salt  deposits 
of L o s  Medam area seem i n  many ways t o  c o n s t i t u t e  a su i tab le  
receptacle for use i n  a pilot-plant repository for radioactive 
wastes. The deposits have t h i c k  seams of rock salt a t  moderate 
depths, they have a substant ia l  cover of well-consolidated rocks, 
and they have escaped almost completely undamaged long periods of 
erosion. The deposits are  only s l i gh t ly  s t ruc tura l ly  deformed, and 
they are located i n  an area t h a t  has had a long history of tectonic  
s tabi l i ty ."  

Information developed in  the succeeding f ive  years of investigations do 
not s ignif icant ly  alter that assessment r e l a t ive  to the s t r u c t u r a l  an  

tectonic conditions present a t  t h e  Los Medanos s i te .  Based on 
exploration accomplished to date, a s e r i e s  of s t ructure  contour and 

isopach maps are  presented for rocks ranging i n  age from Devonian to  
Pieistocene. This and other information indicate that active tectonic 

faul t ing and warping of r o c k s  i n  t h e  s i t e  v i c in i ty  s e e m s  t o  have predated -. 

Permian evaporite deposition; cer ta in  minor faul t ing within the t h i c k  

Permian section appears t o  have occurred contemporaneously w i t h  

sedimentation and may be ascribed to compaction. Deformation related to 
salt  flowage has occurred primarily i n  the Cast i le  Formation beneath the 

Salado, and has loca l ly  modified t h e .  regional eas te r ly  gradient t o  80 t o  
100 feet per m i l e  a t  t h e  level of t h e  storage horizons near the base O f  

the  Salado. 
reservoirs have been encountered are associated wi th  thickened salt 

sections and salt-flow ant ic l ines  i n  the  Cast i le ,  but no such major 

s t ruc tura l  features  are recognizable w i t h i n  the l i m i t s  of the  WIPP 

storage f a c i l i t y  on any of the Salado horizons contoured. The site 
appears t o  be i n  a s l i g h t  s t ruc tura l  saddle, a condition considered t o  be 

favorable for si te selection. Dissolution of bedded salt a t  the site has 
been res t r ic ted  t o  horizons within t h e  Rustler Formation; there is no 
evidence that the resul t ing settlement produced any s ignif icant  

Areas i n  the v ic in i ty  of the site i n  which ar tes ian b r i n e  
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.- 

.- 

s t r u c t u r a l  i r r e g u l a r i t i e s  or co l l apse  f ea tu res  i n  the  over ly ing  Strata 

wi th in  t h e  area of the Lo5 Medanos site. Inves t iga t ions  are cont inuing 

to f u r t h e r  def ine  t h e  ex ten t  to which s a l t  deformation i n  t h e  C a s t i l e  may 

have affected the  s t r u c t u r a l  conf igura t ion  within the lower part of t h e  

Salado where excavation of t h e  remote handling (RH) and con tac t  handling 

(CH) l e v e l s  is present ly  planned. These inves t iga t ions  w i l l  p e r m i t  a 

more d e t a i l e d  assessment of t h e  optimum layout ,  design and cons t ruc t ion  

method of the  s to rage  f a c i l i t y .  

The.geologic h i s t o r y  of the  Los Medanos s i t e  may be organized i n t o  three 

main phases occurring subsequent to t h e  o r i g i n a l  es tabl ishment  of a 

g r a n i t i c  basement i n t r u s i v e  complex between about one b i l l i o n  and 1.4 

b i l l i o n  years ago, forming the c ra ton ic  c rus t  beneath the site. The f i r s t  

phase, of a t  least 500 mil l ion  years durat ion,  was a t i m e  of u p l i f t  and 

erosion of a11 pre-exis t ing Precambrian sedimentary and metamorphic rocks 

which may have once been deposited or formed i n  the  si te area, eventua l ly  

exposing t h e  d e e p s e a t e d  igneous r o c k s .  

The second phase, which corresponds to  the Paleozoic Era ,  w a s  

charac te r ized  by an almost continuous marine s u h e r g e n c e  l a s t i n g  a b o u t  
225 m i l l i o n  years ,  wherein she l f  and shallow basin sediments slowly 

accumulated. It culminated i n  a comparatively rapid accumulation of over 

13,000 feet  of Permian sediment within a r e l a t i v e l y  b r i e f  per iod l a s t i n g  

50 to 55 mil l ion  years, toward t h e  end of which time t h i c k  evapor i t e  

beds, mainly r o c k  salt,  were deposited. Th i s  rapid Permian depos i t ion  

was presaged i n  Late Mississ ippian t i m e  by t e c t o n i c  a c t i v i t y  t h a t  

d i f f e r e n t i a l l y  upwarped elements of the craton,  such as the Cent ra l  Basin 

Platform, thereby def ining the Delaware Basin as a t ec ton ic  f e a t u r e  f o r  

the f i rs t  time. During Pennsylvanian time, repeated marginal f a u l t i n g  

caused periodic u p l i f t  of bordering platforms and Same warping wi th in  t h e  

basin.  By e a r l y  Permian t i m e ,  t h i s  t ec ton ic  a c t i v i t y  apparent ly  died o u t  

a s  basin subsidence and sedimentation accelerated. Eventually the 

Permian sea became shallow and br iny,  a t  f i rs t  charac te r ized  by ex tens ive  

reef developnent, but eventua l ly  i n  Ochoan time by a v a s t  b r ine  f l a t  i n  
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which t h i c k  evaporite depos i t s  formed, burying t h e  earlier reef  masses. 

The f i n a l  event of the long, nea r ly  continuous accumulation of marine 

sediment of t h e  second phase was depos i t ion  of a blanket  of marine or 
brackish  t ida l  f l a t  redbeds over t h e  evapor i t e  strata. 

U p l i f t  and subaerial condi t ions  next  occurred a t  t h e  site i n  t h e  t h i r d  

and f i n a l  phase, and p e r s i s t e d  SOme 225 m i l l i o n  years to the present ,  

w i t h  the exception of a br ie f  marine inundat ion i n  about the middle of 

that  Span of time. Periods of terrestrial  depos i t ion  a l t e r n a t e d  with 

e ros iona l  episodes, so that a series of nowar ine  depos i t s  separa ted  by 

angular unconformities blanket the evapor i t e  beds a t  t h e  site. These 

angular unconformities represent i n t e r v a l s  during which the salt beds a t  

the  WIPP site were t i l t e d  and subjec ted  to  p o t e n t i a l  d i sso lu t ion .  A t  

least four  e ros iona l  episodes separated by depos i t i ona l  i n t e r v a l s  are 
recognized: (1) Early T r i a s s i c  t i m e  i n  which the Dewey Lake Redbeds were 

t i l t e d  and eroded to a s l i g h t  angular unconformity before  depos i t ion  of 
the  Upper T r i a s s i c  Dockum Group: (2 )  J u r a s s i o E a r l y  Cretaceous time i n  

which t he  Dockum Group was t i l t e d  and eroded to a wedge before marine 

inundation i n  Washitan t i m e  ( la tes t  Ea r ly  Cretaceous);  (3) a Late  

Cretaceous through mid-Tertiary erosional i n t e r v a l  when the region'was 

aga in  t i l t e d  and the T r i a s s i c  Dockum Group of sediments w a s  bevel led f o r  

a second time; and (4 )  a post-Ogallala (post-Pliocene) u p l i f t  and eros ion  

i n  e a r l y  P le i s tocene  t i m e ,  prior to  depos i t ion  of the (Kansan?) Gatuna 

Formation t o o k  place. Subsequent to depos i t ion  of t h e  Gatuna, there , 
probably were intervals  corresponding to the 1 a t e r . I l l i n o i s i a n  and . 3 

Wisconsin g l a c i a t i o n s  during which accelerated eros ion  i n  these wetter ' :  

times occurred i n  the area of the WIPP site.  

-. 

,i . ,. 'it ' 
, .  

;. 

Each period of t i l t i n g ,  which accompanied renewed eros ion  as ou t l ined  

above, afforded an opportuni ty  for salt flow by plastic deformation along 

the imposed g rad ien t  and salt deformation as t h e  salt impinged a g a i n s t  

r ee f  abutments or responded to uneven, d i f f e r e n t i a l  sediment loading or 
e ros iona l  unloading; therefore there may have been s e v e r a l  episodes Of 

s a l t  deformation of t h i s  type. To the ex ten t  t h a t  sane "deep 

d isso lu t ion"  f e a t u r e s  are recognized today i n  salt a t  depths of s e v e r a l  
-. 



1-19 

thousand feet below the  sur face ,  it seems l i k e l y  that subsurface 

d i s s o l u t i o n  of s a l t  could have been i n i t i a t e d  a t  comparable depths . 

beneath the su r face  as soon as Early T r i a s s i c  t i m e .  It is reasonable to 

assme that episodes of a c t i v e  d i s so lu t ion  occurred during the  Jurassic 

and Late Cretaceous-mid T e r t i a r y  e ros iona l  i n t e r v a l s ,  as w e l l  as during 

t h e  seve ra l  p l u v i a l  periods corresponding to Ple i s tocene  glacial s tages .  

Any attempt a t  recons t ruc t ing  past h i s to ry  of salt d i s so lu t ion  i n  t h e  Los 

Medanos area as an approach t o  p red ic t ing  the f u t u r e  course of salt 
eros ion  m u s t  contend wi th  t h e  l i k e l i h o o d  of the ex i s t ence  of times of 

greatly acce le ra t ed  d i s s o l u t i o n  of salt i n  the geologic past in t e r spe r sed  

w i t h  i n t e r v a l s  of much lesser a c t i v i t y .  The evidence ava i l ab le  today 

i n d i c a t e s  l i t t le  i f  any change i n  e ros ion  rates a t  t h e  WIPP site i n  the 

recent geologic past. Deta i led  mapping s t u d i e s  are underway which w i l l  

con t r ibu te  to information on d i s so lu t ion  rates a t  var ious times i n  t h e  

geologic h i s t o r y  of the site. 

The d iscuss ion  of the s i t e  geology defines  t h e  present  condi t ions of the  

si te which must be known to e s t a b l i s h  t h e  WIPP. These condi t ions  relate 

mostly to  physical  characteristics such as thickness ,  depth, ex ten t ,  

pu r i ty ,  and s t r u c t u r e  of t h e  evaporites (as w e l l  as sane of t h e  

surrounding beds).  I n  addi t ion ,  base l ine  condi t ions  regarding the  

processes of d i s s o l u t i o n  and erosion as they affect the imediate site 
have been determined. Thus the base l ine  geological  condi t ions  a t  the  

site are presented so that judgement of t h e  s i t e  r e l a t i v e  to  the present  

.criteria may be undertaken and so that continuing s t u d i e s  w i l l  focus on 

geologic  processes important to assessment of repos i tory  sa fe ty .  

The site geomorphology i n d i c a t e s  t ec ton ic  s t a b i l i t y  a t  the si te for the 

l a s t  500,000 years  or more. The local s t r a t ig raphy  is continuous w i t h  

the regional  s t ra t igraphy.  Local minor s t r u c t u r e s  e x i s t  within t h e  

evapor i te  beds, b u t  no severe  displacements or br ine  or gas have been 

encountered. Po ten t i a l  r epos i to ry  zones a t  depths of 2730-2620 f e e t  and 

2176-2074 fee t  have been chosen on t h e  combined basis of pu r i ty ,  depth,  

th ickness ,  mutual separa t ion ,  and depth belar the  potash zone. 
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SEISMOLOGY (Chapter 5) 

Regional s e i smic i ty  of the Los Medanos site is discussed i n  two separate 

time i n t e r v a l s  suggested by t h e  type  and q u a l i t y  of information a v a i l a b l e  

for each interval. These i n t e r v a l s  are before  1962 (non- ins t rmenta l )  

and from 1962 to  the p resen t  ( i n s t r m e n t a l ) .  

Before 1962 a l m o s t  a l l  d a t a  on earthquakes wi th in  300 k i l o m e t e r s  of the 

si te are based on c o l l e c t i o n ,  ca ta loging ,  and cons idera t ion  of 

non-instrmaental reports. These d a t a  i n d i c a t e  that twenty ear thquakes 

w i t h  maximum reported i n t e n s i t i e s  between I11 and VIII on the  Modified 

Mercalli Sca le  have occurred wi th in  a 300 kilometer r ad ius  of t h e  si te 
region from 1923 to 1960. 

i n t e n s i t y  V or greater wi th in  about 200 kilometers of the si te i n  t h i s  

period. The closest repor ted  s h o c k s  are two i n t e n s i t y  IV even t s  a t  
Carlsbad i n  1923 and 1949. 

w i th in  300 k i l o m e t e r s  is the i n t e n s i t y  V I I I  Valent ine,  Texas event  of 

l u g u s t  16, 1931 a t  a d i s t ance  of approximately 210 kilometers. 

There have been no earthquakes of e p i c e n t r a l  

The s t r o n g e s t  repor ted  earthquake to occur 

I 

Between 1962 and 1972 inc lus ive ,  a genera l  ins t rmaenta l  survey of the 

si te region shows 38 earthquakes w i t h  magnitudes ranging f r m  1.2 t o  4.6 

(Richter scale). The se i smic i ty  p a t t e r n  of these ins t rumenta l ly  located 

even t s  is very similar to pre-instrumental data except t h a t  a number 0 

earthquakes occur on t h e  Cen t ra l  Basin Platform i n  t h e  later d a t a  Set. 
The closest reported s h o c k  between 1962 and 1972 was a magnitude 2.8 

event  on J u l y  26, 1972 about  40 kilaneters northwest of the site. The 

largest event i n  t h i s  period is t h e  magnitude 4.6 earthquake a l m o s t  300 

kilometers t o  t h e  Southwest. 

Three i n v e s t i g a t i o n s  of a more local and temporally r e s t r i c t e d  na tu re  

have impact on the  Los Medanos site. These involve ear thquakes recorded 

a t  a seismographic s t a t i o n  installed near the si te i t s e l f ,  even t s  

recorded a t  an a r ray  of seismographic s t a t i o n s  i n s t a l l e d  on t h e  Cen t ra l  

Bas in  Platform near K e r m i t ,  Texas, and three earthquakes recorded 

r eg iona l ly  and found to have occurred near t he  site. 



1-21 

,- 
A t  the beginning of April, 1974 a ver t ica l ,  single-component, 

continuously recording seismograph station ( w i t h  letter designation CLNj 

was ins ta l led  very near the site. During the  latest available reporting 

period, April, 1974 t o  October, 1977, 291 events ident i f iable  as  local 
and regional earthquakes have been recorded and locations for 75 of t h e  

291 events have been obtained. The seismicity pattern suggested is very 

similar t o  that of the general 1962-1972 instrumental survey. 

Approximately oneha l f  of a l l  located events  i n  the CLN data set occur on 

t h e  Central Basin Platform while  most of the r e s t  occur t o  t h e  w e s t  and 

southwest of the s i t e  i n  the R i o  Grande R i f t  Zone. There is also a 

scat ter ing of earthquakes i n  the High Plains  physiographic province Of 

t h e  site. Included is a magnitude 3.6 event on November 28, 1974 a t  

about 40 kilcmeters t o  the northwest, which was close to the July 26, 

1972 earthquake mentioned above. 

.- 

Instrumental studies show earthquake ac t iv i ty  i n  the Central Basin 

Platform a t  a higher l e v e l  than expected. Primarily for this reason, the 

K e r m i t ,  Texas seismographic s t a t ion  array w a s  established i n  late 1975 t o  

more closely monitor t h i s  act ivi ty .  During the latest avai lable  

reporting period for t h i s  array (November, 1975 to July, 1977), 407 local 
events have been detected and 135 located w i t h  array data. .Of the  

located e v e n t s  56 were in  the in te r ior  of the array while  the rest have 

been peripheral t o  it. Earthquakes w i t h  magnitudes calculated both Using 

Kermit array data and regional seismographic station and CLN data show 

that K e r m i t  magnitudes are almost one unit higher. T h i s  inconsistency 

remains unresolved a t  t h i s  t i m e .  ~ a '  r,  
??. 

-.-. 
% 

, .. 8 

,; . ' . .  ,;::: 
> >  

, .  , , .  
. .  . As a r e su l t  of general  survey and specialized seismic instrumental I , ,  

s tudies  i n  t he  Los Medanos s i t e  region there  is l i t t l e  doubt  t ha t  the 

Central Basin Platform has been seismically act ive s i n c e  a t  least 

mid-1964, and tha t  during t h i s  time it has been the most act ive seismic 

area w i t h i n  300 kilcmeters of the si te i n  terms of nmber of events.  The 

basic conclus ion  from a l l  instrunental data is that seismic ac t iv i ty  is 
equally l i ke ly  to occur anywhere along the Central Basin Platform 
structure  w i t b u t  par t icular  regard to mall scale  s t ruc tura l  details 

.- 
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such a s  pre-Permian buried fau l t s .  A t t e m p t s  have been made t o  relate - 
t h i s  seismicity to secondary o i l  recovery operations i n  the area. 
Although both spa t i a l  and temporal coincidences of Central Basin Platform 

seismicity w i t h  secondary recovery projects are highly suggestive of a 

close relationship,  t h i s  has not been s a t i s f a c t o r i l y  established a t  t h i s  

t i m e .  

Questions of the  tectonism and seismic ac t iv i ty  very near or at t h e  s i t e  
are of great  interest. For t h i s  reason the most important seismic events 
instrumentally recorded are those closest to the site: July 26, 1972, 
and November 28, 1974, magnitudes 2.8 and 3.6, respectively; and a l a t e r  

s h o c k  on January 28, 1978, w i t h  only preliminary data yet  available. I f  

these events are an indication of normal background Seismicity i n  the 

immediate site area, they might cause a r eeva lua t ion  of previous 

estimates of seismic r i sk  at  the  Los Medanos site (Sanford and Toppozada, 

1974). 

cracking were reported a t  t h e  National Potash Company Eddy Co. Mine. 

see if mine collapse a t  t h i s  mine w a s  responsible for both events, an 
analysis was run to  see if both epicenters could be made coincident w i t h  

each other. Such a coincidence would be a strong indication of a r o c k  

fall or igin for both  events. A t  t h i s  time the best available analysis 

indicates that these s m a l l  events did not both  occur a t  the Eddy Co. Mine 

and thus they cannot both have been caused by a very localized 

non-tectonic source there. The t h i r d  s h o c k  i s  located, i n  a very :i , .  

preliminary fashion, nor th  of the  s ta t ion  an estimated 17 kn. 

A t  the t i m e  of the f i r s t  two events r o c k f a l l s  and’surface ground 

To 
-. 

:. . 
” .  

‘ l i  
L 

’ .  # 
: ,  ,, v. 

, ,,, * 

Using a l l  the information developed above on regional seismicity and sane 
additional simple assmptions about regional tectonism a preliminary 
analysis of r i s k  from vibratory ground motion a t  the surface is derived 

i n  a way useful to  seismic design characterization a t  the site during its 
act ive phase of developent and use. The results of t h i s  analysis are  

t h a t  the 1000 year acceleration is less than or equal to 0.06 g and the  

10,000-year acceleration is less than or equal to 0.1 g for all models 

tr ied.  Probabilities a t  which higher acceleration levels  occur depend 

a l m o s t  exclusively on the assmptions made about  the seismic potent ia l  of 

t h e  i w e d i a t e  site area. 

- 
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I n  addition to its use t o  determine r i s k  as a function of vibratory 

ground motion level ,  regional seismicity i s  also considered a s  an 

indicator of longer-term tectonic processes. Natural regional seismicity 

should be cons i s t en t  w i t h  the geologic indicators of tectonic processes 

unless  t h e  tectonic se t t ing  is changing. Regional stress pat terns ,  a s  

implied by focal mechanism solutions for regional earthquakes and i n  s i t e  

measurements, and regional tectonism, a s  implied by earthquake recurrence 

statist ics,  are  both considered. Although other explanations cannot be 

precluded, it seems tha t  t h e  most reasonable interpretat ion of t h e  

seismic implications t o  tectonism a t  t h i s  t i m e  are: (1) Observed 

geologic and seismic data are  i n  general agreement in  the Rio Grande r i f t  

zone t o  the w e s t  and southwest of the site where the  la rges t  historic 

earthquakes within 300 kilometers of the site have occurred. P U t U f e  

s ign i f icant  earthquakes can be expected there. (2) The current level of 

seismic ac t iv i ty  on t h e  Central Basin Platform is probably re la ted  t o  

f l u i d  i n j e c t i o n  for secondary recovery of o i l .  (3) The lack of geologic 

indications of natural recent tectonic ac t iv i ty  for the  High Plains  

province of the site can probably be reconciled w i t h  t he  seisnic data by 

assuming a maximm magnitude l i m i t  of t h e  earthquakes that have occurred 

here. 

- 

The importance of seismicity information over the imed ia t e  f u t u r e  is t o  

provide a data base for design of f a c i l i t i e s  for the  operational t i m e  Of 

the WIPP. Seismicity information also serves as an indicator of the 

tectonic  s i tuat ion i n  assessing t h e  WIPP s i t e  for a repository. 

HYDROLOGY (Chapter 6 )  

Chapter 6 contains an assessment of surface and groundwater resources i n  

and surrounding the proposed WIPP site and a s ta tus  report  of current 

hydrogeologic investigations i n  the local site area. The water resource 

assessment incorporates the published resu l t s  of regional and local 
hydrologic s t u d i e s  supported by universi t ies  and s t a t e  and federal  

agencies since the  l a t e  1930's. Present s t u d i e s  of the proposed si te and 
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- 
adjacent area are directed toward a more quant i ta t ive evaluation of t h e  

s a l t  dissolution process, the hydrogeologic parameters affect ing 

groundwater movement, and the  major elements of surface and groundwater 

qua l i ty  as related to water resource use and local ecology. The 

col lect ion of hydrologic data is projected t o  continue for  several  years 

t o  provide Site-specific information for a detailed safe ty  analysis of 

the WIPP. Because of the relat ionship to hydrologic processes, 

dissolution ac t iv i ty  is also summarized within t h i s  chapter. 

The only major Stream near the  si te is the Pecos River which  flows 

southeasterly through C a r l s b a d .  A t  its closest p i n t ,  the river is 

approximately 14 miles southwest of the WIPP site. Several reservoirs,  

located on the Pecos upstream of the site, regulate river flow. The 

maximm recorded flood on the Pecos River occurred on August 23, 1966, 

with a discharge of 120,000 cfs and a m a x i m m  water surface elevation 

near Malaga of approximately 2938 feet. 
t h e  s i t e  is more than 310 feet above t h i s  h i s tor ic  flood level.  

The minimm surface elevation of 

-. 

Climatological records show t h a t  mean annual precipi ta t ion a t  the  site is 

approximately l2 inches per year. The maximm daily precipitation 
recorded a t  Carlsbad w a s  5.12 inches i n  August 1916, and the  maximun 

da i ly  snowfall  was 10 inches i n  D e c e m b e r  1923. Winter storms i n  the area 
occur as a resu l t  of f ronts  moving fran the w e s t  w h i l e  slrrmner storms, 

generally the m a s t  severe, occur as thunderstorms fran moist a i r  moving 
northwest fran the Gul f  of Mexico. 

Surface drainage patterns a t  the s i te  are undeveloped. 

ra tes  are high because of the sandy, gravelly soils t h a t  cover the 

region. Bowever, the nearest groundwater is more than 50 f e e t  below the 

land surface. 

daylight burs) and high mean annual temperature (6loF), mmt 
i n f i l t r a t i o n  escapes t h e  soil through evaporation and transpiration. 

I n f i l t r a t i o n  

Aided by the  low re la t ive  humidity ( typical ly  36% during 

Important aquifers of the region include the San Andres Formation, a - 
major source for  i r r iga t ion  waters i n  the  R o s w e l l  Basin and other areas 
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to  the north and northwest of the site region. Potable water is present 

i n  the Capitan aquifer southwest of the camnunity of Carlsbad and is the  

primary source of municipal water i n  the local area. Other important 

aquifers of the region include the Ogallala Formation t o  the eas t  of the  

proposed site, and unconsolidated alluviun along the Pecos River. 

Groundwater within the Delaware Bas in  is predominantly of poor qua l i ty  

w i t h  total dissolved so l ids  concentrations typical ly  i n  excess of 3,000 
ppn. The only large quant i t ies  of potable groundwater are found i n  

aquifers west of and along the Pecos River. To the w e s t ,  t h e  formations 

of the basin crop out, and t h e  soluble salts have been leached from the 

O c h o a n  evaporites. Prom recharge areas w e s t  of the Pecos River, 

groundwater i n  t h e  Delaware Bas in  moves eastward. Prom the si te area, 

water i n  hydrologic units above t h e  salt moves generally southwest to  the 

Pecos. These shallow u n i t s ,  or those c u t  by the Pecos River, discharge 

to the r ive r ,  e i ther  d i rec t ly  or to alluviun of the  river channel. 

Al though  a local hydraulic connection between the r iver  and t h e  Capitan 

aquifer may occur near Carlsbad. groundwater f low i n  the reef formation 

is severely res t r ic ted  near the Eddy-Lea county l ine .  Groundwater i n  

formations older than  the  Capitan is not d i rec t ly  affected by the r iver ,  

is present under confined conditions, and f l o w s  eastward. The aquifer of 
most significance t o  the proposed site i n  these older formations is the .- 

- 

,*\ 
,li , ~ 

B e l l  Canyon Pormation. , .  
,, ./ . . I t '  I 

. . ,  
. I  

, .  Water-bearing s t r a t a  i n  the local site area a t  elevations above the i i  I 

proposed repository inc lude  t h e  Santa R s s d  sandstone and t h e  Culebra and 

Magenta members of the Rustler Formation. Eydrologic units belaw the  

repository elevation include the B e l l  Canyon Formation of the Delaware 
Mountain Group. Eydrologic test results to  date show the average head 

elevations of the  po ten t ime t r i c  surfaces from these aquifers are  3200 

f e e t  for the Santa Rosa Sandstone, 3150 f e e t  for the composite R u s t l e r  

Formation, and 3350 feet for  t he  Delaware Mountain Group (equivalent 

"fresh-water" elevation).  The t h i c k  h a l i t e  beds of the Salado Formation 

are  isolated from circulat ing groundwaters by confining layers of l o w  

hydraulic conductivity, d i r ec t ly  above and below the salt formation. 

.. / 

-, 



1-26 

I n  the v ic in i ty  of the proposed site, potable groundwater is not present, - 
except i n  mall, isolated,  near-surface perched pockets. Thus, it would 

appear that  the proposed repository is favorably situated i n  r e l a t ion  t o  
groundwater c i rculat ion and occurrence. Detailed investigations of 
groundwater hydrology a t  the proposed s i t e  have been conducted and a r e  
continuing. The data w i l l  provide a basis  for  more quant i ta t ive 
determinations regarding the continued isolat ion of the proposed 

repository f rao groundwater circulation. 

A shallar salt dissolution zone occurs i n  Nash Draw at  t h e  contact 
between the  Salado and Rustler Formations. The d i s so lu t ion  area ranges 
i n  w i d t h  fran 2 t o  10 miles and has a length of approximately 30 miles. 
The br ine s o l u t i o n  flows southwesterly and discharges i n t o  the Pecos 

River a t  Malaga Bend. The average rate of ver t ica l  dissolution has been 
estimated to be between 0.33 and 0.5 feet per 1,000 years, and the  

average rate for l a t e r a l  dissolution has been estimated to  be between 6 

and 8 miles per mill ion years. D i s so lu t ion  of salt a t  the top of t he  

Salado occurs about  2 miles west of the center of the  site. Eas tward  

across the  site salt is present i n  the R u s t l e r  a t  progressively higher 
levels, indicating that the salt has not been dissolved out  of the \" 

Rustler and that the Salado has not been attacked by dissolution. , 8 ,  

Future measurements obtained from the hydrologic test programs and 
analyses of the test data w i l l  be used to  ref ine bounding calculat ions,  
such as estimates of groundwater t rave l  t i m e s ,  and to provide a m o r e  

detailed description of the physical system and system dynamics. The use 
of caoputer m o d e l s  as predictive too ls  is expected to  be closely 

coordinated w i t h  timely observations from an established monitoring 
network. The predictive results and the real time measurements w i l l  a id  

i n  the continued assesspent of repository isolat ion from dissolut ion and 
groundwater c i rculat ion.  The re tardat ion of radioisotopes within the 
hydrologic system (Chapter 9.3), when coupled wi th  the hydrologic model, 
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w i l l  all- realistic calculations of radioisotope transport  for 

postulated f a i lu re  scenarios. 

GEOCEEMISl'RY (Chapter 7) 

Chapter 7 of t h i s  WIPP Geological Characterization Report discusses 

geochemical properties of geologic materials from Southeastern N e w  

Mexico. Geochemistry includes accounts of mineralogy and petrology of 
evaporites and the associated non-evaporites, vo la t i l e  consti tuents of 
the Salado Formation, f l u id  inclusions i n  evaporite minerals, ground 
water chemistry, and age-dating of evaporites and ground waters. 

Megascopic, microscopic and x-ray d i f f rac t ion  examination of the  Permian 

(Ochoan) evaporite section shoved the three most cannon minerals of t h e  

Salado Formation to be halite, anhydrite and polyhalite. In addition, 

there are the potassic and magnesic minerals sy lv i te ,  kainite,  kieserite, 

langbeinite, loeweite and bloedite i n  the McNutt Potash Zone of the  

Salado Formation. Marker beds throughout t h e  Salado Formation (mostly 

anhydrite and polyhalite) occur a t  in te rva ls  of a few tens of meters, a r e  

on t h e  order of 1 0  to 100 cm t h i c k ,  and are l a t e r a l l y  traceable i n  core 
holes adjacent t o  the center of t h i s  investigation. The McNutt Potash 

Zone varies l a t e r a l l y  i n  mineralogy, and contains "clay partings" 

typical ly  a t  the  top of each individual ore zone. S i l i c a t e  minerals i n  

t h e  Salado Formation are quartz, i l l i t e ,  feldspar, ch lor i te ,  talc, 

serpentine, and several var ie t ies  of expandable clay, including saponite, 

i l l i t e s a p o n i t e  and chlorite-saponite. I n  r o c k  salt, the contribution of 

silicates is 0.004 t o  2.5 weight percent i n  the lover part of the Salado 

(>2400 ft. depth  i n  ERDA NO. 9) .  0.009 t o  5 weight percent i n  the middle 

Salado (ZOO0 - 2400 ft .  depth) ,  and 0.003 t o  21% i n  the McNutt Potash 

Zone (above 1,650 ft. depth) .  

- 

Petrographic textures reveal that s ignif icant  portions of the evaporites 

have preserved the i r  original depositional textures, indicating no 
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post-depositional recrys ta l l iza t ion  or other sor t s  of a l te ra t ion .  Other 

portions have undergone extensive recrys ta l l iza t ion  t o  non-primary 

evaporite minerals such as  sy lv i te  and polyhalite,  which do not 

prec ip i ta te  f rm sea water i n  normal evaporation. Textures of bedded 

anhydrite i n  t h e  C a s t i l e  Formation below the  Salado Formation show a 

f ine ly  lqminated arrangement of evaporite and d e t r i t a l  mater ia ls  i n  
alternati ,ng laminae, implying an original  depositional form. 
Petrogranhic relationships of minerals i n  the McNutt Potash Zone s h o w  

t h a t  at no time were these minerals i n  e q u i l i b r i m  w i t h  a solution only 

of sodium chloride, a l s o  precluding t h e  poss ib i l i ty  of large incursions 

of sur faceder ived  water i n  the  geologic past. 

AmOunts and compositions of vo la t i l e  consti tuents i n  the evaporite 

minerals were determined by heating r o c k  samples t o  60OoC, recording 

mass loss, and i n  sane cases analyzing the e f f l u e n t  i n  a gas 
chranatograph/mass spectrapeter. Except for samples rich i n  hydrous 
minerals (polyhalites,  clay partings,  potash zones), the vast  majority of - 
rock salt m n t a i w  less than 0.5 weight percent t o t a l  volat i les .  

The most abundant vo la t i le  consti tuent i n  that 0.5% or less is water. 

N e x t  most abundant is nitrogen, followed by C02. 

hydrocarbons and fluorides f rm d r i l l i n g  operations were detected as 
contaminants i n  the core. 

Traces of 

In  addi t ion  t o  f l u i d  inclusions i n  halite, (see below), the minerals 

thought to be sources of vola t i les  i n  t h e  Salado Formation include clays 

and polyhalite,  and traces of gypsum, magnesite, ca rna l l i t e ,  celestite. 

glauconite, and kainite. The typ ica l  vo la t i l e  content i n  Salado salt is 
3 t o  30 t i m e s  l e s s  than that i n  the Hutchinson (Kansas) rock salt. An 

additional contributor to the l e s s  than 0.5 total weight percent may be 

t races  of ,hydrated i ron oxides, which account for the red-orange t o  
red-violet colors i n  sane accmulations of polyhalite,  sy lv i t e ,  

ca rna l l i t e  and ha l i t e  i n  the evaporite section. 
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Flu id  inc lus ions  have been s tudied  i n  core samples from nineteen horizons 

above and below t h e  l e v e l s  of t h e  proposed repos i tory  i n  Salado salt 

beds. The techniques used include mainly petrography, f r eez ing  s tage ,  

heat ing stage, crushing s t age  and dec rep i t a t ion  tests. The purpose was 

to  determine those inc lus ion  parameters t h a t  might be p e r t i n e n t  to an 

understanding of the o r i g i n  and geological  h i s t o r y  of these s a l t  beds. 

Four general  types of inc lus ions  were found i n  these samples: type A - 
extremely abundant but  minute primary l i q u i d  inc lus ions ,  w i t h  or without  

a t i n y  vacuum bubble, o u t l i n i n g  primary growth f ea tu res ;  type B - much 

larger l i q u i d  inc lus ions ,  trapped during seve ra l  stages of 

r e c r y s t a l l i z a t i o n  of the primary salt, sane w i t h  a s n a i l  vacuum bubble 

and/or un ident i f ied  daughter c r y s t a l s ;  type C - scarce large l i q u i d  

inc lus ions  w i t h  large and va r i ab le  gas bubbles under pressure ,  presumably 

fran f r a c t u r i n g  and r e f i l l i n g  of type B inc lus ions ;  and type D - empty 
(i.e., gas)  inc lus ions ,  found p r i n c i p a l l y  a long g ra in  boundaries, that , -~ 

i :;., have leaked and hence have lost  their l i q u i d  contents .  ,, ., 
, j  " '\ 

.., I 

t 

I , 

\ ,. , .  , '  The total weight percent of l i q u i d  as f l u i d  inc lus ions  i n  these 19 

samples, as measured, ranged from 0.1 to  1.79, mostly as type B 

inclusions:  the amount of l i q u i d  i n  t hese  same samples i n  s i t u  w a s  
l a r g e r ,  s ince  many of the largest inc lus ions ,  that are t h e  major 

contributors to t h e  t o t a l  percentage,  and t h e  in te rgranular  f l u i d s ,  have 

been drained during the boring and sample preparat ion.  The temperatures 

a t  which these inc lus ions  were trapped were genera l ly  i n  t h e  range of 

25-45OC. 

or even NaC1-KC1 solut ions:  f r eez ing  temperatures i n d i c a t e  t h a t  they m u s t  
con ta in  considerable  amounts of other ions  such as Mg and Ca. 

-- 

T~E br ines  i n  them are never simple s a t u r a t e d  N ~ C I  so lu t ions ,  

When the host c r y s t a l  is un iax ia l ly  stressed, t h e  geane t r i e s  of the 

inc lus ion  walls s h o w  v i s i b l e  changes wi th in  severa l  minutes, poss ib ly  due 

to so lu t ion  and redepos i t ion ,  a s  w e l l  as deformation. I n t e r n a l  

f r a c t u r i n g  of the inc lus ion  walls, but  genera l ly  without  leakage, occurs 

on f reez ing .  
I 
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The d is t r ibu t ion  of primary type A inclusions provides evidence t h a t  they 
have not mved v is ib ly  (i.e., less than a few micrometers a t  m o s t )  i n  
t h a t  f rac t ion  of the 225 m i l l i o n  years between or iginal  deposition and 

the present that these samples have been i n  the small b u t  f i n i t e  

normal-geothermal gradient. 

Subsurface samples of water from various rock types i n  t h e  Delaware Basin 
of Southeastern N e w  Mexico and West Texas have been analyzed f o r  t he i r  

solute contents and 180/160 and D/H ratios. 
dissolved solids greater than 300,000 mg/l) were found i n  one w e l l  i n  the 

B e l l  Canyon Formation, two wells i n  the  Cast i le  and i n  potash m i n e  seeps 
i n  the  Salado. According to  C l / B r  ratios (between 430 and goo), a l l  t h e  

waters have derived their dominant so lu te  (NaC1)  from nearby rocks. 

Potash mine seeps and sa l ine  Capitan waters contain solutes corresponding 

to anmuon primary evaporite m i n e r a l  assemblages, (hal i te-anhydri te  

kainite-carnallite-bischofite) indicative of simple uptake  of dissolved 

solids. 

calciann than primary evaporite assemblages, and have par t ic ipated i n  ion 

exchange reactions. Stable isotope measurements indicate that Santa. 

Rosa .  Rustler and Capitan waters are meteoric, while  Salado, B e l l  Canyon. 

Morrow and one of the Castile waters (KRDA No. 6) have undergone episodes 

of lor tempera ture  isotopic exchange with oxygen- and hydrogen-bearing 

minerals. Isotopical ly  the Carlsbad Caverns hydrologic system is unique 

to t h e  Guadalupe Mountains, unrelated t o  t h e  Delaware Bas in  as a whole. 

Saturated brines ( total  

B e l l  Canyon and Morrow brines contain less magnesium but more 

;. . 
The ERDA No. 6 occurrence of saturated Na31-Na2S04 brine and , ' !  

1 , '  
, .  . ,  

v .  , 
E2S-rich gas (55% W2, 28% E2S, 15% CE4, 1.5% X2 and 0.5% 

C2E6 by weight) i n  the C a s t i l e  represents a biogenically-produced 

sulfide-sulfate disequilibrium. The brine's Na SO content may have 

arisen by rock/fluid,ion exchange involving a replacement of magnesim by 

sodium i n  the so lu t ion .  None of the s a l i n e  grounhraters were found to be 

or ig ina l  evaporite mother-liquors or products of p a r t i a l  evaporation. 

2 4  

Rb-Sr geochronologic study of the  bedded s a l t  deposits from the Salado - 
Formation has been undertaken to age date t h e  last episode of evaporite 
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crys ta l l iza t ion  or recrystal l izat ion,  and t o  test the i r  f e a s i b i l i t y  for 

a l k a l i  and a l k a l i n e  ear th  retention. 

Whole rock samples (i.e., water soluble plus insoluble material)  are 

typical ly  unsuited for RbSr  isochron work due t o  the low Rb/Sr ratio: 

however, several  of these samples Q indicate the R (i.e., 

87Sr/86Sr a t  T=O) value t o  be about 0.708, thus indicating that large 

amounts of brine, typical ly  enriched i n  87Sr, have not been generated 

i n  the  sample area since evaporite formation sane 235 2 10 m.y. ago. 

0 

The water soluble f ract ion of evaporite samples yields an apparent 

isochron date of 206 m.y. w i t h  Ro = 0.7084 while clay minerals (less 

than  two micron s ize)  yield 325 m.y. w i t h  R = 0.7123. A canposite of 

t h e  water soluble f ract ions and clay minerals yields a date of 204 m.y. 

w i t h  Ro = 0.7137. 

due t o  the high R value; but it a e s  suf f ice  to indicate that the 

evaporite-clay mineral assemblages apparently have remained c lwed  to 

widespread alkali-alkaline earth migration since about the  t i m e  the '. 

evaporites were formed. 

0 

This  204 m.y. date  is interpreted a s  a miniqum date 

0 

1 . . ' !  ! 

. .  

Regional exploration of bedded'salt for a radioactive waste repository i n  

t h e  Delaware Basin included boreholes i n t o  t h e  evaporites and associated 

rocks. One such hole, ERDA No. 6 ,  enwuntered an accumulation of 

saturated N;a31-Na2W4 brine accompanied by B2S-rich gas. 

f l u i d  and f l u i d s  f ran other boreholes elsewhere i n  the area have been 
characterized geochemically according t o  solute content ,  180/160 and 

D/E r a t i a s  and natural  actinide content. Deviations €ram the equilibrium 

234Ll/2381J ac t iv i ty  r a t i o  (a) of 1.0 were found i n  all water samples. 

These deviations are used to affirm the isolat ion of gRDA No. 6 and to 

es tab l i sh  bounds on the age of the EFDA No. 6 f luid.  

This 

A mathematical model for the age of ERDA No. 6 water intrusion was 
formulated i n  terms of the following variables: 

leaching of 234Th and 238U frm the rocks, and degree of leaching of 

i n i t i a l  a -value ( ao)  

-. of the  brine precursor waters, zero order k i n e t i c  ra te  constants of 
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234Th fran the rocks. 

brines as a function of time, leach rate and ao. 
of a o l s ,  leach fract ions and leach r a t e s  indicate that t h e  leach rate 
must be la?. I f  m leaching is assmed and the  a. is the highest 

known a from the nearby Capitan Reef (a0 = 5.2 a t  present), the f l u i d  

is older than 880,000 years. ERDA No. 6 brine has undergone more 

profound rock/fluid interactions,  ref lected i n  its solutes  and s t ab le  

isotopes, compared with younger meteoric Capitan waters. 

The model allars calculation of a-values of 
Various combinations 

The geochemistry of the proposed WIPP site shows that the mineralogy of 
most of t h e  rock salt is re la t ive ly  simple. The evaporites have been 

recrystal l ized,  resul t ing i n  sane mineral assemblages different  frao 
those precipi ta ted f ran  or iginal  sea-water-like solutions a t  one time 

present i n  the Delaware Basin. The l a s t  episode of such 

recrys ta l l iza t ion  t o o k  place more than 204 million years ago. 

recrys ta l l iza t ion  resulted i n  evaporite mineral assemblages which 

apparently have reached thermodynamic equilibrium. 

dis t r ibut ion,  geochronology and aanposition of f l u i d  inclusions, c lay 

minerals, and isolated accumulations of aqueous solutions i n  the 

evaporites show m evidence of mMment of surface-derived water through 

the WIPP evaporites ( a t  depths greater than 1000 feet) since the i r  

deposition i n  the Permian Period. 

The 

The nature, 

REsOmcES (Chapter 8) 

Potash sa l t s  and natural gas are the two resources of economic 
significance under the WIPP site. Other minerals present are hal i te  

(salt), gypsup, and caliche, but deposits of s i m i l a r  (if not be t te r )  

qual i ty  e x i s t  i n  the surrounding areas. Other  economic minerals and 

elements, including l i thim,  uranirrm, sulfur  and metalliferous deposits, 

a u l d  e x i s t  i n  a geologic se t t i ng  l i k e  that of t h e  WIPP, b u t  none appears 

to be present. 

Potassim salts occur i n  a variety of mineral types, but only sy lv i t e  
(KC1) and langbeinite (Kpg2(S04)3) a re  mined i n  the Carlsbad 
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Potash Mining District, which is the l a r g e s t  domestic source of potash, 

accounting for approximately 80% of U.S. production. The U . S .  is a ne t  

importer of potassic f e r t i l i z e r s .  The U.S. Bureau of Mines has judged 

that a langbein i te  deposit located i n  the northeast quadrant of the WIPP 

si te could be p r o f i t a b l y  mined using today ' s  technology a t  the cur ren t  

m a r k e t  price for the re f ined  product. The deposit extends beyond t h e  

bounds of the WIPP s i te ,  but  about 49 mil l ion  tons  of l angbe in i t e  

averaging on the order of 9% KzO, l i e  inside the WIPP withdrawal area. 

Several  deposits of s y l v i t e  are present ,  b u t  none meet today 's  economic 

condi t ions;  to meet them would r equ i r e  t h e  market price for r e f ined  

s y l v i t e  to  inc rease  from $43 to $52 or more per ton. 

Natural  gas  accompanied w i t h  Sane d is t i l l a te  and o i l  w i t h  associated gas 

are being produced fram various beds i n  the D e l a w a r e  Basin. One 

particular formation, t h e  Morrow of Pennsylvanian age, is a cons i s t en t  

producer i n  t h i s  region, and the exploration r i s k  ("wildcat t ing")  is 

j u s t i f i a b l e  i n  much of the western half  of the site. About 37 b i l l i o n  

cubic  f e e t  of na tu ra l  gas accmpanied by about 0.5 m i l l i o n  b a r r e l s  of 

d i s t i l l a t e  are estimated to  be economically recoverable  from beneath the 

WIPP site.  

The s t u d i e s  also included es t imat ion  of total resources under the s i te ,  
not j u s t  the resources t h a t  could be considered ecomic  today. The U.S. 

G e o l o g i c a l  survey estimates that there are 353.3 mi l l i on  tons of s y l v i t e  

and l angbe in i t e  minera l iza t ion  under the WIPP site of s u f f i c i e n t  q u a l i t y  

to  requi re  a m p e t i t i v e  bidding fo r  mineral  r i g h t s .  The WIPP site 

accounts for about  7% of the potash resources  t h a t  the USGS be l ieves  to 

be present  i n  the C a r l s b a d  area. Langbeinite i s  probably the m o s t  

s i g n i f i c a n t  m i n e r a l  resource under the WIPP site. I t  is a specialized 

a g r i c u l t u r a l  f e r t i l i z e r  that f i n d s  i ts  use on crops t h a t  need p tass im 
but cannot tolerate add i t iona l  chlorine. Langbeinite adds potassim but  

i s  a s u l f a t e .  S o u t h e a s t  New Mexico is the only economic source for t h i s  

p a r t i c u l a r  mineral i n  t h e  f r e e  world. Langbeinite equiva len t  is produced 

- from potassium and magnesium sulfates frm br ine  lakes. A report is i n  
prepara t ion  for W E  which  w i l l  e s t imate  t h e  f r a c t i o n  of the Carlsbad 

d i s t r i c t ' s  l angbein i te  resoUTces within the WIPP site. 



1-34 

- 
The New Mexico Bureau of Mines and Mineral Resources s tud ied  a large area 
surrounding the site area, and i n  its judgement the  total hydrocarbon 

resource i n  that area is 37.5 m i l l i o n  b a r r e l s  of crude o i l ,  490 b i l l i o n  

cubic  f e e t  of n a t u r a l  gas, and 7.33 m i l l i o n  barrels of d i s t i l l a t e .  Whi le  

these are large q u a n t i t i e s ,  they represent  only about  1% of t h e  

hydrocarbon resources  for southeast  New Mexico. 

SPECIAL STLDIES OF REPOSIT(P(Y ROCKS (Chapter 9) 

Specia l  studies are being conducted to address  issues of particular 
interest because the si te is being eva lua ted  f o r  the i s o l a t i o n  of 

r ad ioac t ive  wastes. Rocks fram the  WIPP site were tested i n  four  broad 

areas: (1) petrography (2) physical  properties (densi ty ,  moisture 

content ,  r e s i s t i v i t y ) ,  ( 3 )  thermo-mechanical properties (quas i - s t a t i c  and 

creep parameters), and 4) radionucl ide sorp t ion .  Because of a s c a r c i t y  

of core, on ly  those  tests deemed necessary f o r  e a r l y  design were 
conducted. Tes t ing  a t  spec i f i ed  temperature and creep rates is 

continuing. 

Phys ica l  properties representa t ive  of r o c k  s a l t  found i n  t h e  WIPP 

horizons are srmrmarized i n ' t h e  following tab le :  

P rope r ty  Average Value' (Range) 

Dens i ty  2.18 grams/an 

Poros i ty  0.5 percent  (0.1-0.8) 

Moisture Loss to 3OO0C 

3 

? 

0.4 weight per cent  (0-1.0) 

R e s i s t i v i t y  58,100 ohm-meters (4.900-230,000) 

Gas Permeabi l i ty  <0.05 x darcy 

Canpressional  W a v e  4.5 km/se~ (4.42-4.62) 

Veloc i ty  

Thermal Conduct ivi ty  5.75 w/m% 
0 'Except for moisture  loss, values are given a t  25 C 
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Rock salt properties are both time and temperature dependent; as a 
result, mechanical properties must be generated a t  a s p e c i f i c  loading 

rate and temperature. Parameters def in ing  the  mechanical behavior a t  

d i f f e r e n t  load m n d i t i o n s  must be inferred w i t h  considerable  caut ion  and 

w i t h  proper regard f o r  t h e  time dependent nature  of t h e  material. 

Quasi-static experiments were carried out at p a r t i c u l a r  loading rates, 
e.g. 30 psi/min. 

Quasi-static P rope r t i e s  of  WIPP Rock S a l t  a t  23 o 

Unconfined St rength  2,450 to  3,700 psi 

Secant Modulus 

P r i n c i p a l  S t r a i n  Rat io  

S t r a i n  a t  failure: 

confining pressure 

0 psi 

500 psi 

3,000 psi 

Tens i le  S t rength  

2 x lo6 psi 

0.25-0.35 

s t r a i n  a t  f a i l u r e  

2.5-6.0% 

17-20% 

> 20% 

220 p s i  

I n i t i a l  Yield S t r e s s  

Preliminary Creep Prope r t i e s  

Steady S t a t e  Creep Rate ( 

( u l  - " 3 ,  E. 100 psi 

A t  23OC: (u - u 2 = l O O O p s i  

(0, - ) =2OOOpsi = sec-l 

; = 10-10 sec-l 

3 
A t  130OC: 

R e s u l t s  analyzed to date i n d i c a t e  t h a t  WIPP salt may undergo both 

t r a n s i e n t  and steady-state  creep. However the la t ter  is a t e n t a t i v e  

observat ion as occurrence of s teady-state  c reep  is uncgronon. Indeed, if 

s teady  state creep occurs  under loading condi t ions expected i n  the WIPP, 
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design calculations should consider creep i n  detail. This m e s t  l i ke ly  

w i l l  be of concern if elevated temperatures are involved. 

present considerations of steady-state creep are incomplete, it appears 

that steady-state creep rates range from 10  to  /sec. The 

t ransient  creep results indicate tha t  pressure, principal stress 
difference and temperatures are  strongly coupled. Furthermore, of these 

three,  temperature appears t o  have the  most dramatic e f fec t  on the creep 

rate .  

Although 

-10 

Data frm the petrographic and physical properties s tudies  show.the WIPP 

horizon rock salt has l& moisture content (less than 0.5%), is 

essent ia l ly  impermeable (less than 5 x lo-' darcy) and has a high 

thermal conductivity (about 5.75 watts/m%). These properties,  along ; , , , ,  

w i t h  t h e  studies of f ab r i c  and f rac ture ,  indicate  t h a t  t h i s  r o c k  salt is I .  

* 
I ,  

idea l ly  s u i t e d  fsm a physical standpoint for the storage of heat 

producing radioactive wastes. 
I 

It has been s b w n  that r o c k  s a l t  can experience large creep s t r a i n s  

(greater than  25%) prior t o  loss of load bearing capacity. Gradual creep 
is an acceptable feature  i n  the design of underground openings i n  rock 

salt as it allows the s t ructure  t o  close without a reduction i n  bearing 

strength.  As long as allarances for creep are incorporated i n t o  design 

and the shape of t h e  opening does not  create  large shear stresses, the  

WIPP r o c k  s a l t  can be expected t o  sustain s tab le  openings. 

A survey of the potential of geological media fran the  v i c in i ty  of the 

WIPP site i n  southeastern New Mexico for retardation of radionuclide 

migration i n  an aqueous carr ier  was conducted. 

measurement of sorption a x f f  i c i en t s  (Kd) for t w e l v e  radionuclides 

between three natural  water simulants and ten samples fran various 

geological s t ra ta .  

The survey included t h e  

The nuclides included I3'Cs, 85Sr, 1311, "Tc, 125Sb, 144Ce, 152Eu, 
153 G d r  106RU, 243?m, 244Cm, and 238Pu. The compositions of the 

simulant solutions were those expected of water i n  con tac t  with h a l i t e  
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depOSit.5 i n  t h e  area and i n  a typical groundwater found i n  t h e  Delaware 

Basin. The geological samples were obtained f r a n  p o t e n t i a l  aqui fe rs  

above and below the proposed repos i tory  horizons and from bedded salt 

deposits i n  the repos i tory  horizons. 

I n  brine so lu t ions ,  Tc and I were not s i g n i f i c a n t l y  adsorbed by any of 

t h e  minerals and Cs and Sr showed minimal adsorption (Kd's < 1). The 

lantbanide and ac t in ide  Kd's were t y p i c a l l y  > 10 and Ru and Sb Kd's 
3 varied i n  the range of 25 to > l O  . In  the  groundwater simulant, TC 

and I showed the  same behavior, bu t  t h e  Kd's of t h e  other nuclides were 

genera l ly  higher. 

3 

Sane i n i t i a l  parametric s t u d i e s  involving pa, trace organic  cons t i tuents  

i n  t h e  simulant solutions, and radionuclide concentrations were c a r r i e d  

o u t .  Differences i n  t h e  observed Kd's can result f r a n  varying one or 

more of these so lu t ion  parameters. 

The WIPP site rocks, including r o c k  s a l t ,  show an a f f i n i t y  for 

radionuclide sorp t ion  (Kd > 0) .  

are e f f e c t i v e  i n  r e t a rd ing  the movement of radionuclides i n  groundwaters. 

Even mall v a l u e s  of Kd (O<KdU) 

. .  '.. . *  It is not an t ic ipa ted  that results of these special studies w i l l  be : 

p ivo ta l  i n  s i te  se l ec t ion ;  rather, th& are being performed to provid? ' ' .  ' ' 

additional confidence i n  geologic i s o l a t i o n  i n  bedded salt.  
I .  . .  . , ,  i 

COHTINUMG STUDIES (Chapter 10) 

Although much d e t a i l e d  information has been reported here as a result of 

site s e l e c t i o n  and charac te r iza t ion ,  there remain a nunber of programs 

w h i c h  have not m e  to completion, or i n  some cases, have not begun. 

These pending programs are aimed a t  r e f in ing  and supplementing 

information gathered t o  increase  the confidence to be placed i n  factors 
r e l a t i n g  to  s i t e  se l ec t ion .  Furthermore, sane kinds of information 

remain to  be gathered to  support l abbra tory  and in-s i tu  experiments and 

long-term s a f e t y  assessment. 

- 
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I n  regional geology, paleoclimatic s t u d i e s  based on detailed geologic 

mapping, geomorphology s t u d i e s ,  microfossils ,  and age-dating are planned 

to provide a history of past climatic changes and t o  help assess the 

possible effects of f u t u r e  changes. Tectonic s tudies ,  involving 

examination of LAElDSAT photos and accanpanying f i e l d  evaluation, 

f irst-order level l ing surveys, and seismic monitoring of s t ruc tura l  

features  adjacent t o  the  Delaware Basin w i l l  c o n t i n u e  to provide an 

account of the dynamic forces which might affect  the  Basin. 

Continuing s t u d i e s  i n  site geology are aimed a t  expanding the d e t a i l s  of 

site characterization for the purpose of refining site-specific sa fe ty  

assessment modeling scenarios fo r  t h e  repository. Geologic mapping is 
being undertaken t o  es tab l i sh  the local  geomorphologic s t ab i l i t y .  High 

resolution aeranagnetic surveys w i l l  be implemented to  provide greater 

confidence that possible geologic ancnualies such as breccia pipes and 

igneous dikes have been ident i f ied  and may be examined and sampled i n  

detail. 

Seismological studies w i l l  con t inue  to  document and evaluate the 

seismicity of the region due to various sources (mining, secondary 

hydrocarbon recovery, tectonic  ac t iv i ty) .  The data w i l l  assure the 

appropriate seismic r i s k  has been assmed i n  f a c i l i t y  design and w i l l  I 

fur ther  the safe ty  assessment i n  general. 

. .  , - 
: =  

Hydrological s tudies  w i l l  continue to expand the area around the si te for 

which the groundwater behavior is characterized. In addition t o  

hydrologic monitoring points near site center and periphery, a system of 
points w i l l  be established i n  nearby Nash Draw t o  evaluate t h e  

re la t ionships  among groundwater movement, evaporite dissolution and 

resul t ing subsidence. Also, investigations of "breccia pipes" w i l l  be 

undertaken to improve OUT understanding of why, haw and when these 

features  developed. The hydrologic monitoring system w i l l  provide the 

basis for development of a regional groundwater model to  be used i n  
s a fe ty  assessment, and w i l l  be evaluated as  a monitoring tool for 
repository-induced changes i n  the groundwater system. 
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Continuing s t u d i e s  i n  geochemistry are designed to  support  other 

inves t iga t ions  (such as the examination of d i s so lu t ion  products ) ,  provide 

detailed cha rac t e r i za t ion  of geologic materials to be used i n  in - s i tu  and 

labora tory  experimental  programs (such as w a s t e - r o c k  i n t e r a c t i o n s )  and to  
con t r ibu te  towards our understanding of the na ture  of Ochoan evapor i tes  

i n  general .  These s t u d i e s  include mineralogy, petrology,  v o l a t i l e  and 

f l u i d  inc lus ion  analyses ,  major, minor and trace element analyses  i n  

rocks and f l u i d s ,  age-dating, s t a b l e  isotopes, and examination of 

dike-evaporite i n t e r a c t i o n s  as a partial analogue of waste-evaporite 

i n t e rac t ions .  

There are no cont inuing s t u d i e s  of resources planned a t  the  WIPP site. 

Continuing special s t u d i e s  of rock properties include long-term creep 

analyses  i n  var ious temperature regimes, micrmechanics  of rock 

deformation, migration of v o l a t i l e s ,  and mechanis t ic  s t u d i e s  of 

radionucl ide so rp t ion  on rocks. S m e  of these special s tudies  are 

designed to  provide an understanding about d i f f e rences  i n  mineralogy, 

g r a i n  s i z e ,  volatile content  and r o c k  f a b r i c  which are to be found a t  

d i f f e r e n t  i n - s i t u  test horizons. The physical  properties of the var ious 

horizons will be examined w i t h  these va r i a t ions  i n  mind. Non-Salt 

horizons, which may be s i g n i f i c a n t  i n  t h e  d e v e l o p e n t  of r e f ined  models 

for ca l cu la t ion  of repos i tory  effects, w i l l  also be tested. 

I 

Continuing s tud ie s  of rad ionucl ide  sorp t ion  inc lude  measurements of 
dynamic sorp t ion  from f l u i d s  f l a r i n g  through colmns of WIPP r o c k s  i n  

l abo ra to ry  envi roments .  I n  addi t ion ,  parametric s t u d i e s  w i l l  cont inue 

to determine changes i n  sorption which accompany changes i n  mineralogy, 

pH, oxida t ion  state, radionucl ide concentrat ion,  and concent ra t ions  of 

o rgan ic  contaminants. The rates a t  which so rp t ion  t a k e s  place and the 

d i f f e rences  between the processes  of sorp t ion  and desorpt ion w i l l  be 

inves t iga ted .  



GCR QIAPTER 2 

INPRODDCTION 

The purpose of this chapter is t o  provide introductory information 

concerning the function of the WIPP and t o  discuss the s i t e  select ion 

cr i ter ia  and factors affecting the c r i te r ia :  the c r i t e r i a  and factors are 
spec i f ic  to the  WIPP and to  the Delaware Basin of southeastern New 

Mexico. I n  addition, sane of the s i t e  exploration techniques are br ie f ly  
mentioned here as  background t o  further discussion of geological 

characterization. 

2.1 THE PURPOSE OF WIPP 

The purpose of the WIPP should  be understood clear ly  as it is d i s t i n c t  

fran that of several  other projects for  the disposal' of radioactive 

waste. The WIPP w i l l  demonstrate disposal technology for the transuranic 
(TRU) waste resul t ing fran t h i s  nation's defense programs of over 30 

years. After a period (5-10 years) of limited (p i lo t )  operation it is 
anticipated that the WIPP w i l l  be converted to a full-scale repository 

for  permanent disposal of defense TRU w a s t e .  Secondly, the WIPP is to 
provide a research f a c i l i t y  to examine, on a large scale, the  

interact ions between bedded salt and high-level radioactive waste. These 

interact ions w i l l  involve physical and chemical phenanena resul t ing fran 
thermal and radiation fluxes. A DOE Task Force (DOE@R-O004/D, 1978) has 

reconnuended that WIPP also be used to demonstrate surface and subsurface 

methods of handling, s t o r i n g  and disposing of up t o  1,000 canis ters  of 
spent reactor fuel ;  harever, a decision on t h i s  recommendation has not 

been made a t  t h i s  time. 

If the s i t e  is accepted by the MlE, the schedule calls for the i n i t i a t i o n  

of f a c i l i t y  construction i n  1981: ccmpletion is t o  be about  1985, and the 

f i r s t  waste to be accepted i n  1986. The conceptual design of f a c i l i t i e s  

is complete. The D r a f t  mvi romenta l  Impact Statement and t h i s  

Geological Characterization Report for DOE are  presently scheduled for 
ccmpletion i n  l a t e  1978. DOE has expressed an intent  to request 
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l i cens ing  of the  WIPP by t h e  Nuclear Regulatory Commission (NRC), but 

t h i s  policy is presently under discussion between t h e  DOE and Congress. 

.- 

2.2 PURPOSE OF GEOLOGICAL CHARAC'PWIZATION REWRT (GCR) 

The purpose of the GCR is to provide an account of the known geotechnical 

information considered relevant to site selection (see Section 2.3) for  

the proposed WIPP s i t e .  The GCR presents background information as w e l l  

a s  information regarding factors  related to select ion c r i t e r i a ;  for  the 

m o s t  part, specific judgements regarding the s u i t a b i l i t y  of the site are 

not made. Those judgements and recommendations are the  function of other 

processes and documents. The GCR is neither a Preliminary Safety 

Analysis Report nor an Environmental Impact Statement: these docments, 

when prepared, should be consulted for appropriate discussion of safety 

analysis and environmental impact. The GCR is intended as a source 

document on the geology of the WIPP site for individuals, groups, or 
agencies seeking basic information. Therefore, rather extensive 

reference lists of reports and documents are provided a t  the end of 

chapters for  the reader who may desire extended d e t a i l  concerning 

par t icular  geotechnical subjects discussed i n  this report. The GCR is 

not intended t o  present primary source material, and the  instances of 
reporting or iginal  data or information i n  t h i s  document have been l i m i t e d .  

A 

2.3 SITE SELECTION 

Within t h i s  document, . s i te  selection. primarily refers t o  t h e  activit ies-. .  ..- 
whereby the L O ~  Medanos (or other) area is evaluated, on geotechnical 

grounds, as t o  w h e t h e r  it is an acceptable location for the WIPP. 

"Preliminary si te selection' may be used here or elsewhere as  a 

description of the a c t i v i t i e s  which result i n  select ing a site for  

characterization: the characterization of such  a site establ ishes  

technical grounds for the more specific site location of the WIPP. *Si te  

selection" has also been described as t h a t  action which r e su l t s  when a l l  

technical aspects of establishing a repository s i t e  have been sa t i s f ied .  

For the WIPP s tudies ,  t h i s  l a t t e r  action is termed "site Confirmation-; 
-_ 
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.- the  criteria fo r  "site confirmation," which means conversion to a 

repository, w i l l  i n  part be developed through operation of the WIPP a s  a 

demonstration f ac i l i t y .  Because of unforeseen geological occurrences or 
enhanced understanding of geological processes. f i n a l  sa t i s fac t ion  

regarding the geological su i t ab i l i t y  of the site for a repository may not 

develop unt i l  s ignif icant  portions of the underground workings are 

explored and s tud ie s  of geological processes f in i shed .  S i t e  selection 

here re fers  to the position tha t  m o s t ,  i f  not a l l ,  of the  extant 

geological character is t ics  are favorable t o  t h e  WIPP; the rates of sme 

geological processes may require further examination t o  reduce that 

uncertainty w i t h  regard to specific detailed effects on a repository. 

S i t e  selection for the WIPP is not t o  be interpreted as  a guarantee t h a t  

a repository w i l l  be established. -- . 
, t" 

. . ., . > I  
, .  i 

. I  
.! , , 

2.3.1 History of WIPP S i t e  Se lec t ion  Effort  
. ,  

:,; . 
.r ,... 

The sequence of events which has culminated i n  t h e  WIPP site selection 

a c t i v i t i e s  i n  the Delaware Basin of southeast  N e w  Mexico began i n  1955 

when the  Atomic Energy Commission (AEC) requested t h e  National Academy of 

Science (NAS) t o  examine the issue of permanent disposal of radioactive 

wastes. The Academy's Committee on Waste Management issued a report  

(NAS/NRC Report) i n  1957 i n  which they stated,  "The m o s t  p r a i s i n g  method 

of disposal of high-level waste a t  the present time seems to be i n  S a l t  

deposits." Th i s  recommendation in i t i a t ed  several years of research, 
directed by Oak Ridge National Laboratory (ORNL) , on the phenmena 

associated w i t h  disposal of radioactive waste i n  s a l t .  I n  1961 (NAS/NRC 

Meeting Minutes, December, 1961), t h e  NAS waste management Ccrnmittee 

reaffirmed its posit ion on the use of salt beds for disposal commenting 

that "Experience both i n  the f i e l d  and i n  the laboratory on the disposal 

of wastes i n  s a l t  have been very productive and w e l l  conceived; plans for 

the future are very promising." Pierce and R i c h  (1962) reported on salt 
deposits i n  the  United S ta tes  that  might be sui table  for disposal Of 

radioactive wastes. The Delaware Basin was one of these areas 
discussed. The ORNL research w a s  expanded t o  include a l a r g e s c a l e  f i e l d  

program i n  which simulated waste ( i r radiated fue l  elements), supplemented 

- 

A 
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-. by electric heaters, was placed i n  salt beds f o r  observa t ion  of t h e  

r e s u l t i n g  phenomena. This  experiment, called Project S a l t  Vaul t  

(Bradshaw and McClain, 1971). was conducted i n  an e x i s t i n g  salt mine a t  

Lyons, Kansas, from 1963 to  1967. R e s u l t s  from t h i s  program were 
favorable ,  and no unacceptable phenanena occurred which would rule o u t  

Sa l t  as a repos i to ry  medium. The NAS committee again reviewed and 

endorsed t h e  NAS pos i t i on  regarding d isposa l  i n  salt (NAS/NRC Report, 

1966).  I n  June, 1970, t h e  Lyons s i t e  w a s  t e n t a t i v e l y  selected by the  AEC 

as the  l o c a t i o n  for a r ad ioac t ive  waste repos i tory .  The concept and 

l o c a t i o n  were cond i t iona l ly  endorsed by t h e  NAS committee i n  November, 

1970 (NAS/NFtC, 1970). Conceptual design for a f a c i l i t y  accommodating 

both t r ansu ran ic  (TRU) and high-level w a s t e  (HLW) w a s  canpleted i n  1971. 

During 1971, as plans for the r epos i to ry  proceeded, two t echn ica l  

problems arose. The f i r s t  involved the presence of a l a r g e  number of 

e x i s t i n g  boreholes i n  t h e  v i c i n i t y  of the r epos i to ry  which pene t ra ted  

through t h e  s a l t  beds i n t o  underlying aqui fe rs .  There w a s  concern t h a t  

not a l l  these holes could be adequately plugged and that not  a l l  such 

dr i l l  holes were on record and i d e n t i f i e d .  This  prospect meant that 

borehole d i s so lu t ion ing  and eventual  breaching of the r epos i to ry  could 

no t  be ru l ed  out. The second concern r e l a t e d  to  the  so lu t ion  mining 
being c a r r i e d  on by the  American S a l t  Mining Cci~pany about t h r e e  miles 
from the proposed repos i to ry  but  only 1700 f e e t  from an extension of t h e  

Carey S a l t  Mine which was to con ta in  the repos i tory .  The r eve la t ion  t ha t  

large volumes of water were unaccountably "lost" i n  the  hydraul ic  

f r a c t u r i n g  and s o l u t i o n  mining w a s  regarded as i l l u s t r a t i n g  a mechanism ' . 
, .  . .  . ,  th rea ten ing  to the r epos i to ry  site. This  si te was  opposed by the 

, \  

Director of the K a n s a s  Geologic Survey and political oppos i t ion  wi th in '  ~. 

the  state increased.  By e a r l y  1972, the proposal for a repos i to ry  a t  
Lyons was abandoned and a much expanded search fo r  a s u i t a b l e  r epos i to ry  

site was rmmpenced. Other p o t e n t i a l  sites i n  the  state were i d e n t i f i e d  
by the Kansas Geological  Survey, and t h e  United S t a t e s  Geological Survey 

(USGS) examined p o t e n t i a l  salt  sites i n  other areas of the United S ta t e s .  

After a nationwide search for a s u i t a b l e  repos i tory  si te (Pierce and 

Rich, 1962; Anderson et al . ,  1973; Bachman and Johnson, 1973; H i t e  and 
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Lohman, 1973; Jones e t  al., 1973; Mytton, 1973; Ekren  et al., 19741, the 

USGS and ORNL selected the Permian Basin i n  N e w  Mexico as best s a t i s f y i n g  

their  site s e l e c t i o n  guidel ines .  Four loca t ions  within t h i s  area were 
examined i n  more d e t a i l  (Brokaw et a l ,  1972; Jones et al ,  1973; Jones,  

1974a; Jones,  1974b), and a loca t ion  i n  the Los Medanos area, about 30 
miles east of Carlsbad, N e w  Mexico, w a s  chosen for exploratory work.  One 

Of the most r e s t r i c t i v e  s i t e  s e l e c t i o n  criteria, pr imari ly  because of the  

Lyons experience,  w a s  avoidance of d r i l l  holes penet ra t ing  through the  

Salt wi th in  two miles of the repos i tory  border. T h i s  c r i t e r i o n  caused 

the p o t e n t i a l  site t o  be s h i f t e d  twice within the  Los Medanos area as 

Oil/gaS wells were d r i l l e d  i n  the v i c in i ty .  

by ORNL was loca ted  on the Eddy-Lea county l i n e ,  30 miles due e a s t  of 

Carlsbad. New Mexico. 

- 

The eventual s i t e  selected 

F i e l d  inves t iga t ions  began at  t h i s  site i n  March, 1974, w i t h  the d r i l l i n g  

of core holes AEC 7 (3,918 f e e t  deep) and AM: 8 (3,028 f e e t  deep) a t  the 

no r theas t  and southwest corners  of the  1 1/2 by 2 mile rectangular  site. 
The da ta  frgn these holes w a s  considered s a t i s f a c t o r y  by OFWL, but 

fu r the r  w o r k  a t  the site was suspended i n  May, 1974. T h i s  suspension w a s  

due i n  part to a s h i f t  i n  AB waste management emphasis to r e t r i e v a b l e  

s u r f a c e  s to rage  facil i t ies (RSSF) and i n  part to  a reluctance a t  the 

commission l e v e l  to  a s k  for land wi thd rawa l  to  set aside the necessary 

I 

area f o r  the r epos i to ry  and i ts  p ro tec t ive  "buffer" zones. 

Sandia received program funding to continue f i e l d  inves t iga t ions  i n  

southeas te rn  New Mexico on March 31, 1975. Geologic inves t iga t ions  

r e s m e d  a t  the  O m  site i n  May, 1975. Extensive review sess ions  w i t h  

ORNL and the USGS covered past efforts i n  s i t e  se lec t ion .  Studies  

conducted by t h e  USGS and ORNL consultants on reg iona l  geology, 

s e i smic i ty ,  hydrology and so lu t ion ing  of salt were r e e v a l u a t e d .  Sandia 

concurred t h a t  the northern Delaware Basin seemed appropr ia te  for S i t i n g  

a waste repository. 

I n  the opinions of both OWL and USGS, t h e  two core holes, AEC 7 and 8, 

i nd ica t ed  acceptable  subsurface geology a t  t h e  ORNL site. - The f i r s t  
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Sandia task,  therefore,  w a s  t o  confirm t h i s  by additional d r i l l i n g  and 

geophysical investigations. 

a t  the northwest corner of the ORNL site. ERDA 6 encountered unexpected 

subsurface geology. Formation contacts were much higher than 

anticipated,  and salt and anhydrite beds exhibited severe d is tor t ion  w i t h  

dips up to  75 degrees. Sections of t h e  upper Cas t i le  Formation were 

missing, and the fractured anhydrite encountered a t  a depth of 2710 feet 
contained a p o c k e t  of pressurized brine. The unpredictabil i ty of the 

de ta i led  geology a t  t h i s  site was not canpatible w i t h  Sandia requirements 

for the p i lo t  plant: therefore,  s i t e  selection a c t i v i t i e s  were expanded. 

Reconsideration of site select ion guidelines i n  l i g h t  of the results of 
continuing studies and exploration i n  southeast New Mexico led  to  the 

adoption of additional guidelines and same modification of the original 

guidelines. Evaluation of o i l  company seismic and d r i l l i n g  data and t h e  

resu l tan t  s t ruc tura l  contours on the Castile Formation confirmed 
deformation of Cas t i le  salt beds i n  a band about  f i v e  miies wide 

para l le l ing  the Capitan Reef front.  Since t h i s  deformation and the 

d is tor t ion  of the geologic uni ts  encountered i n  ERDA 6 was believed due 

to  gravity-induced buckling of salt beds abutting against  the Capitan 

R e e f ,  an additional site select ion factor w a s  established requiring a 

si te area t o  be at  least s i x  m i l e s  fraa the reef front. 

Core hole ERDA 6 was i n i t i a t e d  i n  May, 1975, 

1 

The proximity of boreholes penetrating the salt formations, another S i  

select ion c r i te r ion ,  w a s  reeva lua ted  during t h i s  period. Analytical 

s tudies  and f ie ld  research conducted for O m  after the  Lyons, Kansas, 

borehole problems allowed a more quant i ta t ive judgement (Snow and Chang, 

1975: Walters, 1975). In the  Los Medanos area, a requirement to separate 

the repository from boreholes penetrating through the s a l t  by one m i l e  

seemed qui te  conservative and was adopted. This buffer would assure more 
than a quarter mill ion years of isolat ion using very conservative f l o w  

assumptions. 

consequences of an unplugged hole may make such holes acceptable even 

closer t o  the repository, neither has yet  been demonstrated. 

While  improved borehole plugging and study of t h e  
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The New Mexico portion of the Delaware Basin was reexamined by both the 

USGS and Sandia i n  l a t e  1975. On November 14, 1975, the  USGS recatmaended 

an area about seven miles southwest of the OWL s i t e  for further 

examination. Sandia had independently selected the same area a s  showing 

the m o s t  promise for a repository site. Considerable geologic data were 

available i n  t h i s  region fran oil/gas wells and from shallow d r i l l  holes 

used t o  explore for potash. I n  a regional study, the USGS found that 

i n i t i a l  dissolution of Salado salt, the formation of in te res t ,  was 

suff ic ient ly  d is tan t  fran the proposed si te that dissolution would pose 

l i t t l e ,  if any, th rea t  to the WIPP. The  three-square m i l e  repository 

could be located to avoid the known potash area (KPA) and t o  be a t  least 

one m i l e  f ran a l l  boreholes penetrating through the salt. N o  pr ivate  

(fee) land and less than three sections of s t a t e  land were present i n  the 

potent ia l  withdrawal area. A st ra t igraphic  core hole, ERDA 9, was 

started i n  paral le l  wi th  geophysical studies of the area. ERDA 9, 

d r i l l ed  i n  t he  center of the area under study, revealed the expected 
geology and indicated the desired f l a t  bedding (dips are about 75 

feet/mile). 
sat isfactory;  beds a t  depths of about 2100 and 2600 f e e t  were selected as  

Physical properties of the salt beds were found to  be 

appropriate fo r  TRU and heat-generating wastes respectively. 

Consequently, an extensive program of site evaluation and laboratory 

investigation was begun and is continuing as  of the date of t h i s  report 

(August, 1978). Sufficient information has 1l0w been developed to a l l o w  

the site to be adequately characterized for  site select ion purposes. )/=='.y, 

;&.. ? < s '  ' 
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2.3.2 General Location and Land Requi rements  of WIPP Fac i l i t y  , .!, ,;: ,,i , ,  
,., .' / / I  

.,..I" ..,. 
Figure 2-1 shows t h e  general location of t h e  LOS Medanos si te w i t h i n  the 

regional geographic setting. 

(population about 1100) 18 miles west-southwest of t h e  site. Carlsbad, 

New Mexico, (population about 25,000) is 26 miles w e s t  of the  site, and 

Carlsbad Caverns National Park is about  40 miles t o  the southwest.  

The nearest town is Loving, New Mexico, 

Figure 2-2 is a diagram of the WIPP s i t e  showing proposed land  use 
controls around the l i m i t s  of the underground f a c i l i t i e s  (Zone 11). 

- 
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Engineering s tudies  had indicated that approximately 3 square miles were 
desired for  ultimate development of underground f a c i l i t i e s  a t  the  WIPP 

site, necessi ta t ing the r e s t r i c t ion  of land use within an equivalent area 
of land a t  ground surface. A a i n i s t r a t i v e  control of additional land 
(Table 2-1) w i l l  also be required beyond the boundary of the excavated 

area to protect  the repository: 

repository i n  which, for the present, no underground mining, excavation, 

or through-going boreholes w i l l  be considered (Zone 111); and an 

additional milewide buffer zone i n  which l imited (i.e. subject  t o  

c o n t r o l  and regulation by DOE) underground mining and deep d r i l l i n g  w i l l  

be allowed (Zone I V )  . 'Hydrofracing" and other i n j e c t i o n  methods of 
hydrocarbon recovery, and any kind of solut ion mining, would be 

prohibited. Th i s  zonation is shown i n  Figure 2-2, (which also indicates 

the corresponding total acreage of restricted land needed for the WIPP 
si te).  On the surface, only the plant si te itself (Zone I)  w i l l  exclude 

land access. 

a mile-wide restricted zone around the 

- 
The i r regular  pat tern of the outer boundary of the WIPP site (Figure 2-21 

originated fran a desire t o  conform t o  t h e  Bureau of Land Management's 

(BLM) land subdivision system and to  exclude pr iva te  land and producing 

w e l l s .  
boundary to be brought under control of the DOE. The inner boundaries 

that define restricted areas are polygonal, designed t o  minimize the area 

to be withdrawn whi l e  achieving optimun conformance to the s i t i n g  

The WIPP program plan calls for  the entire area w i t h i n  t h i s  

-. c r i t e r i a .  ~. , 
/ -" 

, ,) . , . I '  

I . 
4 , I , .  .' 

. .  
I . '  2.3.3 General Considerations and Requirements of Underground 

Sqorage F a c i l i t i e s  for Radioactive Waste . i .  

Neglecting consideration of surface r e s t r i c t ions  and land use conflicts 
for the purposes of t h i s  report ,  geotechnical s i t i n g  requirements for  an 
underground radioactive waste repository are ultimately determined by: 
1) the physical (including thermal), chemical and radioactive 
in te rac t ions  between the waste and the surrounding media, 2) the type of 
r o c k  chosen i n  which to place t h e  repository,  and 3) the leve l  of 

- 
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assurance desired against f a i lu re  of the containment. While WIPP is 

anticipated t o  be a repository for defense transuranic waste, Sandia was 

a l so  requested t o  consider possible future options for high-level waste 

i n  its s i t e  selection s tud ie s  of bedded salt i n  the  Delaware Basin. For 

WIPP, the  desired goal is complete isolat ion of waste w i t h  negligible 

consequence i n  t h e  event of containment f a i lu re  for the to t a l  duration of 

time i n  which the radioactivity of t h e  waste could consti tute a potent ia l  

hazard t o  the biosphere or humans i n  general. 

These unprecedented long storage requirements, which embrace a small but 

s ignif icant  interval  of geologic time, call for a careful 

characterization of long-term hydrologic, geologic and climatic 

pr0cesses;potentially affecting s t a b i l i t y  and survival of t h e  

underground f a c i l i t y ,  i n  order t ha t  appropriate s i t i ng  c r i t e r i a  may be 

specified. These and other considerations i n  the long-term management of 

radioactive wastes have been defined and discussed i n  ORNL reports by 

Gera and Jacobs (1972) where they identify geologic processes relevant t o  

waste disposal and discuss t h e  su i t ab i l i t y  of various geologic media for 
radioactive waste storage. Claiborne and Gera (1974) describe and 

evaluate potent ia l  mechanisms of containment fa i lure  and of hydrologic 

re lease of contaminants fran the bedded salt deposits i n  the southeastern 

N e w  Mexim area. The conclusions and recanmendation of these s tudies ,  

which are not repeated here, have been uti l ized as  guidelines i n  

formulating s i t i n g  c r i t e r i a  employed i n  the selection of candidate S i t e .  

locations i n  the Delaware Basin area of southeastern New Mexico. 

Regarding the overal l  danger of contamination fran properly s i t ed  

underground waste storage f a c i l i t i e s ,  however, i t  is appropriate for 

proper perspective t o  repeat the observation of Claiborne and Gera (1974, 

0 
p.4) that 

" the conditions required for  a serious release of ac t iv i ty  t o  the 
biosphere fram a repository i n  bedded salt tend to approach the 
bizarre and have mnsiderably less credibi l i ty  than  the 'maximum ' 
credible accident'  assmed for nuclear  p e r  plant safety analyses." 



2-10 

2.3.4 I n i t i a l  Screening Criteria and Selection of the Original (ORNL) 
S i t e  in  the Delaware Basin 

Preliminary site screening s tudies  for an underground waste i so la t ion  

storage f a c i l i t y  i n  the  Delaware Basin were i n i t i a t e d  j o i n t l y  i n  1972 by 

ORNL and the USGS for the AEC. Guidelines developed a t  that t i m e  were 
mostly contained i n  the,ORNL report  by Gera and Jacobs (1972) and i n  

ORNL-TM-4219, which ,  however, d id  not address conditions i n  the 

southeastern N e w  Mexico area specif ical ly .  Geologic information w a s  

assembled by the USGS for use i n  evaluating the s u i t a b i l i t y  of various 

areas i n  the  Delaware Basin for disposal of radioactive wastes: t h i s  

information appeared i n  open-file form i n  t h e  report by Brokaw, e t  al. 

(1972). Additional data by Bachnan, e t  a l .  (1972) appeared as an ORNL 
report. 

Large-scale (Stage I) site screening c r i t e r i a  (ORNL--4219) w e r e  
developed and were employed i n  an i n i t i a l  selection of a site a t  the  

Lea-Eddy County boundary, about 7 miles northeast of the present WIPP 

site. In addition t o  the  usua l  geologic standards sane technical 

c r i t e r i a  which were applied by ORNL were as follaws (Griswold, 1977, 

- 

9 p.121: 

A two-mile radius from any boring through the Ochoan evaporites down 

i n t o  t h e  Delaware, or deeper formations. 

No act ive mining within f ive miles. 
Sa l t  of high purity a t  depths of less than 3,000 ft. 

A minimm depth. to  sui table  salt of 1,000 f t .  

Avoidance of obvious mineral resources t o  the extent possible. 

The m a x i m u m  depth indicated was solely a mine engineering c r i t e r ion  

dictated by the viscous f l o w  potent ia l  of salt a t  pressures exerted by 

t h e  l i t h o s t a t i c  loading and a t  temperatures imposed by the  expected 

geothermal gradient coupled w i t h  the maximm thermal f lux  of t h e  s tored 
waste: the minimum depth was tha t  considered adequate t o  in su re  against  -. 

dis in te rment  by erosion. 
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Figure 2-3 shows t h e  results of t h i s  i n i t i a l  screening process. 
t w o - m i l e  rad ius  frm deep w e l l s  proved t o  be the m o s t  r e s t r i c t i v e  

criterion; on t h e  f i g u r e  the shaded areas i n d i c a t e  land ,  more than t w o  

miles from deep wells, also s a t i s f y i n g  the depth and mineral  resource 

exclusion c r i t e r i a .  The site i n i t i a l l y  selected by t h i s  method is also 
indica ted .  

A 

Cores from AEC Nos. 7 and 8 in te rcepted  leasable grades of potash; ERDA 

No. 6 cores did not. However, a t  ERDA No. 6 ,  evidence of complex 
evapor i t e  s t r u c t u r e  and the encounter of an a r t e s i a n  f l o w  of b r ine  were 
s u f f i c i e n t  evidence that  t h i s  o r ig ina l  site w a s  unsui tab le  and t h a t  more 

information would be needed to  def ine addi t iona l  cr i ter ia  t o  be used i n  

selection of acceptable a l t e r n a t e  sites. 

2.3.5 S i t e  Se lec t ion  and Evaluation Criteria for the Los Medanos S i t e  

When t h e  i n i t i a l  Delaware Basin repos i tory  s tudy area w a s  Shown t o  be 

unacceptable, Sandia undertook the t a s k  of loca t ing  a s a t i s f a c t o r y  si te 
i n  t h e  New Mexico por t ion  of t h e  Delaware Basin. 

complete understanding of the geology of the b a s i n  and of p o t e n t i a l  

r epos i to ry  f a i l u r e  mechanisms permitted a reformulat ion of s i t i n g  
c r i t e r i a  and s i t e  s e l e c t i o n  f ac to r s .  These cri teria and f a c t o r s  were 
developed rather s p e c i f i c a l l y  fo r  t h e  Delaware Basin i n  southeas te rn  New 

Mexico, and are ne i ther  gener ic  cri teria for bedded s a l t s  generic  

cr i ter ia  for a l l  rock types. 

By la te  1975 a more 

,- 

a ; \  1 : ;  
i,. , ' Sane of the specific s t u d i e s  cont r ibu t ing  to  this e f f o r t  include the : ~. 

following: Claiborne and Gera (1974) considered p o t e n t i a l  failure modes 

of bedded salt containment i n  the Delaware Basin; Bachman and Johnson 

(1973), Jones (1973), Bachnan (1974) and Piper (1973) repor ted  on 

geologic  and hydrologic condi t ions i n  the Permian Basin region and i n  the 

Delaware Basin i n  particular; Jones (1975) discussed potash deposi ts ;  and 

Foster  (1974) and Netherland, Sewell and Associates (1975) inves t iga t ed  

hydrocarbon resources. R e p o r t s  on d isso lu t ion ing  assoc ia ted  w i t h  

unplugged boreholes (Snow and Chang, 1975; Walters, 1975; Fader, 1973) 



2-12 

-. 
were also ava i lab le .  The s e l e c t i o n  of addi t iona l  a l t e r n a t e  sites made i n  

November, 1975, u t i l i z e d  t h i s  information. Two f a c t o r s  which rece ived  

c a r e f u l  a t t e n t i o n  because of the experience gained i n  l o c a t i n g  and 

eva lua t ing  the o r i g i n a l  s i t e  were the ex i s t ence  of salt flow s t r u c t u r e s  

and assoc ia ted  br ine  pockets and the d i s s o l u t i o n  p o t e n t i a l  of man-made 

penetrations through the  evapor i tes .  

S i t i n g  f a c t o r s  were formulated to  e l imina te  from fu r the r  cons idera t ion  

areas of poss ib l e  severe  s t r u c t u r a l  deformation or complexity of t h e  salt 

beds. G e o l o g i c  evidence (Jones, 1973) ind ica ted  the tendency f o r  g rea t e r  

s t r u c t u r a l  complexity to  occur i n  salt beds ad jacent  t o  the  Capitan reef 

f r o n t .  Subs tan t ia l  salt deformation r e s u l t i n g  i n  displacement and 

f r a c t u r i n g  of anyhdri te  beds was encountered i n  ERDA-6. St ruc tu ra l  

contouring of the C a s t i l e  Formation, based on petroleun d r i l l i n g  and 

seismic r e f l e c t i o n  da ta ,  i n d i c a t e  t h i s  d i s t o r t i o n  of salt is most severe  

i n  a belt, about f i v e  miles wide, p a r a l l e l i n g  the  reef  f r o n t .  

Accordingly, a be l t  w i t h  a w i d t h  of s i x  miles basinward from t h e  Capitan 

reef w a s  eliminated from e l i g i b l e  areas. This  also served t o  avoid any 

possible d i s so lu t ion  hazards which might be associated w i t h  the r e e f .  

Known loca t ions  of artesian b r ine  f l o w  appeared t o  be r e l a t e d  to 

a n t i c l i n a l  f e a t u r e s  i n  the  subsurface: therefore, the avoidance of 

1. 

pronounced a n t i c l i n a l  s t r u c t u r e s  i n  salt was adopted as a selection 1 f . .  . ' *  
, I  f a c t o r .  ~. . '  

( Y  

The eXtent of deep d r i l l i n g ,  r e s u l t i n g  from hydrocarbon explora t ion  i n  

t h e  Delaware Basin, ind ica ted  t h a t  a careful eva lua t ion  of the requi red  

sepa ra t ion  from boreholes be performed. Des i rab le  regions wuld be 

excluded frcm cons idera t ion  i f  t h i s  f a c t o r  was unduly r e s t r i c t i v e .  The 

two m i l e  s epa ra t ion  d i s t ance  e s t ab l i shed  after the Lyons, Kansas, 

experiences ,  was modified t o  one m i l e  based on s t u d i e s  by Snow and Chang 

(19751, Walters  (19751, and Fader (1973). These s t u d i e s  improved 

prospects for assur ing  plugging of boreholes, and t h e  hydrologic 

condi t ions  expected i n  the  acceptable p r t i o n s  of the D e l a w a r e  Basin all 

i n d i c a t e  t h a t  a o n e m i l e  buffer  zone is amply conserva t ive  a g a i n s t  

p o t e n t i a l  borehole d i s so lu t ion  (Griswold, 1977, p. 1 2 ) .  Figure 2-4 shows 
- 
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areas that  are more than one mile from boreholes penet ra t ing  i n t o  t h e  

Delaware Mountain Group. Avoiding these boreholes would also result i n  

avoiding e x i s t i n g  oi l  or gas fields. 

I n  addi t ion  to  t h e  salt a n t i c l i n e  and borehole r e s t r i c t i o n s  already 

mentioned as assuming a primary r o l e  i n  narrowing the  choice of 

acceptable sites, seve ra l  other aspects proved t o  be s i g n i f i c a n t  for t h e  

nor thern  port ion of the Delaware Basin. Proximity t o  the d i s so lu t ion  

f ront  a t  the  top of t h e  Salado Formation and t h e  ex is tence  of local 
s o l u t i o n  features were prime considerat ions.  

Although open j o i n t s ,  fractures or faults are not expected to  occur i n  

sa l t ,  i n t rus ions  i n  the  form of igneous d ikes  which  pass through the salt 

beds are k n m  to e x i s t  locally i n  the Delaware Basin. The proximity of 
such a f e a t u r e  might  be cause for r e j e c t i o n  of a s i t e  for geologic,  

hydrologic and engineering reasons. Shown i n  Figure 2-5 are areas where 

undesirable  s t r u c t u r e ,  such as salt deformation, b r i n e f l o w  a n t i c l i n e s ,  

or dike t rends ,  are known or presuned to  occur: the dike t rend  is 

magnet ical ly  expressed and is defined by magnetic survey methods. 

A 

Candidate sites should be l oca t ed  i n  areas  a f ford ing  adequate long-term 

p ro tec t ion  aga ins t  encroachment of salt d isso lu t ion .  Surface d i s so lu t ion  

was assumed to be related to  downward percola t ion  of meteoric water and 

removal through Nash Draw and t h e  Pecos drainage system. In  addi t ion ,  
evidence of poss ib l e  d i s so lu t ion  i n  salt over t he  Capitan reef  aquifer is 

known i n  such places as San Simon Sink. Disso lu t ion  f ron t s ,  or 

houndaries a t  which salt has been or is being dissolved from the 

enc los ing  r o c k  material, had t een  recognized a t  var ious horizons i n  the 

evaporite sequence of t h e  Delaware Basin. Rates of d isso lu t ion  were 

estimated by Bachman (1974), and longevi ty  of Salado salt w a s  diagrammed 

by Jones (1973, Figure 7 ) .  These observat ions were t r ans l a t ed  i n t o  

appropr ia te  avoidance criteria. D i s s o l u t i o n  of salt i n  the Rus t le r  

Formation w a s  not considered to be a s i g n i f i c a n t  hazard to  a r epos i to ry  

located i n  the  lower part of the  Salado: however, a r e a s  that e x h i b i t  

ex tens ive  salt d i s so lu t ion  a t  t h e  top of the Salado would be rejected. 
.- 
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For conservatirsl, sites t h a t  would be i n ,  or w i t h i n  a mile of ,  areas of 

known dissolution a t  the top of the Salado were considered less 
desirable. Figure 2-6 displays areas where dissolution a t  the top Of 

Salado was indicated to o c c u r ,  based on studies  cu r ren t  a t  that t i m e .  

The interception of ccmunercial grades of potash by holes AEC-7 and AEC-8 

and the known occurrences of potash nearby highlighted the  necessity of 

evaluating the p o t e n t i a l  of t h i s  resource t o  assess possible resource 
Conflict. Areas of potash mineralization meeting minima grade and 

thickness c r i t e r i a ,  termed t h e  .potash enclave" by Aguilar e t  al. (19761, 

would be avoided to  the extent possible by the  three square m i l e  core of 

the  site. Regarding possible conf l ic t  w i t h  hydrocarbon reserves, t h e  

avoidance of deep drill holes autanatically insures that a potent ia l  site 

would not be located over an exis t ing o i l  or gas f i e ld .  To minimize the  

poss ib i l i t y  of s i t i n g  over areas having favorable potential  for discovery 

of additional hydrocarbon reserves, o i l  and gas trends i n  the  subsurface 

beneath a possible s i t e  l o c a t i o n  would be considered i n  s i t i n g  the 

repository. The locations of such trends are s h w n  i n  Figure 2-7. 
- 

Final ly ,  w i t h  regard t o  land ownership, the land withdrawn should be 

federal ly  owned to  the extent  possible to  expedite site exploration and 
land withdrawal. 

t o  the ex ten t  feasible .  

Potash lease r ights  would be avoided by Zones I and I1 

2.3.6 S i t e  Selection: Cr i t e r i a  and Factors 

Two principal stages are involved i n  establishing a nuclear waste 
repository. The f i r s t  stage,  outl ined mainly i n  the previous sec t ion  

(2.3.5), involves preliminary site selection of the most desirable site 

from among the  potent ia l ly  acceptable study areas. This  select ion is 

based on application of c r i t e r i a  and selection factors  to t h e  ex is t ing  

knowledge i d  general reconnaissance information available for the 

areas. 
The second stage i s  t o  determine the charac te r i s t ics  and processes 

affect ing a site or sites suf f ic ien t ly  well t o  allow confirmation of a 

Specific and detailed s t u d i e s  are not conducted a t  t h i s  Stage. 
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site for a repository. I t  is possible tha t  t h i s  detailed study w i l l  

reveal that some factors are less than ideal. It is unlikely (and 

unnecessary) t ha t  a site w i l l  be ideal w i t h  respect t o  a l l  selection 
factors .  Similarly, i t  is unnecessary and, indeed, impossible t o  prove 

that the  "best" s i t e  has  been selected. The extent of investigation i n  

stage two is such t h a t  all prospective sites cannot be examined i n  t h i s  

detail.  Rather it is suf f ic ien t  t o  es tabl ish tha t  an adequate, safe, and 

acceptable site has been ident i f ied.  T h i s  knowledge requires that 

potent ia l  f a i l u r e  modes and hazards be recognized and that s i t i n g  fac tors  

take t h e m  in to  consideration. 

POr the WIPP, the f a c i l i t y  demonstration and additional s t u d i e s  of 

processes and underground geology w i l l  lead t o  further developent of 
c r i t e r i a  for a repository and subsequent assessment of the safety of the 

WIPP site as  a repository. Thus, a t  least for  WIPP, it is necessary to 

ref ine c r i t e r i a ,  through operation and continued study, suf f ic ien t  for 
confirmation as a repository. - 
For site selection of the Los Medanos si te the follcwing c r i t e r i a  and the 

factors  which address those  c r i t e r i a  are listed. I n  most cases, the 

nature of the factor desires can be indicated but not quantitatively 

specified a p r i o r i  since t h e  acceptable combinations of factors under the 

multiple barrier concept is so large. Many of the desired factors  are 

j u s t  t h a t  - desired. They are suf f ic ien t  but may not be necessary for  

long-term repository safety. The general relationship of factors  to  WIPP 

s tudies  is indicated by referr ing t o  principal chapters containing 

information about  par t icular  factors. 
-4 

{?$: ' 

, .. ', < 

.:. I :I ;,:, : . .. . 
It , 

Geology Criterion: The geology of the site w i l l  be such 

that the repository w i l l  not be breached by natural  

phenomena w h i l e  t h e  waste poses a s ignif icant  hazard t o  

man. The geology m u s t  also permi t  safe operation of the 

WIPP. 
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- 
Factors: Topography - Must p e r m i t  access for t r anspor t a t ion .  

Ef fec t  on inducing salt flow during excavation must be 

considered. Surface water f l o w  and f u t u r e  inundat ion 

m u s t  be evaluated. (See 3.2, 4.2) 

Depth - Repository horizons should be deeper than  1000 

feet t o  assure eros ion  and consequences of surficial 

phenanena are not  a major concern. Depth of s u i t a b l e  

horizons w i l l  not exceed 3000 f e e t  to  l i m i t  rate of 

salt deformation around the  excavat ions.  (See 3.3. 

4.3, 9.2) 

Thickness - Total thickness  of the salt deposits 

should be s e v e r a l  hundred fee t - to  buffer  thermal and 

mechanical effects. The desired th ickness  for the 

repos i tory  bed is 20 feet or more to  mi t iga t e  the  

thermal and mechanical effects a t  non-hali te un i t s .  

(See 4.3.2, 9.2) 

Lateral Extent  - The distance to s t r u c t u r a l  or 
d i s so lu t ion  boundaries must be adequate to provide for 

f u t u r e  s i t e  i n t e g r i t y .  For the L o s  Medanos area a 
d i s t ance  of f i v e  miles t o  t h e  Capitan reef and one 

m i l e  t o  reg iona l  Salado d i s s o l u t i o n  have been 
es tab l i shed .  (See 3.3, 4.3, 6-31 

Li tholcgy  - P u r i t y  of the salt beds i s  desirable t o  
reduce the br ine  content  of t h e  salt. Pending f u r t h e r  

i nves t iga t ions ,  three percent  b r ine  is es t ab l i shed  as 

a des i r ab le  upper l i m i t  f o r  the heat-producing waste 

horizon. Additional geochemical i n t e r a c t i o n s  must be 

considered if s i g n i f i c a n t  chemical or mineralogical  

1 

, '  
I . . .  . !  > 

. ' , >  . impurit ies are present .  (See 4.3, 7.2, 7.3, 7.4, 7.5, 

I. b i  7.6) 
, .  

ill...' St ra t ig raphy  - Continti i ty of beds, character of 

inter-bedding and na ture  of beds over- and underlying 

the salt are important cons idera t ions  i n  cons t ruc t ion  

of t h e  f a c i l i t y  and i n  assessment of possible f a i l u r e  

scenar ios .  (See 3.3, 3.4, 4.3, 4.4) 
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A. 

St ruc tu re  - Relatively f l a t  bedding ( <  3O) i s  
desirable for  operational purposes. 
and major f au l t s  are t o  be avoided. (See 3.4, 4.4) 

Erosion - While the depth factor  reduces concern for  

erosion it is desirable t o  avoid features  which would 

tend to local ize  and/or accelerate erosion. (See 

3.2.3, 3.6, 4.2, 4.5, 6.2) 

Steep an t ic l ines  

Hydrology Criterion: The hydrology of the s i t e  m u s t  provide high 

confidence t h a t  natural dissolution w i l l  not breach the 

s i t e  while the waste poses a s ignif icant  hazard t o  man. 

Accidental penetrations should not  resu l t  i n  undue hazards 
t o  mankind. 

Factors: Surface Water - Present and future  run-off patterns,  

flooding potential ,  etc.,  should not endanger the 

penetrations in to  the repository whi le  these openings 

are unplugged. (See 6.2) 

Aquifers - For WIPP, t he  over- and underlying aquifers 

represent a secondary barr ier  if the salt is 

breached. Consequently lar permeability and 

transmissivity are desirable but not mandatory. 

Accurate knowledge of aquifer parameters is important 

t o  construction, decommissioning and realistic 

calculation of the consequences of f a i lu re  scenarios. 

(See 6.3) 

Dissolution - Regional and/or local dissolution must 

not breach the repository while the wastes represent a 

s ignif icant  hazard t o  man.  While there are various 

suggestions for  the time a repository should remain 
isolated from the biosphere, 250,000 years (ten 

half-lives of 239Pu) is one period which may be 

su f f i c i en t  for evaluating t h e  WIPP s i t e .  (See 6.3.6) 

Subsidence - Subsidence due to dissolution of salt 

w i l l  be avoided when t h e  subsidence adversely a f fec ts  
the repository beds or unduly accelerates the r a t e  of 
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-, d i s so lu t ion  to  the jeopardy of long-term in t eg r i ty  Of 

the  repository. (See 6.3.6, 10.6) 
Eydrologic Transpor t  - For the WIPP, t h i s  is a 

secondary factor  which must  be evaluated t o  a l l o w  
quant i ta t ive calculations of the consequences of 

various f a i l u r e  scenarios. Slow transport of isotopes 

is acceptable i f  more critical factors  have been 

sa t i s f ied .  (See 6.3, 9.3. 10.6) 
Climatic Fluctuations - Possible pluvial cycles m U S t  

be considered when estimating t h e  effects of the above 

factors.  (See 3.6, 4.5, Chapter 6, 10.3) 

Man-made Penetrations - The effect of dril l-holes and 

mining operations on the s i te  selection must  be 

evaluated i n  considerations of dissolution. 

Tectonic S t a b i l i t y  Criterion: Natural tectonic processes m u s t  not 
resu l t  i n  a breach of the  si te while the wastes represent a 

s ign i f icant  hazard to man and should not require extreme 
precautions during the operational period of t h e  repository. 

-. 

Factors: Seismic Activity - The frequency and magnitude of 

seismic a c t i v i t y  impacts f a c i l i t y  design and sa fe ty  Of 

operation. Low levels of seismicity a re  desirable but  

f a c i l i t y  design can accaamnodate higher level's asi' 

w e l l .  (See Chapter 5, 10.5) 

Fau l t ingn  racturinq - While open f au l t s ,  f rac tures  or 
jo in ts  are not expected i n  salt, t h e  more br i t t l e  

units w i t h i n  and surrounding the salt may support s u c h  

features which can enhance dissolution and hydrologic 

transport. Major faults and pronounced l inear  
s t ruc tura l  trends should be avoided. (See 3.4, 4.4) 

S a l t  Flm/Anticlines - Major deformation.of salt beds 
by flow can f rac ture  b r i t t l e  rock and create porosity 

for brine accumulations. Major an t ic l ines  resul t ing 

from salt f low should be avoided or evaluated to  c h e c k  

on brine presence and anhydrite fracturing. (See 4-41 

Diapirisn - An extreme r e s u l t  of salt flaw, this 

feature  w i l l  be avoided fo r  WIPP s i t ing .  

.- 

(See 4.4) 



2-19 

Regional S t a b i l i t y  - Areas of pronounced reg iona l  

u p l i f t  or subsidence should be avoided s i n c e  s u c h  

behavior makes  a n t i c i p a t i o n  of f u t u r e  d i s so lu t ion ,  

e ros ion  and salt flat more uncertain.  (See 3.4, 4.4, 

10.3.2) 

Igneous A c t i v i t y  - Areas of a c t i v e  or recent  volcanism 
or igneous i n t r u s i o n  should be avoided to minimize 

these hazards to  the reposi tory.  (See 3.5) 

Geothermal Gradient - Abnormally high geothermal 

g rad ien t s  should be avoided to allow cons t ruc t ion  i n  

salt a t  3000 feet. High g rad ien t s  may also be 

i n d i c a t i v e  of recent  igneous or t e c t o n i c  a c t i v i t y .  

(See 4.4.1) 

Physic-chemical C m p a t i b i l i t y :  The repos i tory  medium must not 
i n t e r a c t  w i t h  the  waste i n  ways  which create unacceptable 
opera t iona l  or long term hazards. 

Factors :  F lu id  Content - The repos i tory  bed containing high 

level waste should not conta in  more than three percent  

brine.  The l i m i t  f o r  TRU waste has not been 

e s t ab l i shed ,  but the same value used for HLW is 
acceptable. (See 7.5, 10.7.8) 

Thermal Properties - No major na tu ra l  t h e r m a l  b a r r i e r s  

should ex i s t  closer than 20 f e e t  to avoid undesirable  

temperature rises. (See 4.3, 9.2.3) 

Mechanical Properties - The medium must s a f e l y  support  
excavation of openings even while  thermally loaded. 

Clay seams and zones of unusual s t ;uctural  weakness 

~.-  should be avoided i n  s e l e c t i o n  of the  repos i tory  
f- .$ 
,;f,:. ; 1 '  horizon. (See 9.2.4) 

Chemical Properties/Mineralcgy - Beds of unusual 

composition and/or containing minerals w i t h  bound 

water should not  occur wi th in  20 feet of the waste 
horizon. This  w i l l  l e s sen  the  unce r t a in t i e s  w i t h  

regard to  thermally dr iven geochemical interactions. 

(See 4.3, 7.2. 7.3, 7.4, 7.5) 

( : ' > ? ; , ,  k ;  * ~ \  i I 

, !  : 
< I  
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- Radiat ion Ef fec t s  - While no unacceptably d e l e t e r i o u s  

effects are pos tu la ted ,  t hese  phencmena are best 

quan t i f i ed  i n  halite and thus  the purer rock salt beds 

are des i red  f o r  high- l e v e l  waste. (See 9.3) 

Permeabi l i ty  - S a l t  has very low permeabi l i ty  and only 

the inter-beds and surrounding media are considered 

for s i t i n g  wi th  respect to  t h i s  factor. Low 

permeabi l i ty  is des i r ab le ,  but  q u a n t i t a t i v e  l i m i t s  

need not be s p e c i f i e d  for si te se l ec t ion .  ( S a l t  

permeabi l i ty  to gases may be important i n  e s t a b l i s h i n g  
waste acceptance criteria.) (See 9.2.3) 

Nuclide Mobil i ty  - T h i s  is a secondary f a c t o r  i n  

s i t i n g  s ince  confinement by the salt and i s o l a t i o n  

f rm water is the  bas i c  i s o l a t i o n  premise. Ion  

sorp t ion  must be determined to  allow q u a n t i f i c a t i o n  of 

s a f e t y  analyses and t o  i n d i c a t e  whether engineered 

b a r r i e r s  (clay) would be benef ic ia l .  (See 9.3) - Economic/Social Compatibi l i ty  C r i t e r i o n  - The site m u s t  be operable  

a t  reasonable economic cost and should not c r e a t e  

unacceptable i m p a c t  on na tu ra l  resources  or t h e  

b io logica l / scc io logica l  environment. 

Factors :  Natural  Resources - Unavoidable c o n f l i c t  of the 

r epos i to ry  w i t h  actual or p o t e n t i a l  resources  w i l l  be 

minimized t o  the  e x t e n t  possible .  (See Chapter 8) 

Man-made Pene t r a t ions  - BOrehOles or shafts which 

pene t r a t e  through t h e  salt i n t o  underlying a q u i f e r s  

~. ~ shall be avoided wi th in  one m i l e  of the repos i tory .  

: \  

, 
',' Exis t ing  mining a c t i v i t y ,  unre la ted  t o  t h e  r epos i to ry ,  

should not be present  wi th in  two m i l e s  of the 

reposi tory.  Future ,  con t ro l l ed  mining, w i l l  be 

allowable up to  one m i l e  f r m  the repos i tory .  Future  

s t u d i e s  may permit s t i l l  closer mining and d r i l l i n g  if 
properly cont ro l led .  (See 2.3, Chapter 4) 

, * 
. .  

. .. 
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Transportat ion - Transportat ion should be capable of 

ready developnent. Avoidance of population cen te r s  by 

t r anspor t a t ion  routes is not a f a c t o r  i n  WIPP s i t i n g .  

(Not addressed i n  GCR) 

Accessibility - The s i t e  should be r e a d i l y  accessible 

for t r anspor t a t ion  and u t i l i t i e s .  ( N o t  s p e c i f i c a l l y  
addressed i n  GCR; see Chapter 2 f i g u r e s )  

Land J u r i s d i c t i o n  - S i t i n g  w i l l  be on f e d e r a l l y  
con t ro l l ed  land t o  the  ex ten t  possible .  ( N o t  

s p e c i f i c a l l y  addressed i n  GCR; see Chapter 2 and 8 

f i g u r e s )  

Population Density - Proximity t o  population cen te r s  

and r u r a l  habitats w i l l  be considered i n  s i t i n g .  L o w  

population dens i ty  i n  the  i m e d i a t e  s i t e  area is 
des i rab le .  (Not addressed i n  GCR) 

Ecological Effects - Major impacts on ecology due t o  

cons t ruc t ion  and opera t ion  should not occur. 
Archaeological and historical f ea tu res  of s igni f ’  scance 

should be preserved. ( N o t  addressed i n  GCR) 

Socio logica l  Impacts - Demographic and economic 
effects should not result i n  unacceptable sociological 

impacts. ( N o t  addressed i n  GCR) 

One may slmrmarize the  WIPP s i t i n g  c r i t e r i a  having the g r e a t e s t  i m p a c t  as 
f 011cWs : 

Avoidance of land wi th in  one mile of any boring through t h e  Ochoan 

evapor i tes  and i n t o  the  Delaware or deeper formations. 

S a l t  of high pu r i ty  a t  a depth between 1000 and 3,000 f t .  

Avoidance of areas where d i s so lu t ion  had advanced t o  t h e  top Of 

Salado or deeper l eve l s ,  by e s t ab l i sh ing  a d is tance  of one mile or 
more fran d i s so lu t ion  f r o n t s  a t  t h e  top  of Salado. 
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Avoidance of possible salt deformation i n  a be l t  6 miles wide 
basinward from the Capitan reef. 

Avoidance of pronounced known an t i c l ina l  s t r u c t u r e s .  

Avoidance of known o i l  and gas trends. 

Avoidance of the known potash enclave above the repository and 

minimizing conf l i c t  w i t h  the known enclave i n  the buffer zone. 

Minimize exis t ing potash lease r igh t s  i n  Zones I and 11. 

Minimize s t a t e  and private land i n  Zones I through IV. 

These c r i t e r i a  were applied to all areas within the  Delaware Basik i n  New 

Mexico. Figure 2-8 i l l u s t r a t e s  result of application of the expanded s e t  

of c r i t e r i a .  Two alternate sites survived the constraints  i m p o s e d  by t h e  

s i t e  selection c r i t e r i a .  

2.3.'7 Preferred Preliminary Si te  Selection 

Since only two a l te rna te  sites i n  the  New Mexico part of the Delaware 
Basin withstood the set of revised Stage I1 s i t i n g  c r i t e r i a ,  the  

preliminary selection of a preferred si te was f a i r l y  straightforward. 
Alternate I, naw known as ' the  Los Medanos site, appeared t o  be t h e  

preferred site. Alternate 11 w a s  cons,idered less desirable because  i t  

w a s  restricted i n  size,  the acceptable salt zones were deeper, and the  

high-purity salt lying between the Cowden anhydrite ( i n  the lower Salad0 

Formation) and the  Cas t i le  w a s  thought to be absent. The top of the  

Salado w a s  about 800 feet deep a t  Los Medanos versus 1500 feet  a t  

Alternate 11. O t h e r  factors  that  favored the select ion wera: 

Structural  interpretat ion of w h a t  seismic data was then  available t o  

Sdndia indicated the  Los Medanos si te would be i n  a synclinal area 
unfavorable for o i l  and gas acccmulation. 
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Similarly, if the site were i n  a syncline, geopressured brine 

reservoirs would be less l ikely.  

The Alternate I1 area lay  adjacent t o  the  Double X and Triple  X 

S h a l l a r  o i l  f i e lds  where water flooding for secondary recovery could 

occur. 

No seismic exploration data whatsoever w a s  available t o  Sandia on the 

Alternate I1 area, and only pa r t i a l  coverage a t  Los  Medanas. 

Sandia Laboratories selected the Los Medanos a l te rna te  as the best 

candidate area i n  ear ly  December, 1975. Figure 2-9 i l l u s t r a t e s  how the  

s i t i n g  c r i t e r i a  apply to the Los Medanos site. 

Geological characterization a c t i v i t i e s  were then expanded to focus on 

obtaining subsurface data a t  the Los Medanos site. 

of these programs is given i n  Section 2.5. 

A descriptive srrmmary 

2.4 STATUS OF STDDIES 

I n  review, geologic studies for the WIPP f a l l  naturally i n t o  three 
d i f fe ren t  phases: preliminary s i t e  selection a c t i v i t i e s ,  geological 

characterization, and s tudies  of long-range geologic processes affecting 

a repository. Preliminary site selection activities are ccmplete now; 

these mnsis ted  primarily of national and regional studies over the past 

f i f t een  years, and resulted i n  selection of the WIPP study area for  

geological characterization. The work of geological characterization 

should be considered t o  have begun with the  d r i l l i ng  of ERM 9 and the  

i n i t i a t i o n  of seismic ref lect ion work on t h e  s i t e .  That  geological 

characterization, which is primarily oriented to provide specific data 

concerning the present geology of the  s i t e ,  w i l l  be vi r tua l ly  complete i n  

1978 when t h i s  Geological Characterization R e p o r t  is s u h i t t e d  t o  DQE; 
much basic information has been gathered indicating no major technical 

problems w i t h  the  s i t e  a s  it is now understood. Studies of long-term 1 
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processes which might affect a repository or have an e f fec t  on safe ty  

analyses w i l l  be the major geotechnical ac t iv i ty  fo r  t h e  WIPP project 
after 1978, although sane of these a c t i v i t i e s  are already underway. 

These s tudies  w i l l  concern the age of s ignif icant  features  and t h e  rates 
and processes which produce those  features.  

w i l l  be use fu l  i n  increasing the confidence i n  evaluation of the safe ty  
of a repository when a decision is necessary regarding conversion of the 

WIPP to a repository. 

- 

The information so gained 

2.5 EXPLORATION l"IQWS 

Much of the geological characterization of the WIPP study area is done 

using exploration geophysics and boreholes. 

seismic reflection data and 9000 r e s i s t i v i t y  measurements were collected 
and 47 drillholes completed t o  suppor t  WIPP geological characterization 

to  date (August, 1978). For mnvenience, the boreholes are l i s t e d  i n  

Table 2-2 according to primary objective. Twelve geologic exploratory 

About 75 l i n e  miles of new 

holes ( t w o  by ORNL and ten by Sandia Labs) have been d r i l l e d  t o  date i n  - 
support  of t h i s  program (Table 2-2A); three holes were d r i l l ed  a t  the  old 

study area, two are located off the WIPP site, and seven were d r i l l e d  on 

t h e  WIPP site. ERDA 9 is located a t  the center of the present study area 

(Figure 2-10). These boreholes were extensively logged, cored, and 
drill-stem tested i n  the  evaporite section. The cores form the basis for 

several  continuing laboratory studies that are important to an 
understanding of the physical and chemical phenanena associated w i t h  the 

WIPP and contribute to general knowledge about the formation of 
evaporites. 

o u t s i d e  the immediate si te to obtain dissolution and paleoclimate data. 
Twenty-one holes (Table 2-2B) were d r i l l ed  i n  conformance w i t h  industry 

standards to obtain core from the potash zones t o  supplement more than  30 

ex is t ing  industry holes for evaluation of potash  resources within the  

WIPP study area by the USGS and the U.S. Bureau of Mines (Figure 2-11). 
When tha t  evaluation is complete, others may use the core for s tudies  Of 

potash ore formation. Fourteen hydrologic holes (Table 2-2C) have been 
d r i l l e d  and four potash holes converted to  hydrologic monitoring to  

TWO of the exploratory boreholes have been d r i l l e d  w e l l  

- 
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provide a total of eighteen holes now dedicated to  hydrologic s tud ie s .  

Hydrologic tests of the Bell Canyon Formation underlying t h e  evapor i tes  
have also been conducted i n  t w o  of t h e  exploratory boreholes, one 

nor theas t  and one s o u t h  of the si te .  Btcept for ERDA 9 ,  none of the  

boreholes wi th in  Zones I, 11, or I11 penet ra te  as deep as t h e  r epos i to ry  

horizons.  Future holes w i l l  sample repos i tory  horizons within these 

zones. 

- 

Seismic r e f l e c t i o n  da ta  ava i l ab le  from petrolem oanpanies and 26 l i n e  

miles i n i t i a l l y  obtained s t r i c t l y  for t h e  s tudy area (Figure 2-12), were 
collected using standard techniques fo r  the p e t r o l e m  industry.  The data 

are exce l l en t  f o r  i n t e r p r e t i n g  deeper s t r u c t u r e ,  b u t  are not as usefu l  
fo r  showing reflectors i n  the  upper 3000 feet. I n  1977, about 48 l i n e  

miles of new data  (Figure 2-13) were co l l ec t ed  using shorter spacings for 
geophones, higher f requencies  from v ib rose i s  u n i t s ,  and higher rates of 

da ta  sampling. These data show much improved r e f l e c t i o n s  f r a n ,  and 

better r e so lu t ion  i n ,  the  shallow sec t ion  of i n t e r e s t .  R e s i s t i v i t y  has 

&so been ex tens ive ly  used as a cha rac t e r i za t ion  tool. F i e l d  tests 

indica ted  that  r e s i s t i v i t y  c o u l d  detect c e r t a i n  types of so lu t ion  

, fea tures ;  more than 9,000 measurements have been taken i n  t h e  s tudy aces 
to  search for such f e a t u r e s  (Figure 2-14). Additional measurements of 

r e s i s t i v i t y  using expander a r r ays  have been made t o  s tudy r e s i s t i v i t  

changes wi th  depth and to  help i n t e r p r e t  t h e  detailed measurements 

(Figure 2-15). Analysis of geophysical data for the geological  

cha rac t e r i za t ion  w a s  near ly  cmplete by Summer, 1978. One r e s i s t i v i t  

anomaly was dr i l led to  determine the  c a u s e  of the anomaly and 

consequences, i f  any, for the WIPP. This  anomaly did not result fran 

d i s so lu t ion  phenanena. Further detailed geophysical i nves t iga t ion  of the  

si te,  using techniques previously described for better r e so lu t ion  of 

shallow horizons, is now underway (Summer, 1978) f o r  t h e  primary purpose 

of providing detailed engineering information. 

A v a r i e t y  of s t u d i e s  to  continue geological  cha rac t e r i za t ion  and 

con t r ibu te  to  long-range assessments are under way. Studies  directed 

pr imar i ly  toward geochemistry include water chemistry and stable isotope 
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s t u d i e s  of su r face  and subsurface water of t h e  Delaware Basin; f l u i d  - 
i nc lus ion  s t u d i e s  of the evapor i t e  beds; chemical and mineralogic  e f f e c t s  

of an igneous i n t r u s i o n  i n t o  t h e  evapor i t e  section; Rb/Sr da t ing  of 

potash ores; and s o r p t i v e  capacities of evapor i tes  and a s soc ia t ed  rocks 

for var ious radionucl ides .  The d i s s o l u t i o n  h i s t o r y  f o r  the area and the 

local paleoclimate are being inves t iga t ed  through a n a l y s i s  of a core 
taken fran a s ink i n  nearby San Simon Swale. P i e l d  i n v e s t i g a t i o n s  of t h e  

climatic h i s t o r y  and s t a b i l i t y  of the Pecos River drainage are beginning, 

and caliche s t u d i e s  w i l l  form a s i g n i f i c a n t  part of this e f f o r t .  S tudies  

of LANDSAT images w i l l  conclude i n  1979. I n  addi t ion ,  t h e  f i r s t  200 km 

of the  f i r s t -o rde r  l e v e l  l i n e  from Carlsbad to  El Paso, Texas, has been 

resurveyed to  examine reg iona l  t e c t o n i c  movements assoc ia ted  w i t h  the 

West Texas salt f l a t s  graben and trans-Pecos volcanic  area. A 

first-order l e v e l  l i n e  has also been e s t ab l i shed  f r a n  C a r l s b a d  east to 
the  WIPP site through Nash D r a w  for f u t u r e  assessment of t e c t o n i c ,  

e ros ion ,  so lu t ion ing ,  and subsidence phenomena. Further assessment of 
bas in  t e c t o n i c s  may be derived through measurements of i n  s i t u  stress. 

These long-range studies w i l l  cont inue u n t i l  s u f f i c i e n t  data are 
a v a i l a b l e  to  permit reasonable and confident  assesgllent of t h e  r i s k s  

involved i n  having a repository i n  bedded salt i n  southeas te rn  New 

Mexico. These s t u d i e s ,  plus the successfu l  opera t ion  of t he  WIPP as a 

demonstration f a c i l i t y ,  are essential fo r  the d e w l g m e n t  of cri teria for 

the conversion of the WIPP to  a repos i tory .  

Bedded salt has been a leading  candida te  as a r o c k  type for the storage 

of r ad ioac t ive  waste; a cunbinat ion of t echn ica l  f a c t o r s  has l e d  to  the 

examination of the Delaware Basin i n  southeas te rn  New Mexico as a 

l o c a t i o n  f o r  the WIPP. Through prel iminary s i t e  s e l e c t i o n  and partial 

si te cha rac t e r i za t ion  of an e a r l y  s i t e  near t he  WIPP, s i te  selection 

cr i ter ia  and f a c t o r s  which are rather specific to  southeas te rn  New Mexico 
were ref ined ,  and a new prel iminary si te w a s  selected. Chapter 2 

conta ins  the desc r ip t ion  of the cri teria and f a c t o r s  used i n  t h i s  process 
a s  an in t roduct ion  t o  the geological cha rac t e r i za t ion  of the  WIPP si te - 
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- 
conta ins  both Late  Cambrian and Early Ordovician fauna i n  New Mexico 
(Harbour, 1972). The evidence indicates that i n  its easternmost 

localities, the e n t i r e  B l i s s  is of Early Ordovician age (Bayes, 1975). 
Hayes reported i n  1964 that it is very l i k e l y  that the  B l i s s  i n  the  

subsurface of t h e  Guadalupe Mountains area is e n t i r e l y  Ordovician. 

Foster  (1974) also considers  that the  B l i s s  sediments of the  southeastern 

N e w  Mexico Delaware Basin area probably c o r r e l a t e s  only w i t h  t h e  

Ordovician part of the u n i t  as defined i n  Texas. 

.-. 

, ,  
5 ,  Ordovician Rocks  The Lower Ordovician s e c t i o n  is composed mainly Of "pi; '> E:., 

.c carbonates  deposited i n  a shallow sea w i t h  a r e l a t i v e l y  calm she l f  .-_,c 

environment (see Figure 3.3-2). I n  1904 Richardson named exposures i n  

the Frankl in  Mountains the  El Paso Limestone (Bayes, 1975). Cloud and 

Barnes (1948) named exposures i n  western and c e n t r a l  Texas t h e  

Ellenburger Group, and t h i s  name is coarmonly appl ied  to  subsurface rocks 

i n  t h e  Permian Basin. Sane workers have subdivided these rocks  i n t o  
formational  groupings that are recognizable over much of the  region. For 

discussion of nomenclature and detailed s t r a t ig raphy ,  r e f e r  to Hayes 

(1955). 

Where the  E l  Paso crops o u t  i n  the Sacramento m u n t a i n s  escarpnent, it is 

composed of up to about 420 feet of light-to-olive-gray, very f ine- to  

medium-grained doiaite.  Thin to m e d i u m  beds pre&aminate. c h s r t  nodules 

occur sporadica l ly ,  and in t e rbeds  of dolmitic qua r t z  sandstone are 

common toward the base, der ived from erosion of rocks to  the east. I n  

t he  Sacramento Mountain area, at  l e a s t ,  t h e  E l  Pam appears to be either 

t ime- t rans i t iona l  with the B l i s s  Sanastone or separated frm it by a 

minor disconforinity (Pray, 1961) .  To the southeast, i n  the subsurface of 

the Guadalupe Mountains, t h e  El Pam oanprises frOm 520 to  550 f e e t  of 

gray,  f ine- to  medium-grainee, c r y s t a l l i n e ,  s i l i c e o u s  dolomite wi th  some 

sand near the base an8 top and some l ight-colored aphan i t i c  chert. 

Eastward i n  t h e  Delaware Basin over 700 feet of E l  Paso or Ellenburger 

has been encountereci. In  the New Piexico por t ion  of the basin,  the 

formation is almost e n t i r e l y  a l ight-gray to gray c r y s t a l l i n e  d o l a i t e  

w i t h  m a l l  amounts of sandstone; much Chert is present  i n  some localities 
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near the top of the section (Baigler, 1962). South and southeastward i n  
the  west Texas Delaware-Val Verde Basin area, the Ellenburger reaches a 

maximum thickness of a t  l ea s t  1,600 feet and is mmposed a l m o s t  en t i r e ly  

of limestone and dolomite (Vertrees et  al.,  1959). Its limestones are 

light-gray and dominantly sublithographic, becoming purer uprard; t h e  

dolomites range from coarse-grained pale rocks, generally near t h e  bot tom 

t o  finer-grained, more brightly colored ones above (Cloud and Barnes,  

1946). 
. .  

. . .  
. i  
, , .  

Middle Ordovician sediments comprising the Simpson Group are  recognized 

i n  the  subsurface from the Guadalupe Mountains area through t h e  Delaware 

Basin and eas t  i n to  Texas. The Simpson th ins  rapidly t o  the w e s t  a t  an 

average r a t e  of about 10  feet per mile (Hayes, 1964) .  wedging o u t  near 

Artesia,  New Mexico. To the north,  it extends t o  the l a t i t ude  of Roswell 

and elsewhere is truncated by erosional unconformities. Where t h e  

Simpson, or equivalent, is encountered within the New Mexico portion of 

the  Delaware Basin,  it ranges i n  t h i c k n e s s  f ro i  l e s s  than 200 feet t o  

1,850 f e e t  i n  southern Lea County (Nicholson h Clebsch, 1961). In  the 

basin, the Simpson consists of 3 main layers of limestone, a l ternat ing 

w i t h  thinner green, brown and black shale, black shale w i t h  rounded 

quartz grain inclusions, and sandstone (Haigler, 1962). Towards the 

s o u t h  and southeast, the  formation thickens considerably, reaching a 
maximm of a t  l e a s t  2,250 feet before wedging o u t  i n  the Marathon 

Mountains region. Shaly facies  predominate towards the  s o u t h .  I n  the 

Delaware-Val Verde region, t h e  sandstones and some of the carbonate 

members are  potent ia l  o i l  and gas reservoirs (Vertrees et  al . ,  1959). 

-. 

In  the  subsurface of the Permian Basin, t he  Simpson is overlain 

conformably by carbonates of the Montoya Group, assigned t o  the Middle 

and Late Ordovician by Hayes (1975). 

Franklin Mountains, the  Montoya ranges i n  thickness from about  140 t o  250 

feet ,  averaging about 200 t o  225 feet, and consists of a lower o l ive  gray 

to d a r k  gray cliff-forming dolomite with a thin,  very coarse-grained 

quartz sandstone a t  the base and an upper, l ighter  colored cherty and 

finer-grained, slope-forming dolomite. The top of the group i s  m a r k e d  by 

A t  the  type l o c a l i t y  i n  the  
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a zone of bedded chert (Bachman and Myers, 1969). Eastward i n  the  n o r t h  

part of the Delaware Basin, t h e  Montoya r inges  from about 280 t o  440 f e e t  

i n  thickness  and c o n s i s t s  of medium-to dark-gray dolomite wi th  m i n o r  

amounts of dark gray limestone and c h e r t  (Haigler,  1962). Where it 

occurs on the  Cen t ra l  Basin Platform, the  Montoya is a cher ty  l imestone 

about  150 feet t h i c k .  To t h e  s o u t h ,  t he  Montoya is composed of p r imar i ly  

chert and dolomite, reaching a m a x i m u m  thickness  of 600 feet (Vertrees et  

al., 1959).  

The uppermost r o c k s  of Ordovician age i n  the area  consist of a gene ra l ly  

l ight-gray,  thin-bedded dolomite w i t h  sme marl. I t  had been included by 

Darton (1917, 1928) a s  the lower part of the Fusselman, but having been 

recognized by Kelley and S i l v e r  (1952) as Ordovician, it was removed from 

the  Pusselman and renamed the Cut te r  Formation. Pray (1954) called it 

t h e  Valmont, where he encountered. i t  i n  t h e  Sacramento Mountains. NOW, 

however, these beds have been e s t ab l i shed  as the Cut te r  M e m b e r  of the 

- Montoya Dolomite (Harbour, 1972; Bachman and Myers, 1969).  

S i l u r i a n  R o c k s  The S i l u r i a n  of the southeas t  New Mexico - west Texas 

areas c o n s i s t s  of t h e  Fusselman limestone and the carbonates and shales 

of an "Upper S i lu r i an"  un i t ,  b o t h  of which were deposited in a broad 

subs id ing  area named t h e  Tobosa Basin. 

The Fusselman rests unconformably on the L a t e  Ordovician Montoya and 

ranges i n  th ickness  from 0 t o  1,000 feet i n  p a r t  of southern New Mexico 
and west Texas, and t h i n s  westward and northward i n t o  an eros iona l  wedge 

(Hayes, 1975) .  It is composed of a massively-bedded, c lean,  

l igh t -co lored  dolomite and l o c a l l y  l imestone. The l imestone facies i s  

dominant to  the southeast ;  a thicker dolomite facies is dominant to  t h e  

n o r t h  and w e s t .  The Fusselman has been dated as Middle S i l u r i a n  and 

poss ib ly  also Ear ly  S i l u r i a n  i n  age (McGlasson, 1968; Hayes, 1975; Pray 

1958) .  
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I n  the  Sacramento Mountain area, t h e  sequence overlying t h e  Montoya has 

been divided by Pray (1953, 1954, 1961) i n t o  two units. The lower 

member, which he termed t h e  Valmont, is composed mostly of l i g h t  gray,  
very f i n e l y  tex tured  dolomite ranging i n  th ickness  from 150 t o  225 feet. 
The upper part of t h e  sequence i n  t h e  Sacramento area, recognized by Pray 

(1954) as S i l u r i a n ,  comprises a medium t o  f i n e l y  c r y s t a l l i n e ,  l i g h t  to 

medim gray, cher ty  dolomite not exceeding 100 f e a t .  As i d e n t i f i e d  i n  

the subsurface of the Guadalupe Mountains, t h e  Fusselman ranges from 580 

feet to about 740 feet of white  to  l i g h t  gray ,  coarse t o  medium 

crystalline dolomite, which c o n t r a s t s  sharp ly  w i t h  the darker ,  

f ine-grained underlying Montoya (Hayes, 1964). I n  the  Delaware Basin,  

the Pusselman is a light-colored dolomite containing abundant chert and 

two t h i c k  limestone i n t e r v a l s .  It reaches its maximum th i ckness  i n  

southern Lea Country. Eastward across the Cen t ra l  Basin Platform, the 

Fusselman is represented by a c o a r s e g r a i n e d  c r y s t a l l i n e  glauCOnitiC 

limestone and dolomite 180 t o  200 f e e t  t h i c k  (Nicholson h Clebsch, 1961). 

~- 
The subsu r fam u n i t  informally called the  "Upper S i lu r i an"  c o n s i s t s  of a 

sha ly  facies to the southeast and much thicker  carbonate  facies to the 

nor th  and west. The u n i t  is more restricted a r e a l l y  than is t h e  

underlying Fusselman, pinching o u t  northward and westward across 
north-central  Eddy and Lea Counties. The carbonate  facies predominates 

i n  the New Mexico por t ion  of the-Delaware Basin and includes bo th  

l imestones and dolomites,  reaching over 1,500 feet i n  th i ckness  
(KcGlasson, 1969). On the Central Basin Platform, it c o n s i s t s  of 180 

feet of green, gray,  and black shales interbedded w i t h  dense limestones 

(Nicholson 6 Clebsch, 1961). Southward i n t o  Texas, t h e  sha ly  facies is 

composed of b r igh t  green to dark b r m  shales and white  to brown 

calciluti tes w i t h  a m a x i m u m  th ickness  of 300 feet (McGlasson, 1968) .[ 

Devonian Rocks Lower t o  Middle Devonian rocks are known Only from 
subsurface explorat ion,  and only i n  the  southeas te rn  corner of Lea 

County, New Xexico. C a l l e d  the  "Devonian" r o c k  u n i t  by McGlasson (19651, 
these rocks are more restricted i n  area than the "Upper S i l u r i a n "  and - 
range i n  th ickness  from zero to  1,000 f e e t  i n  the v i c i n i t y  of Crane 
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County, Texas. The u n i t  is composed pr imar i ly  of chert i n  t h e  southwest ,  

grading northeastward i n t o  d a r k  siliceous micrite and light-colored 

ca l ca ren i t e .  After deposi t ion,  t h e  u n i t  underwent considerable  

d i agene t i c  a1 ter a t  i o n .  

I n  the western part of the region, along t h e  Sacramento Mountain 

escarpnent,  a u n i t  dated as upper Middle Devonian, t h e  Onate, has been 

recognized (Pray, 1954, 1961). It c o n s i s t s  l a r g e l y  of dark gray t o  o l i v e  

gray,  very f i n t g r a i n e d  dolomite mixed w i t h  coarse s i l t  to very f i n e  

qua r t z  sand, w i t h  minor shale, increas ing  to the south. Small, i r r e g u l a r  

chert or sil icified dolomite nodules several inches long are d i s t i n c t i v e  

lithologic features of the upper part of the formation i n  the cen t r a l  and 

northern parts of the escarpnent.  To t h e  west t h e  Onate forms beds 

gene ra l ly  less than 1 foot t h i c k  and r a r e l y  thicker than 2 feet but is as 

much as 60 feet t h i c k  i n  the c e n t r a l  escarpnent area, thinning northward .. . 
and southward. ,,, .,,', .. e:;. 

"--. 
Upper Devonian r o c k s  i n  the subsurface of the  southeas t  New Mexico area 

..... r,,. 
,I c o n s t i t u t e  the Woodford shale, po r t ions  of which are also var ious ly  known .~ 

as the Percha shale and C a n u t i l l o  Formation. These rocks are described 

by McGlasson (1968) as extending from e a s t e r n  Chaves and southern 

Roosevel t ,Count ies  i n  New Mexico, southward and eastward through western 

Texas and ranging i n  th ickness  from zero to approximately 700 feet near 

the southeast  m r n e r  of Lea County, wi th  an average of 200 feet elsewhere 

(Vertrees e t  al., 1959). The Woodford is a dark brown to  black, fissile, 

bitminous, spore-bearing shale which becomes arenaceous northward and 

conta ins  black chert to  the sou th  and w e s t  (McGlasson, 1968). 

Across the Cent ra l  Basin Platform, the .rocks c o r r e l a t i v e  t o  the Woodford 

i n  age cons i s t  of interbedded, calcareous chert and s i l i c e o u s  lirdeStOne, 

reaching a maximum thickness  of 980 feet (Nicholson & Clebsch, 1961). 

Westward i n  the northern Delaware Basin, the u n i t  decreases to  less than 

about 200 feet t h i c k  and is an organic  p y r i t i c  shale. I n  the Guadalupe 

Mountain area,  the u n i t  comprises less than 100 feet of dark gray, 

l o c a l l y  s i l t y  shale, w i t h  a f e w  feet of d a r k  or medium gray  chert at  its 
Î  
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base (Hayes, 1964). A t  the northwestern l i m i t  of the u n i t  i n  the 

Sacramento Mountains, the lower Upper Devonian section has been cal led 

t h e  Sly Gap Formation and consis ts  of up to 50 f e e t  of calcareous, 

yell-gray to  dark gray shale w i t h  i r regular  nodular limestone becoming 

pre-inant upward. T h i s  uni t  is absent i n  t h e  sou th  half of t h e  

escarpnent, where the Upper Devonian is represented by a dark gray 

noncalcareous shale, considered equivalent of the Percha s h a l e  and 

recognized southward as the  Woodford (Pray, 1954). 

The Woodford and equiva len t  un i t s  are transgressive and lie unconformably 

on an erosional surface formed on the r o c k s  of the  older Devonian section 

through the  OrdDvician Montoya Group. According t o  McGlassOn (19681, t h e  

upper portion of the Woodford deposition' probably was deposited i n  Early 

Mississippian time. A t  its upper l i m i t ,  the  Woodford is conformably 

overlain by limestones and sandstones of the Early Mississippian. 

Mississippian Rocks  Mississippian rocks throughout most of the southeast 

New Mexi-west Texas area cons is t  of limestones overlain by shales, 

which together a t t a i n  a maximuo thickness of sane 2,400 f e e t ,  truncated 

by erosional unconformities (Vertrees et  al.,  1959). Rocks  of def in i te  

Mississippian age appear t o  be absent  across t h e  C e n t r a l  Basin Platform 

(Nicholson d Chelbsch, 1961). 

- 

( 1  ,, . . I 

, , . .  . ,  
, ,  , The Lower Mississippian Kinderhwkian-Osagian se r i e s  is represented i n  

southeast N e w  Mexico and west Texas by a limestone uni t  (Roswe l l  Geol. 

Soc. 1958). I t  is 365 f e e t  t h i c k  i n  the Guadalupe Mountains and 220 t o  
320 f e e t  i n  the northern Delaware Basin, thickening to  the southeast and 

thinning t o  the west (Haigler, 1961).  The limestone is l igh t  gray to 

brown, f ine ly  c rys ta l l ine  and commonly cherty, w i t h  a basal dark gray 

organic-rich shale un i t .  The limestone pa r t i a l ly  grades t o  shale 

southeastward from t h e  northern margin of the  Delaware Basin (Brokaw e t  

al . ,  1972; Haigler, 1962). The northwestern face of the Sacramento 

Mountains contains exposed uni ts  of equivalent age, b u t  detailed 

correlat ion w i t h  the  foregoing surface data from the r e s t  of the area is 

unreliable (Haigler, 1962). The Kinderhwkian here is represented by Up 
1 
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to  60 feet of Cabal lero l imestone and calcareous shales .  The overlying 
Osagian series Lake Valley Formation, which attains a thickness  of about  
400 f e e t  i n  the northern and c e n t r a l  Sacramento Mountains, is composed of 

6 members wkse dominant l i thology is limestone containing var ious 

amounts of chert and a rg i l l aceous  and biohermal materials (Pray, 1954). 

The Upper Mississippian r o c k s  i n  the  subsurface of Southeast New Mexico, 

apart fran t h e  Sacramento area, c o n s i s t  of black,  brown and gray s h a l e  

much of which is s i l t y ,  var ious ly  named the Barnett, Chester or Meramec 
(Brokaw e t  al., 1972; Haigler ,  1962). N e a r  the north and w e s t  edges of 
the Delaware Basin, and i n  the Guadalupe Mountains, gray l imestone beds 

occur a t  t h e  top  of t h e  Mississ ippian shale, w i t h  sane in te rspersed  t h i n  

sandstone beds. To the east and south, i n  the  c e n t r a l  por t ion  of the 

Delaware Basin, the u n i t  c o n s i s t s  of between 250 and 320 f e e t  of 

p r imar i ly  a black a rg i l l aceous  shale w i t h  a d a r k  gray to  black calcareous 

shale of sha ly  limestone romprising approximately the lower i00 f e e t  of 

s e c t i o n  (Haigler,  1962). Equivalent age r o c k s  i n  the western part of the 

region have been defined as the  Rancheria and H e l m s  Formations of 

Meramacian and Chester ian age, respec t ive ly .  The Rancheria, w h o s e  type 

l o c a l i t y  is nor th  of El Paso, Texas, c lose ly  resembles t h e  Lower 

Mississ ippian l imestones of the southeast N e w  Mexico area. (For detailed 

desc r ip t ion ,  refer to  Harbour, 1972). The Rancheria is up t o  400 feet 
t h i c k  i n  the Frankl in  Mountains and 300 feet  a t  the south end of the 

Sacramento Mountains, thinning northward, and is cmposed of gray 

a rg i l l aceous  and s i l t y  thin-bedded limestone w i t h  minor shales and 

massive c r i n o i d a l  l h e s t o n e  s t r a t a .  Its basal  contac t  is an angular 

unconformity w i t h  the underlying Lake Val ley and Caballero.  The H e l m s ,  

of latest  Mississ ippian age, which reaches a maximum of 230 feet i n  t h e  

Frankl in  Mountains and only 60 f e e t  northward i n  the Sacramento 

Mountains, c o n s i s t s  of thin-bedded, a rg i l l aceous  limestone and yellow to 

g ray  calcareous interbedded s h a l e s  w i t h  lesser limestones (Harbour, 1972: 

Pray, 1954). 

I 
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Pennsylvanian R o c k s  

of the southeast N e w  Mexico-west Texas bas ina l  areas, eroding the exposed 

rocks and, upon subsequent Pennsylvanian deposi t ion,  producing a major 
angular unconformity called the Springer h i a t u s  (McGlasson, 1968).  

Re la t ive ly  rapid, almost cont inual  depos i t ion  i n  most of t h e  region 

r e s u l t e d  i n  a t h i c k  Pennsylvanian carbonate sec t ion ,  w i t h  l a r g e  v o l m e s  

of te r r igenous  elastics i n  sane places. The Pennsylvanian i n  places is 

t h i c k e r  than the entire underlying Paleozoic  sec t ion  (Pray, 1954).  Tota l  

th ickness  of the Pennsylvanian s e c t i o n  v a r i e s  fran a b o u t  3.000 feet i n  

t h e  Sacramento Mountains, near 2,500 feet i n  the northern Delaware Basin, 

and between 1,650 and 2,700 f e e t  i n  southern Lea County along t h e  Central  

Basin Platform. 

Post-Mississippian orogeny u p l i f t e d  and t i l t e d  much 

The rocks of Pennsylvanian age were derived frw a v a r i e t y  of d i f f e r e n t  

sources and deposited i n  increas ingly  a c t i v e  s t r u c t u r a l  s e t t i n g s .  As a 

result, the  lithology of the s e c t i o n  is highly va r i ab le ,  both 

ho r i zon ta l ly  and v e r t i c a l l y ,  and c o r r e l a t i o n s  on t h e  basis of mappable 

rock u n i t s  are d i f f i c u l t  to make (Pray, 1961; Oriel e t  al., 1967). 

Although a v a r i e t y  of schemes have thus  been u t i l i z e d  to subdivide t h e  

Pennsylvanian section of the area, the following d iscuss ion  employs the 

.- 

conmon usage of Morrowan through V i r g i l i a n  s t ages  as a framework for 

cons idera t ion  of the dominant lithologies and several formations / 
i d e n t i f i e d  i n  t h i s  region. 

~- 
1) Morrowan S e r i e s  O f  the  s t ages  present  i n  New Mexico, the basal 

Pennsylvanian Morrowan r o c k s  occupy t h e  smallest area and conta in ,  i n  t h e  

c e n t r a l  and northern portions of the Delaware Basin, the  largest 
proport ion of clastic material. These r o c k s ,  which mark  t h e  i n i t i a t i o n  

of a major t ransgress ion  climaxing i n  the Vi rg i l i an ,  a t t a i n  a th ickness  

of a b o u t  1,250 feet i n  the Permian Basin area and wedge out  northward i n  

sou theas t  New Mexico (Meyer, 1968). The Morrowan rocks i n  N e w  Mexico 

c o n s i s t  l a r g e l y  of limestone and shaly limestone; fine-grained sediments 

predominate (Bachman, 1975). 
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In t h e  Sacramento Mountains, a t  t h e  northwest ex ten t  of the  area, t h e  

basal Pennsylvanian strata were deposited on a surface of a t  least 100 

feet of local r e l i e f ,  t h e  lowest p a r t s  of which were f i l l e d  w i t h  coarse 
sandstone or cobble conglomerates der ived from Mississ ippian cherts. The 

percentage of shales and dark l imestones increase  upwards i n t o  the  

Atokan. These r o c k s  have been called the basal part of the Gobbler 

formation by Pray (1954). Southward across the Guadalupe Mountains a rea  

of the Northwest Shelf, t he  Morrowan c o n s i s t s  of from 230 t o  over 400 

feet of f i n e  to coarse-grained, poorly sorted, l o c a l l y  conglomeratic 

qua r t z  sandstone, mottled medium gray oolitic limestone and medium to 

dark gray  s h a l e ,  which resemble t h e  lower Gobbler as w e l l  as t h e  rocks of 
c e n t r a l  t o  northern New Mexico, c a l l e d  the  Sandia Formation (Hayes, 

1964).  Fine-grained detrital sediments t rend sou theas t e r ly  from the 

Pedernal U p l i f t  i n t o  the western Delaware Basin. Within the  Delaware 

Basin, the  Morrowan is cmpffied pr imar i ly  of brown to  gray a rg i l l aceous  

l imestones and gray quartzose sandstones w i t h  dark gray to black shale. 
~~~ . .  

Across the C e n t r a l  B a s i n  Platform i n t o  Texas, the basal Pennsylvanian 
.. :c - i ~ ' b ' '  

,, , ,  1 ,  , !  ,, , ,  1'. 
u n i t  is a black shale (Nicholson h Clebsch,  1961; Bachman, 1975). 

, a ,  

2) Atokan S e r i e s  The Early-Middle Pennsylvanian r o c k s ,  ass igned to  the  . 
A t o k a n  or Derryan Stage,  c o n s i s t  of dark-colored sandstones, shales and 

l imestones,  which a t t a i n  a maximm thickness  of about 1,000 feet. These 

r o c k s  were deposited over the e n t i r e  area, w i t h  the exception of the 

Pedernal U p l i f t  t o  the north (Meyer. 1968).  

Interbedded shales and d a r k  l imestone c o n s t i t u t e  the top of the 200 t o  

500 foot s e c t i o n  of t h e  lower Pennsylvanian Atokan depos i t ion  to  t h e  

northwest i n  the Sacramento Mountains (Pray, 1954). Southward i n t o  the 

nor thern  Delaware Basin, the u n i t  c o n s i s t s  of gray  to  brown and b l a c k ,  

f ine-grained to  dense limestone and chert and dark gray to  black shale 

w i t h  minor sandstone. I n  t h e  southern Delaware and Val Verde Basins 

region,  t he  Atokan rocks cons i s t  mainly of sandstones and shales i n  t h e  

lower p a r t  and carbonate rocks  i n  t h e  upper p a r t ,  reaching about  1.000 

feet i n  th ickness  (Vertrees et al . ,  1959). The top  of the Atokan s e c t i o n  

is t r a n s i t i o n a l ,  and is placed a t  t h e  change from dominantly te r r igenous ,  

d e t r i t a l  rocks b e l o w  to ,  predominantly carbonates above (Bachman, 1975). 

- 
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3) Desmoinesian Series  Upper-Middle Pennsylvanian Desmoinesian r o c k s  

are predominantly carbonates, and a t t a i n  a maximm thickness of about 

1,000 feet i n  the Delaware and Lucero B a s i n s  and i n  northwestern N e w  

Mexico (Bachnan, 1975). Sedimentation during t h i s  time was  primarily 

influenced by reef and adjacent shelf and basinal deposition within the 

areas of t h e  Permian Basin and Orogrande Basin t o  t h e  w e s t .  Also known 

as the Strawn, t h e  u n i t  is the  only readily ident i f iab le  Pennsylvanian 

r o c k  found widespread over the southeast N e w  Mexico-west Texas area 

(Vertrees et al., 1959). 

The Desmoinesian rocks of the Sacramento Mountain area cons t i tu te  up t o  

1,000 feet of contrasting facies:  a shelf limestone or reef, consisting 

allllast en t i re ly  of cherty ca l c i lu t i t e s ,  and a de l t a i c  fac ies  of equal 

thickness b u t  smaller l a t e r a l  extent ,  composed of quartz sandstones, 

subgraywackes, shales and minor limestones (Pray, 1954). Southward and 

eastward, i n  the Permian Basin area, the  Desmoinesian s t ra ta  were 

deposited i n  a variety of environments from back-reef lagoon, t o  reef, to  

deep marine basin - a spectrun which las ted  from t h i s  time through most 
Of the Permian (Meyer, 1968). W i t h i n  the Delaware Basin,  these rocks are  

typ ica l ly  dark brown, fine-grained cherty limestones, t h e  lower par t  of 

which may contain interbeds of gray shale and gray t o  white, 

medimgrained angular quartz sandstone (Meyer, 1966). Reef fac ies  of 

the Desmoinesian also extend south and eastward in to  the V a l  V e r d e  

Basin. The limestones of t h e  Desmoinesian within both the Delaware and 

V a l  Verde Bas ins  are knwn for t he i r  numerous s t ra t igraphic  t raps ,  and 

have been a t t r ac t ive  for o i l  and gas exploration (Vertrees e t  al.,  
1959). Desmoinesian limestones also occur across the Central Basin 

Platform i n t o  Texas. 

- 

4) Missourian Series  The Missourian r o c k s  of t h e  l a t e  Lower 

Pennsylvanian age const i tute  up t o  1,000 f e e t  of mostly e l a s t i c  

sediments,  such as interbedded arkose and arkosic sandstone, as w e l l  as 

mudstone and limestone, deposited i n  envirornnents similar to those of 

Desmoinesian t i m e  (Meyer, 1968; Bactnoan, 1975). 
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On the northwest, as much as 500 feet of thin-bedded, a rg i l laceous  

l imestone and shale of the Missourian overlie the she l f  limestone and 

d e l t a i c  deposits of t h e  Desnoinesian. Most of these r o c k s  reflect 
bas ina l  depos i t ion ,  but l o c a l l y  there w a s  cyclic depos i t ion  i n  turbulen t  
shallow waters (Pray, 1954). To the south,  Missourian r o c k s  are 
i d e n t i f i e d  genera l ly  only i n  the deeper parts of the Permian Basin area. 
Within the  New Mexico por t ion  of t h e  Delaware B a s i n ,  the  Missourian rocks 

c o n s i s t  of dark gray shales and l imestones,  qua r t z  sandstone, and some 

chert ,  ranging i n  thickness  from zero to  1,250 feet (Meyer, 1966). 

Toward the  V a l  Verde B a s i n  near the Texas-New Mexico border and across  

t h e  Cent ra l  B a s i n  Platform, the u n i t  grades i n t o  a dark gray, 

non-fossi l i ferous shale (Vertrees e t  al., 1959). The absence of da tab le  

materials i n  t h i s  u n i t  has made i ts  c o r r e l a t i o n  as Upper Pennsylvanian 

d i f f i c u l t  to ver i fy .  

5 )  V i r g i l i a n  S e r i e s  The uppermost Pennsylvania s e c t i o n  i s  similar t o  

that of the  Missourian but contains ,  i n  add i t ion  to  carbonates,  sane 

cont inenta l  shales, coarser clastics and evapor i tes .  
I 

Over most of the area t o  the northwest, a l g a l  r e e f s  up to  100 feet t h i c k  

formed. The Vi rg i l i an  deposi t ion grades upwards i n t o  more uniformly 

bedded, l ight-colored limestone w i t h  interbedded sha le  and minor 

sandstones. A t  the  top of the sec t ion ,  red shales and limestone 
cong lmera t e s  repeat c y c l i c a l l y  w i t h  nonred shales and massive nodular 

l imestone, i nd ica t ing  f luc tua t ions  i n  depth and gradual t r a n s i t i o n  t o  

f i n a l  emergence of the northwestern area.  The Upper Pennsylvanian u n i t s  

of t h i s  area were named the  Holder Formation by Pray (1959). Within t h e  

Permian Basin proper, over 1,000 f e e t  of V i r g i l i a n  l imestones and shales 

were w n c u r r e n t l y  deposited. Southward over the Northwestern Shelf and 

eas t e rn  s i d e  of the  Cent ra l  Basin Platform and northeastward of t h e  

Horseslne A t o l l ,  t he  series is represented by l imestone. Toward the 

Eastern shelf ,  the un i t  c o n s i s t s  of both mudstone and limestone wi th  sane 
interbedded sand (Oriel et al., 1967). Reefs formed along the northern 

margin of the  Delaware Basin (Meyer, 1968),  w h i l e  wi th in  the basin up t o  

1,000 feet of brown to  tan,  fine-grained l imestone, black t o  brown s h a l e  

and w h i t e ,  f i n e - t o  coarse-grained subangular quar tz  sandstone were 
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depos i ted  (Meyer, 1966). Southward i n  the  deeper part of the basin,  dark - 
nonfoss i l i f e rous  sha le ,  similar to  t h e  underlying Missourian, continued 

to be deposited.  

Permian Rocks. In  many parts of the southeast New Mexico area, the lower 

boundary of the Permian is difficult  to determine except on the basis of 
f u s i l i n i d s ,  because the Permian rocks are underlain by l i thologically 

similar Pennsylvanian rocks .  I n  the  Delaware and V a l  Verde Basins,  t h e  

boundary is located below severa l  hundred feet of dark gray mudstone 

un i t .  N o  l i t h o l o g i c  b a s i s  of recognizing the boundary is apparent on the 

Northwestern She l f ,  along the east margin of the Cent ra l  Basin Platform, 

or i n  t h e  area of the Horseshoe Atoll ( i n  the northern Midland Basin) .  

Only i n  the  s t r u c t u r a l l y  p o s i t i v e  areas where Pennsylvanian rocks are 
missing,  as i n  many loca t ions  on the  Cent ra l  Basin Platform, is the base 

of the Permian clear. I n  other places, such as the S i e r r a  Diablo, an 

angular unconformity separates the Permian frcin underlying un i t s .  Ages 

of basin r o c k s  to  the base of the Permian are usua l ly  ass igned through 

f u s i l i n i d s  i n t e r p r e t a t i o n  but it is smetimes d i f f i c u l t  because of the 

s c a r c i t y  of f o s s i l s  ( O r i e l  e t  al., 1967). The th ickness  of the Permian 

sediments e q u a l s  or exceeds the total thickness  of the  underlying 

Pa leozoic  systems. Details are presented i n  the d iscuss ions  of each 

series below. Figure 3.3-2 provides a schematic i l l u s t r a t i o n  of t h e  

subsurface d i s t r i b u t i o n  and r e l a t i v e  thicknesses  of the Permian. 

Most of the  major s t r u c t u r a l  elements that inf luenced Permian 

sedimentat ion i n  the area were w e l l  developed la te  i n  Pennsylvanian to  

very e a r l y  i n  the Permian; t h u s ,  marked d i f f e rences  i n  l i t ho logy  occur 

from the Northwestern she l f  region, through t h e  Delaware Basin and across  

t h e  Cen t ra l  B a s i n  Platform i n t o  t h e  Midland Basin,  and t h e  stratigraphic 
nomenclature differs from place to  place. I n  general ,  t h e  u n i t s  of the 

bas ins  con ta in  a much higher proport ion of clastics than do the ad jacent  

s h e l f  areas, and the bas in  carbonates are much less dolomi t ized  than are 

t h e  s h e l f  carbonates.  The r c c k  u n i t s  along t h e  basin margins are 
p a r t i a l l y  dolord t ized ,  and conta in  less clastics than equiva len t  she l f  

units. I n  common practice, the d i f f e r e n t  facies of the region have been - 
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,- 
related to  each other by t ime-strat igraphic  uni t s .  The provinc ia l  series 

names used i n  New Mexico and Texas are, from oldest to youngest, t h e  

Wolfcampian, Leonardian, Guadalupian and Ochoan (Oriel e t  al.,  1967). 

Figure 3.3-3 presents  a summary and c o r r e l a t i o n  of the major Permian 
formations of the region which a re  discussed b e l o w .  

1) Wolfcampian Series The Wolfcampian series cons i s t s  pr imar i ly  of 

l imestones and dolomites. A few reefs are present  on the shelves:  dark 

gray shales, sandstones,  and conglomerates are present  i n  the  basins.  

The bas ina l  sediments of t h e  Delaware, Midland and V a l  Verde were 
probably deposited under s tagnant ,  reducing, deepwater  condi t ions,  w h i l e  

the l imestone on the  Northwestern and Eastern she l f  and C e n t r a l  Basin 

Platform were deposited i n  r e l a t i v e l y  shallow and.wel1-aerated water. 
The series thickens southward frm genera l ly  less than 1,000 f e e t  over 

the shelf areas and 1,500 f e e t  i n  t h e  subsurface of t h e  Guadalupe 

Mountains area of the  Northwestern Shel f ,  to  somewhat less than 5 , 0 0 0  

f e e t  i n  the Midland Basin, 7 , 5 0 0  f e e t  i n  the c e n t r a l  Delaware Basin, and 

over 15,000 feet southward i n  the eas t e rn  half  of t h e  V a l  Verde Basin 

( O r i e l  et  al.,  1967). The name Hueco limestone has been appl ied to  the 

r o c k s  of the basal Permian i n  t h e  region: however, some workers prefer to  

restrict t h i s  term to the  Northwestern shelf and no r the rmos t  Delaware 

Basin (Hayes, 1964).  

+.-.:" . 

, . .  
I . !  , 

On the Northwestern Shel f ,  the  Wolfcampian is subdivided i n t o  t w o  cher ty  , '  I 

l imestone u n i t s  separa ted  by interbedded limestones and red, green and 

gray  mudstones, which thicken nor.thward and become sandy. 

she l f  margins,  mediun to dark-gray mudstone l aye r s  inter tongue w i t h  the 

l imestone ( O r i e l  et al., 1967). 

-- "L 

Along the 

Within t h e  northern Delaware Basin, t h e  Wolfcamp c o n s i s t s  of about equal 

p a r t s  of gray, black or brown shale and f i n e ,  c r y s t a l l i n e ,  r a r e l y  cher ty ,  

brown limestone w i t h  a f e w  t h i n  beds of micaceous and calcareous 

sandstone (Hayes, 1964).  Southward, i n  the deeper parts of t h e  bas in ,  i t  

c o n s i s t s  pr imar i ly  of d a r k  shale w i t h  brown sand and some Coarser 

elastics. Here the absence of index fossils precludes s a t i s f a c t o r y  lower 
- 
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time boundary detection. Within the Delaware Basin, both  the sandstone 

and carbonate fac ies  have been recognized a s  potent ia l  o i l  and gas 
reservoirs. Southward, i n  the  V a l  Verde Basin, sandstones interbedded 

w i t h i n  the shales of the Wolfcampian are  established as a commercial gas 

reservoir (Vertrees e t  al., 1959). 

Eastward, over the C e n t r a l  B a s i n  Platform, the  Wolfcampian consis ts  

chief ly  of limestone wi th  a basal unit  of a s  much as 440 f e e t  of red and 

green shale and conglanerate (Nicholson h Clebsch, 1961). The 

Wolfcampian within the Midland B a s i n  is similar t o  that of the  Delaware 

Basin, except for the presence of an upper zone of dark argillaceous, 

local ly  cherty limestone and interbedded dark mudstone. The lower par t  

of the section c o n s i s t s  of d a r k  mudstone w i t h  t h i n  uni ts  of fine-grained, 

argillaceous sandstone and foss i l i fe rous  limestone, which increase i n  

th i ckness  north and west along the  basin periphery (Oriel et  al . ,  1967). 

2 )  Leonardian Series The Leonardian se r i e s  of the  Laver Permian is 

represented by a highly variable group of facies consisting of limestone 

and dolomite, w i t h  mudstones, sandstones and sane chert. Clas t ics  a re  

dominant i n  the lower parts of the basins, while calcareous deposits 

. -  

. 
dominate the margin and shelf areas. The series w a s  deposited under ,' i . ,  I 

$ , " ,  
mostly marine conditions, but  sane s t r a t a  formed i n  r e s t r i c t ed  or 
marginal environments. The Leonardian rocks are  over 4,000 feet t h i c k  i n  

two north-trending belts along the e a s t  and w e s t  margins of the Delaware 
Basin and i n  the south-central part of the Midland Basin. 

Verde Basin, t h i cknesses  average 2,000 to 3,000 fee t .  On the shelf  north 

and w e s t  of the  Delaware Basin along the oil-producing Abo reef trend, 

thicknesses are over 3,500 fee t .  On the Eastern Shelf,  t h e  Leonardian is 

l e s s  than  2,000 f ee t .  Minimum th icknesses  i n  the area are about  800 feet 

(Vertrees et  al . ,  1959; Oriel e t  a l . ,  1967). 

., 

In  the  V a l  

The Bone Spring Limestone represents the basin fac ies  of the  Leonardian 
i n  the Delaware Bas in  and northwest end of the V a l  Verde Basin, and 

consis ts  of a dminantly dark-gray, thin-bedded, argil laceous limestone, 

a gray t o  b u f f ,  very fine-grained sandstone i n  three separate zones, and 
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a black shale w i t h  some chert nodules and beds. The base i s  a sandstone 

member which may be Wolfcampian, and t h e  top is placed above a black 

shale w i t h  d a r k  gray limestone. Deep water condi t ions  wi th  poor 
c i r c u l a t i o n  probably characterized these basin s e t t i n g s  ( O r i e l  et  al.,  
1967). 

Eastward, i n  the Midland Basin, the Leonardian r o c k s  have been assigned 

to  formations d i f f e r e n t  from those i n  the Delaware, b u t  the  r o c k  types,  
dominantly black shales and l imestones,  are similar. The section--known 

as the upper Wichita Group, t h e  Clear  Fork Group and the lower part of 

the Pease River Croup a t  the t o p - c o n s i s t s  of mudstone w i t h  lesser 

sandstone and limestone a t  the base, t w o  f i n e g r a i n e d  sandstone members 

divided by d a r k  calcareous mudstone and a muddy limestone, that may be 

t ime-correlative w i t h  two of t he  three sandstone l a y e r s  of the Bone 

Spring. Above t h i s  zone, limestone and dolomite predominate, w i t h  l enses  

of mudstone and sandstone; t h e  top  of the u n i t  is pr imar i ly  carbonate. 

I 

A t  the margins of the basins,  these basin units grade l a t e r a l l y  i n t o  
limestones. Around the  perimeter of the  Delaware Basin, t h e  lower part 

of the Bone Spring Limestone grades i n t o  thick-bedded gray l imestone 

overlapping unconformably on the  Eueco Limestone (King, 1965). The 

middle and upper part of the Bone Spring grades i n t o  the shelf-margin 

dolomite of the Victorio Peak, which is c o r r e l a t i v e  w i t h  the Yeso of the 

shelf .  The Victorio Peak is a light-gray, thick-bedded fossiliferous 

limestone containing some chert and sandstone and made up of small, 

discontinuous or p a t c h  reefs and a l imestone bank. Unconformably 

overlying the Vic to r io  Peak of Leonardian to  Guadalupian age, is t h e  

Cutoff shale cons i s t ing  of as much as 150 feet of a thin-bedded, p l a t y  
gray to  black l imestone, black s i l i c e o u s  or sandy mudstone, and 

thin-bedded, fine-grained sandstone (Hayes, 1964). I n  the Midland Basin, 

the  u n i t  grades l a t e r a l l y  north and westward i n t o  almost pure l imestone 

and dolomite along the  peripheries of the Cent ra l  Basin Platform and 

Northern Shelf ( O r i e l  e t  a l . ,  1967). 
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Away from t h e  Delaware Basin onto  t h e  shelves  and Cen t ra l  B a s i n  Platform 

areas, t h e  Leonardian series grades l a t e r a l l y  from t h e  Bone Spring and 

Victorio Peak a i n t o  l igh t -co lored  dolomite, almost 3,000 f e e t  t h i c k ,  

w i t h  a f e w  sandstone uni t s .  The lower por t ion  of the dolomite has been 

c a l l e d  the Wichita Group on t h e  Cen t ra l  Basin Platform and t h e  Abo 

Formation i n  c e n t r a l  e a s t e r n  New Mexico, which grades northward i n t o  red 

mudstone, sandstone and anhydrite.  The Y e s o  o v e r l i e s  the  Abo i n  Central  

e a s t e r n  N e w  Mexico, and c o n s i s t s  of medium to  l i g h t  gray,  f i ne -  

c r y s t a l l i n e  dolomite w i t h  lesser sandstones and s i l t s t o n e s  (Hayes, 

1964).  Somewhat below the middle of the Leonardian shelf dolomite on the 

Cen t ra l  B a s i n  Platform, is a t h i n  but  extensive sandstone bed c a l l e d  t h e  

Tubb, F u l l e r t o n  or Drinkard, which serves  as a regional  marker. The name 

"Clear Fork Group" is sanetimes applied t o  t h e  s e c t i o n  of dolomite 

encompassing t h i s  bed on the Cen t ra l  Basin Platform, and is roughly 
age-equivalent w i t h  t h e  Yeso. The upper l i m i t  of the  Leonardian on the 

she lves  is formed by a u n i t  cons i s t ing  of two sandstone l a y e r s  separated 

by dolomite. On t h e  northwest s h e l f ,  t h i s  u n i t  is c a l l e d  t h e  Glorieta; - 
on the Cen t ra l  Basin Platform, it is c a l l e d  t h e  San Angelo ( O r i e  

1967; King, 1948; Hayes, 1964).  

3) Guadalupian S e r i e s  

The Guadalupian S e r i e s  i n  the southeas te rn  New Mexico region encompasses 
three d i s t i n c t  depos i t i ona l  settings, c lose ly  related to s t r u c t u r a l  

elements: clastic sedimentation i n  the Delaware Basin and on the Eastern 
shelf ,  carbonate reefs along the margins, and mixed carbonate and 

evapor i t e  depos i t ion  on platforms and shelves  other than the Eas te rn  

Shelf .  The series is over 5,500 feet t h i c k  i n  the  Delaware B a s i n ,  and 

g radua l ly  t h i n s  northward on the Northwestern Shelf to  less than 3,000 

feet. It t h i n s  southeastward from less than 2,000 feet t o  1,400 feet a t  

t h e  south  end of the Cent ra l  Basin Platform. Maximm th icknesses  i n  t h e  

Midland and V a l  Verde B a s i n s  are a b o u t  3,500 feet  ( O r i e l  et al., 1967).  

- 

a) Basin Facies 
The bas in  facies of the Guadalupian, known as the  Delaware Mountain 

Group, is composed mainly of l i g h t  gray, very f i n e g r a i n e d  sandstone and 
- 



3-45 

- 
s i l t s t o n e  separated by gray  shale and a f e w  t h i n  l i g h t  gray to gray 

l imestone and dolomite m e m b e r s  w i t h  minor evapori tes ,  i nd ica t ing  frequent  

r e l a t i v e  sea l e v e l  changes. The Delaware Mountain sandstones produce o i l  

and gas and are important explorat ion objec t ives  (Vertrees e t  al., 

1959). The Group has been subdivided i n t o  three formations frcm oldest 

t o  youngest--the Brushy Canyon, the  Cherry Canyon, and B e l l  Canyon--each 

of which are up to 1,000 feet i n  t h i c k n e s s .  

from the upper two formations i n  that  its sandstones are coarser grained 
w i t h  minimal amounts of sediments other  than sandstone, and its 

s t r u c t u r a l  f ea tu re s  are i n d i c a t i v e  of deposition i n  ag i t a t ed  water. 
H a r m s  (1974) discusses t h e  Brushy Canyon and proposes dens i ty  CUrZentS as 

the o r i g i n  of the formation rather than t u r b i d i t y  cur ren ts .  T h i s  

formation terminates  northward aga ins t  the Bone Spring f l exure  a t  t h e  

bas in  margin. 

sandstone t o  s i l t s t o n e  and very f i n e l y  laminated. The sandstone tongue 

of 
shelfward extension of t h e  lower fou r th  of t h e  Cherry Canyon Formation. 

Along the reef facies area, the tongue averages 200 to  300 feet th i ck  

and, where described i n  L a s t  Chance Canyon of the Guadalupe Mountains, 

c o n s i s t s  of moderately r e s i s t a n t ,  i n d i s t i n c t i v e l y  bedded, g ray i sborange ,  

very f ine-grained,  well-sorted q u a r t z  sandstone w i t h  s c a t t e r e d  chert 

nodules and s i l i c i f ied  megafossils. The upper 25 t o  30 feet of the u n i t  

is t r a n s i t i o n a l  shelfward i n t o  an overlying dolomite tongue of the  San 

Andres Limestone (Hayes, 1964) ( A l s o  see Figure 3.3-3). The upper Cherry 

Canyon and t h e  B e l l  Canyon grade i n t o  reef facies a t  the niargin of the  

basin.  

The Brushy Canyon d i f f e r s  

The Cherry Canyon and B e l l  Canyon are fine-grained 
~.~ 

.. > t. /'i , 

' .i 
/' *: ,:. the  Cherry Canyon disconformably overlies the Cutoff Shale as a 
i I,.', :: f ;  

I_ j ' 1' 

*I_. __ - ' 

- 

b) Reef  Facies 
The Guadalupian reef facies cons i s t s  of .the Goat Seep Dolomite and the 

over ly ing  Capitan Limestone. A general ized cross-sect ion through the 

reef facies, Figure 3.3-4, demmstra tes  the relationships between the  

var ious  Guadalupian un i t s  along the  reef margins. 
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Gradat ional ly  over ly ing  t h e  sandstone tongue of t h e  Cherry Canyon 

Formation is the G o a t  Seep Dolomite. The Goat Seep was a reef, which 

grew pr imar i ly  upward and formed a b a r r i e r  around a cons iderable  po r t ion  

of the western side of the Delaware Basin. King (1948) o r i g i n a l l y  
extended the name G o a t  Seep to  include the shelfward-lying thin-bedded 

l imestones and interbedded sandstones,  but  N e w e l l  et al . ,  (1953) 

restricted the formation to the massive "reef and forereef t a l u s  facies" 

of the basin margin, a des igna t ion  maintained by Hayes (1964). The 

lowerportion of the  Goat Seep is thick-bedded, and the upper po r t ion  i s  a .... 

massive l i g h t  gray,  f i n e - c r y s t a l l i n e  t o  saccharoidal, i n  places very 

porous, dolomite. , I  ' ,  
I '  , . ,  

, ,  

The overlying Capitan Limestone i s  a l i g h t  colored, f o s s i l i f e r o u s  and 

vuggy limestone and breccia which reaches a maximm v e r t i c a l  t h i ckness  of 

about 2,000 f e e t  i n  M c K i t t r i c k  Canyon of the Guadalupe Mountains, and is 

a t  least 6 times as broad as t h i c k ,  reaching a w i d t h  of fram 10  t o  1 4  

miles along the Northwestern Shelf. I t  apparent ly  formed pr imar i ly  by 

oblique or hor i zon ta l  basinward growth ( N e w e l l ,  et al., 1972; Eayes, 

1964; H i s s ,  1976).  The Capitan v i r t u a l l y  e n c i r c l e s  the Delaware Basin. 

I t  extends f r a n  the w e s t  side of t h e  Guadalupe Mountains northward and 

eastward as a bold e s c a r p e n t  which gradual ly  descends to the h i l l s  i n  

t h e  v i c i n i t y  of Carlsbad, where it is o v e r l a i n  by younger rocks (Dunham, 

1972). The buried reef  f r o n t  t rends  northeastward t o  eastward from there 

across t h e  Eddy-Lea County l i ne ,  t u r n s  southward to  parallel t h e  l e n g t h  
Of the  Cent ra l  Basin Platform, and then tuns west and crops o u t  i n  the 

Glass Mountains ( H i s s ,  1976; Rel ley,  1971).  The Capitan grades l a t e r a l l y  

basinward i n t o  the B e l l  Canyon Formation and poss ib ly  i n t o  the lowermost 

beds of t h e  Cast i le ;  on to  t h e  Northwestern Shelf the  Capitan grades 

laterally i n t o  the  Seven Rivers ,  Yates, and T a n s i l l  Formations of the  

Artesia Group (Hayes, 1964) (Also see Figure 3.3-3). 

4 

The l i m i t s  of the Capitan described by Crandal l  (1929) and Lang (1937) 

have been used by m o s t  of t h e  more recent  worke r s ,  including King (1948), 

Adams and F renze l l  (19501, N e w e l l ,  e t  a l . ,  (1957), Hayes (19641, and 

Kelley (1971) and are followed i n  t h i s  report. For a d i f f e r e n t  

i n t e r p r e t a t i o n ,  see Dunham (1972). 
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Hayes (1964) recognizes two units as comprising the Capitan Limestone, a 

massive member and a breccia member, which grade i n t o  each other both  

l a t e r a l l y  and ver t ical ly .  The massive member forms nearly ver t ica l ,  

smooth-weathering c l i f f s  and ranges i n  th i ckness  from about 250 t o  270 

f e e t  averaging 400 f ee t  along i ts  Guadalupe Mountains portion. Th i s  

member is composed primarily of l i gh t  t o  yellowish gray, fine-textured, 

foss i l i fe rous  limestone w i t h  v i r tua l ly  no discernible bedding planes. 

Isolated aggregates of coarsely c rys ta l l ine  calcite are  common, and sane 

dolomite, sandstone dikes, and isolated sandstone pockets occur. 

Solution and recrystal l izat ion,  weathiring, and the very small s i z e  of 
the fossils have made the  organic conten t  d i f f i c u l t  t o  recognize i n  the 

f i e ld .  N e w e l l ,  e t  al., (19531, however, have ident i f ied  115 species of 
f o s s i l s  w i t h i n  the formation, including fusulinids,  sponges, corals,  

crinoids, bryozoans, b r a c h i o m ,  and mol lusks :  i n  t o t a l  volme, - - 

stromatoli tes are probably m o s t  important i n  the construction of t h i s  

r o c k  unit  (Hayes, 1964) .  

The breccia member, which generally forms more eas i ly  eroded uneven 

slopes, consists of t h i c k  beds dipping basinward a t  20 to 30 degrees or 

more on the west side of the Delaware Basin. Most of this member is. 
composed of microbreccia derived frao the massive member  and fran the  

Artesia Group and a l so  contains coarse, angular cobbles and boulders of 

limestone and dolomite from these sources. The breccia a t t a ins  a maximlna 

ver t ica l  thickness of about 1,750 f e e t  and averages 1,250 feet and as 
such comprises about two-thirds of the bulk of the Capitan (Hayes, 1964). 

Although it has been generally agreed that the Capitan Formation 

represents a "geologic reef," (a t h i c k ,  l a t e r a l l y  r e s t r i c t ed  mass of pure 

or largely pure carbonate, according t o  Dunham, 1972). investigators of 
the  Capitan have over the years proposed different  interpretat ions as t o  

i t s  genesis and environment of formation. 

Crandall e t  a l .  (1929) published the barrier reef hypothesis, according 

t o  which reef-building, sediment-binding organisms grew pract ical ly  a t  

sea level on a reef which developed rapidly enough, despite erosion, t o  
- 
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maintain a near ly  v e r t i c a l  f r o n t ,  over r id ing  its awn debr i s .  N e w e l l ,  e t  

al., (1953) concurred w i t h  Crandal l ,  based on their d e t a i l e d  p e t r o l o g i c a l  

w o r k  on t h e  reef c o n s t i t u e n t s ,  and a number of recent  i n v e s t i g a t o r s ,  such  

as Hayes (1964). Boyd (1955). Adams (1944), and Adams and Rhodes (1960) 

have g e n e r a l l y  followed t h i s  i n t e r p r e t a t i o n .  

A second a l t e r n a t i v e  w a s  advocated by King (1948) and named by Dunham 

(1972) t h e  "uninterrupted slope hypothesis: King used it to  exp la in  h i s  

f i n d i n g s  i n  the southern Guadalupe Mountains which seemed to i n d i c a t e  

facies change due to change i n  slope as t h e  she l f  descended t o  the 

Delaware Basin. Dunham (1972) pointed ou t ,  however, that King s tud ied  

only portions of the  s t ruc tu re .  Bad he gone farther northwestward, h i s  

f i n d i n g s  would have corroborated Lang (1937). w h o  proposed a t h i r d  

hypothesis, that of the marginal mound. 

According to  the marginal mound a l t e r n a t i v e ,  supported e l a b o r a t e l y  by 

Dunham (1972), o rganisas  produced carbonate particulate sediment upon a 

broad topographic high which was a t  d i f f e r e n t  times a sandy shoal or an 

island bordered by sand and mud f la ts .  
the i s l a n d  stages of developaent. Achauer (1969) has advocated a '  

sanewhat similar view tha t  the  Capi tan represents  an a n c e s t r a l  o rganic  

- 
The sediment was cemented during 

bank,. rather than a classical b a r r i e r  reef. /."--\,- 

c) Back-Reef or Shelf Fac ies  
The t h i c k  massively-bedded l imestones along the  margins of the basin%% 

grade shelfward i n t o  thin-bedded dolomites. On t h e  Northwestern and 

Eastern Shelves and southward along the Cent ra l  Basin Platform, the  

Guadalupian inc ludes  t h e  San Andres Limestone and over ly ing  Artesia Group 

(also i d e n t i f i e d  eastward on the Cen t ra l  Basin Platform as the Whitehorse 

Group by Nicholson and Clebsch, 1961). This group inc ludes  fran base to  

top the Grayburg, Queen, Seven Rivers ,  Yates and T a n s i l l  Formations 

(Bayes, 1964). These shelf u n i t s  are also recognized i n  the Midland 

BaSiF. area. There is sme disagreement as to  whether the Lower 

Guadalupian there is missing or g r e a t l y  resembles the upper Leonardian 

(Hendrickson h Jones,  1952; O r i e l  et al., 1967). 
.- 
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I n  the western part of the Delaware Basin, parallel t o  the reef f r o n t ,  

facies encountered i n  a shelfward d i r e c t i o n  are: 1) dolomitized coquin 

and c a l c a r e n i t e ,  2) pisolites, 3) fine-grained dolomite, 4) evapor i tes ,  

and 5) t e r r i g e m u s  red d e t r i t u s  ( N e w e l l  et al., 19531. T h i s  general  
succession of facies is a l s o  descr ibed by Dunham (1972) i n  the v i c i n i t y  

of t h e  Capitan Escarpoent. Hayes (1964) presents a comprehensive 

d iscuss ion  of the  Guadalupian she l f  rocks. 

The San Andres is p a r t l y  t ime-correlative w i t h  the bas ina l  Brushy Canyon; 

a t  its base it may be upper Leonardian, and a t  i t s  top it i n t e r f i n g e r s  

w i t h  the base of t h e  Cherry Canyon. The San Andres is mainly dolomite 

w i t h  minor l imestone near its base and some chert, sandstone and reddish 

mudstone (Oriel et  al., 1967; Kelley,  1971).  It extends shelfward much 

farther than the Artesia Group before  grading i n t o  evapor i tes  and 
de t r i t a l  mater ia l s .  The San Andres t h i n s  eastward across the Midland 

Basin, and detr i ta l  and evapor i te  conten ts  increase progressively t o  t h e  

east. ' .  
'. . i  

I { i,:Ll 
,: , 

'! il ', 

. .  
The Artesia Group ranges i n  th ickness  from about 880 feet to  over 1,500 

feet. I n  the she l f  and Cent ra l  Basin Platform areas, i t ' i s  separated 

from the underlying San Andres by an unconformity, according t o  Nicholson 

and Clebsch (1961). The basa l  Grayburg and Queen Formations are 
t ime-correlat ive w i t h  the marginal Goat Seep Reef and bas ina l  Cherry 

Canyon Formation. To the south,  they  c o n s i s t  of dolomites and sandstone: 

they grade northward i n t o  gypsum, mudstones and dolomite (Kelley, 1971). 

The Queen Formation is d is t inguished  from the  underlying Grayburg by its 

much greater abundance of clastics and red mudstones. The Seven Rivers, 

Yates and T a n s i l l  Formations are all c o r r e l a t i v e  w i t h  the Capitan 

Limestone a t  the  margin, and w i t h  the B e l l  Canyon i n  the Delaware Bas in .  

To the s o u t h ,  they  all resemble t h e  lower two formations of t h e  Group, 

except for the  presence of gypsum and limestone i n  the Yates. Toward the  

north,  gypsun and anhydri te  i nc rease  i n  the Tans i l l ,  and s i l t s t o n e  and 

dolomite increase  i n  both the Yates and Tans i l l .  
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Ochoan S e r i e s  

The Late Permian Ochoan series c o n s i s t s  pr imar i ly  of evaporites that were 

depos i ted  during recur ren t  retreats of a shallow sea  restricted by t h e  

Guadalupian reefs. The lower three formations i n  t h e  series, t h e  

Cast i le ,  Salado and Rus t l e r ,  comprise what is perhaps t h e  t h i c k e s t  and 

most extensive evapor i te  rock sequence i n  North America ( O r i e l  e t  al. 

1967).  They are ove r l a in  by t h e  Dewey Lake  Redbeds, which may be e i ther  

Permian or Triassic i n  age. Within the  Ochoan, ha l i t e  is dominant on t h e  

shelf north of the  Delaware Basin, where the  Salado Pormation makes Up 

the bulk of the uni t ;  total thickness  of salt is greatest, however, i n  

t he  Delaware Basin, but the presence of the  Cast i le  Formation i n  t h e  

b a s i n  reduces the proport ion of ha l i te  there. The proport ion of 

carbonates to other r o c k  types inc reases  southwestward and southward, and 

the proport ion of detri tal  r o c k s  increases  eastward and northeastward 

( O r i e l  e t  al., 1967). The total  th ickness  of t h e  Ochoan ranges from 

s l i g h t l y  more than 5,000 feet i n  the center  of the  Delaware Basin and 

4,000 feet i n  a north t rending belt through the basin,  t o  about 1 , 5 0 0  

feet  i n  the Midland Basin and 1,000 f e e t  on t h e  shelves.  Irregular 

th inn ing  occurs  near the basin margins as a result of e ros ion  and 

l each ing  of the more so lub le  beds ( O r i e l  e t  al.,  1967; Nicholson h 

Clebsch, 1961).  

-. 

1 
1' 

The Cas t i le  Formation is confined t o  the Delaware Basin and was deposited. 

upon the B e l l  Canyon, i n  "apparent conformity," according to  Kel ley 
(19711, but  unconformably, according t o  Nicholson and C l e b s c h  (1961), and 

is l a t e r a l l y  bounded by the  Capitan l imestone reef. The C a s t i l e  is 

g e n e r a l l y  of uniform thickness ,  up to  about 2,000 feet, throughout t h e  

basin.  The formation c o n s i s t s  pr imar i ly  of massive anhydr i te ,  l imestone 

in te r lamina ted  w i t h  anhydr i te ,  and halite i n  beds as t h i c k  as s e v e r a l  

hundred feet (Vine, 1963). I n  t h e  lower to middle por t ion  of t h e  

sequence, banded l i g h t  gray  anhydri te  is inter laminated w i t h  brown 

b i t m i n o u s  l imestone on a scale of millimeters. Two very ex tens ive  

l a y e r s  of f a i r l y  pure halite averaging 200 t o  350 feet t h i c k  persist 
throughout the northern Delaware Basin. Several  smaller tongues of 

hali te are also present  through the un i t .  Towards the  bas in  margins, the 
- 
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Cast i le  th ins  abruptly.  The basal  part  of the banded por t ion  grades 

reefward i n t o  laminated l imestone and t h e  upper part i n t o  massive 

anhydri te .  The top of the  Casti le is l ight-gray massive anhydri te ,  

grading i n t o  the basal part of the overlying Salado by wedging of t h i n  

anhydr i te  tongues northeastward i n t o  salt (Jones, 1954; Brokaw et al., 

1972).  

The Salado Pormation extends from the Delaware Basin area beyond the  

l i m i t s  of t h e  Cast i le  and across most of the Permian basin,  including the 

Midland Basin, the Northwestern Shelf and the Cent ra l  B a s i n  Platform. 

The complete Salado is present  only i n  the subsurface of t h i s  area, and 

i s  represented a t  the sur face  only by a so lu t ion  residue. Its thickness  

v a r i e s  because of leaching,  but  it is genera l ly  up to  2,000 f e e t  near t h e  

nor thern  Delaware Basin, th inning  northward over the Capitan reef to 700 

to 1,200 feet and th inner  f a r the r  north and east. In  the shelf and 

platform areas, it rests unconformably on the Artesia, or Whitehorse, 
~ 

Group (Brokaw et al., 1972; Nicholson h Clebsch,  1961).  ,-.. 

The Salado is mainly halite, some of which is arg i l laceous ,  red 

mudstones, sandstone, s i l t s t o n e ,  abundant anhydri te  and a suite of salts 

inc luding  polyhalite, k i e s e r i t e ,  g lauber i te ,  s y l v i t e ,  c a r n a l l i t e ,  

l angbe in i t e ,  k a i n i t e  and l eon i t e .  Beds l o c a l l y  r i c h  i n  s y l v i t e ,  KC1, and 

other so lub le  potassium minerals  Const i tute  valuable potash ores (Vine, 

1963).  The p r i n c i p l e  l i t h o l o g i c  materials occur i n  cyclic sequences 2 to 

30 feet t h i c k  cons i s t ing  of a detr i ta l  l aye r ,  a r e l a t i v e l y  t h i n  s u l f a t e  

l aye r  c h i e f l y  composed of anhydrite and po lyha l i t e ,  and a thicker  ha l i t e  

zone, o v e r l a i n  by a mixed hal i tedetr i ta l  l aye r ,  a l l  w i t h  g rada t iona l  

contac ts .  The potash ores occur near t h e  middle of t h e  formation i n  

i r r e g u l a r l y  l e n t i c u l a r  to  tabular  bodies (Brokaw et  al., 1972; Oriel et  

al., 1967). The upper part of t h e  Salado is l o c a l l y  character ized by a 

leached zone frm which the h a l i t e  has been removed, and is l a r g e l y  

unconsolidated reddish-gray to brown silt and c lay  w i t h  varying amounts 

of brecc ia ted  gray or red gypsum (Vine, 1963). 
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The R u s t l e r  Formation ranges i n  thickness f ran  90 t o  about 400 f e e t ,  and 

overl ies  the Salado i n  the Permian Basin area. In  the  central  par t  of 

the Permian Basin, t h e  Rus t le r  conformably over l ies  the Salado, but i n  

other places, as  along the west and north margins of the Delaware Basin, 

it truncates the Salado by a m a r k e d  unconformity (J. A. Adams, 1944; 

Nicholson and Clebsch,  1961). I n  outcrop, the Rustler appears a s  

calcareous sandstone, f i n e  grained dolomites and gypsum. The subsurface 

Rus t l e r  consists primarily of anhydrite or gypsum and subordinate salt, 
w i t h  lesser amounts of dolomite, limestone, s i l t s t o n e  and sandstone. 

Within the Delaware Basin, the  limestone and dolomite increase t o  the 

south and southeast.. 

Vine (1963) has described the Rustler i n  the northern par t  of the 

Delaware Basin. Here, the lower par t  of the  R u s t l e r  consists of over 100 

feet Of s i l t s tone  and very fine-grained sandstone w i t h  interbeds of 

gypsum or anhydrite. N e x t  above is t h e  Culebra dolomite, about 30 f e e t  

of uniformly microcystalline gray dolomite or dolomitic 

numerous small, generally unconnected, nearly spherical  

Overlying the Culebra is the Tamar isk  m e m b e r ,  about 115 

w i t h  local  gypsun and a 5 foot  t h i c k  s i l t s tone  bed sane 
base. The Magenta member, above the Tamar i sk ,  consis ts  

limestone w i t h  

cavi t ies .  

f e e t  of anhydr i te 

20 feet frcm i ts  
of about 20 f e e t  

- 

of t h i n ,  wavy, len t icu lar  laminae of dolomite and anhydrite (or gypsum). 

The uppermost member of the formation is the Forty-niner, consisting of 

up t o  65 f e e t  of anhydrite (or broken gypsum i n  outcrops) w i t h  a bed of 
massive s i l t s tone  near the base. According to Jones e t  al.,  (1960),  the 

s i l t s tone  represents insoluble residue f ran  a bed of halite present i n  

the subsurface t o  the east. 

The top of the R u s t l e r  has been placed a t  the top of the f i rs t  persis 

anhydrite bed penetrated by o i l  and gas tests and provides a clear  marker 

for  s t ruc tura l  correlations ( O r i e l  e t  a l . ,  1967). 

Overlying t h e  Rustler i n  apparent conformable relat ionship is a sequence 

of redbeds, up t o  about 600 f ee t  t h i c k ,  which represents deposition of 

terrigenous materials i n  shallow water remaining i n  the basin areas over 
- 
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the older  evaporate sequence (Mercer & Orr, 1977; O r i e l  e t  al., 1967) .  

On the bas is  of physical  s t r a t ig raphy ,  the u n i t  has been t r a d i t i o n a l l y  

assigned a Permian age ( O r i e l  e t  al., 1967).  N o  f o s s i l s  have been 

found. Al though  severa l  names (e.g. the Pierce Canyon) have been 

proposed for t h i s  u n i t ,  t h e  term Dewey Lake Redbeds, as defined i n  w e s t  

Texas (Page and Adams, 19401, is genera l ly  used throughout t h e  a rea  
(Nicholson & Clebsch ,  1961). 

The Dewey L a k e  cons i s t s  of a series of micaceous, orange t o  red sandy 

s i l t s t o n e s ,  sandstones and sane mudstone. Gypsum connnonly forms cement, 

secondary c r y s t a l s  and veins. The lower 10  feet of the  sequence conta ins  

a widely d i s t r i b u t e d  zone of coarse ,  frosted qua r t z  gra ins .  

The top of the redbed u n i t  is m a r k e d  by an eros ion  sur face ,  upon which 

younger u n i t s  were deposited w i t h  a s l i g h t  angular discordance. I n  sane 

p laces ,  the  Dewey Lake has been removed by l a t e r  erosion,  and r o c k s  of 
I Cretaceous or Cenozoic age rest on the  Rust ler  or Salado ( O r i e l  et  al., 

i 
1967). 

3.3.3 Mesozoic R o c k s  
1 ,, , 

,. " I  . ., *: . i 

T r i a s s i c  R o c k s  Unconformably overlying t h e  rocks of Late  Permian age is :~ 

t h e  Upper Triassic Dockum Group of red beds, composed of up t o  1 . 5 0 0  feet 

of moderate-reddish-brm to  yellow-brown conglomeratic sandstones, 

s i l t s t o n e s  and shales (Brokaw e t  al., 1972). The sediments of t h i s  group 

d i sp lay  characteristics of rapid depos i t ion  from a local source, i n  the i r  

poorly rounded sand g r a i n s  and micaceous minor cons t i t uen t s .  Th i s  group 

has been subdivided i n t o  two formations,  t h e  Santa  Rosa Sandstone and 
overlying Chinle  Formation; hOweveK, because of poor exposures and 

lithologic similarities between the  sandstones of the two un i t s ,  t h e  

d i s t i n c t i o n  cannot be made throughout t h e  e n t i r e  southeast New Mexico 

area (Nicholson & Clebsch, 1961). 
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The Santa R o s a  is a fine-to-coarsegrained sandstone, generally red but 

containing white, gray, and greenish t o  lavender sands and some minor 

reddiskbrown mudstones and conglomerate. The uni t  is covmnonly 

cross-s t ra t i f ied and ranges i n  thickness from about 140 t o  over 300 f e e t  

(Kelley, 1971; Nicholson h Clebsch, 1961). 

The upper portion of the D o c k m  Group, t h e  C h i n l e  Formation, ranges i n  
thickness from zero t o  almost 1,300 f e e t ,  t h i c k e s t  t o  the east, near the 

Texas-New Mexico border, and en t i r e ly  absent i n  the w e s t ,  where it has 

been removed by post-Mesozoic erosion. The C h i n l e  is a reddish-brown t o  

greenisbgray  shaly mudstone wi th  interbedded lenses of conglomerate and 

th in ,  gray to reddiskbrown sandstone and s i l t s tone  (Mercer 6 Orr, 1977; 

Nicholson & C l e b s c h ,  1961). 

Jurass ic  R a c k s  

i n  the  southeast New Mexico region. 

N o  record of Jurassic deposition has been sham t o  ex i s t  

.- 
Cretaceous R o c k s  Kelley (1971) described three formations, ident i f ied as 
Cretaceous, which crop out t o  the north' and northwest, i n  t h e  S ie r ra  

Blanca and Capitan area, named the  Dakota  Sandstone, Mancos Shale and 
Mesaverde formation. The Dakota is comprised of up t o  150 feet of 

sandstone, conglomerate, and beach shale. The overlying Mancos i s  up to 

700 feet of dark shales, siltstone and local t h i n  sandstone and 

limestone. The Mesaverde Formation canprises from 500 t o  1,500 f e e t  of 

light-colored to  maroon coarse clastics and mudstones, and coal. These 

deposits reflect subsidence of the  area during t h e  Cretaceous to a 

shallow marine and floodplain enviroment. An ou t l i e r  of Cretaceous 

r o c k s  is also present on the c re s t  of the Sacramento Mountains. Here, a 
pebble-bearing quartz sandstone 150 feet t h i c k  is overlain by a s h a l e  

containing fossils of l a t e  Early t o  ear ly  Late Cretaceous age (Pray h i  

Allen, 1956). 

, 

i. 

Further south on the Northwestern Shelf, there are  no de f in i t e  Cretaceous 

age outcrops, b u t  solution cav i t i e s  on the surface of the  Cas t i le  

southeast of the Guadalupe Mountains contain pebbles of limestone and 
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- 
sandstone w i t h  fossils of early Washita age. A t  severa l  p laces  along the 

top  of t h e  Ree f  Escarpnent, low areas  on t h e  r idge  and j o i n t s  i n  t h e  

Permian T a n s i l l  formation conta in  conglomeratic quar tz  sandstone which 

c lose ly  resembles the  Cretaceous deposits i n  t h e  Sacamento Mountains 

(Hayes, 1964) . 

To the  southeas t ,  i n  t he  Lea County area, only severa l  exposures of 

Cretaceous rocks are known. A grave l  p i t  east of Eunice conta ins  large 

slump b l o c k s ,  up to  5 feet th i ck  and 20 feet long, of massive, highly 

f o s s i l i f e r o u s ,  w h i t e  to buff sandstone containing sane sand and sha ly  

partings along the bedding p lanes  (Nicholson and Clebsch, 1961; A s h  and 

Clebsch, 1961). This  r o c k  and the Cananche limestone of Early Cretaceous 

age are s t r i k i n g l y  similar, so are believed .by Ash and Clebsch (1961) t o  

be equivalent .  Another outcrop of Cretaceous rocks a t  North L a k e  

consists of dark gray s i l t s t o n e  and t h i n  interbedded s t r i n g e r s  of l i g h t  

b r a n  c r y s t a l l i n e  to  l i g h t  gray ,  fine-grained limestone. According t o  
fossil and lithologic similarities, the rocks a t  North Lake are 

correlated w i t h  the  Ear ly  Cretaceous Tucumcari shale (Ash & Clebsch ,  

1961). I n  the subsurface of Lea County, 5 f e e t  or more of yellow, blue,  

-. 

, .  

or gray  c l a y  or shale  encountered by d r i l l i n g  and cons i s t en t  w i t h  t h e  

desc r ip t ion  of the r o c k  at  North Lake c o n s t i t u t e  the major evidence for 

t h e  subsurface presence of Cretaceous o u t l i e r s  i n  the area. Based on 

some 8,000 water-well logs and seismic shothales, Ash and Clebsch (1961) 

have determined t h a t  i n  t h e  subsurface Cretaceous rocks are gene ra l ly  

continuous i n  the nor theas te rn  por t ion  of Lea County, b u t  fur ther  w e s t  
and s o u t h ,  only scattered, discontinuous occurrences have been 

encountered. 

R o c k s  of Cretaceous age were deposited over the southeast New Mexico area 

b u t  have been almost e n t i r e l y  removed by erosion. NOW only scattered 

Patches or reworked p o c k e t s  of limestone and sandstones of probable Early 

and Mid-Cretaceous age are present  i n  the area; cretaceous rocks have 

a l s o  been i d e n t i f i e d  here i n  the subsurface through d r i l l i n g  (Bachman, 

1976; Hayes, 1964: Nicholson and Clebsch, 1961). 
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3.3.4 Cenozoic R o c k s  

T e r t i a r y  Rocks. Follawing Cretaceous depos i t ion ,  widespread u p l i f t  and 

eros ion  occurred throughout t h e  region, and the earliest Cenozoic 

depos i t s  for which there is record, the  Ogal la la ,  were depositied i n  L a t e  

T e r t i a r y  Miocene to  Pl iocene time. 

The Ogallala Formation under l ies  the High P l a i n s  of e a s t e r n  N e w  Mexico 

and w e s t  Texas. Although there are no confirmed remnants of the  Ogallala 

w e s t  of easternmost Eddy County, i s o l a t e d  g rave l s  to  the w e s t  i n  the 

Pecos Valley and Guadalupe Mountains have been i n t e r p r e t e d  as belonging 

to  t h i s  formation (Mercer and Orr, 1977). The Ogal la la  was deposited on 

an i r r e g u l a r ,  broadly s loping pediment or ccmplex a l l u v i a l  f an  su r face  by 

southeastward flawing streams under rap id ly  changing condi t ions  (Bachman, 

1976). 

The Ogal la la  i n  the region is up t o  400 feet t h i c k  (Bachman, 1976) and 

c o n s i s t s  of a yellowish-gray semi-consolidated, f i ne - to  medium-grained, 

calcarous sand containing some s i l t ,  c l ay ,  and gravel .  I n  many places, a 
basa l  grave l  deposi ted wi th in  stream beds is also encountered. Some beds 

of well consol idated silica-cemented conglomeratic sandstone from one to  

three f e e t  t h i c k  also OCCLU within t h e  formation. As a result of 
in te r tonguing ,  l ens ing  and pinchi.ng o u t  of the beds caused by the  varying 

depos i t i ona l  condi t ions  there are IY) c o n s i s t e n t  marker beds wi th in  t h e  

Oga la l l a  (Nicholson and Clebsch, 1961; Bachman, 1973). 

The Ogallala is capped by a dense layer  of brecciated and pisoli t ic 

caliche ranging i n  th ickness  from a few f e e t  to as much as 60 f e e t .  A t  

t he  su r face  it is a w e l l  indurated c a l c i m  carbonate,  but  belaw t h e  

su r face ,  it becomes s o f t e r  and more porous and grades i n t o  the underlying 

sands. 

ex tens ive  P le i s tocene  e ros ion  of the area, probably during the Late 

Pliocene. The caliche accumulated within t h e  zone of i l l u v i a t i o n  Of a 

pedocal "climax soil," which developed on the depos i t iona l  su r f ace  of the 

This  capping w a s  formed i n  pos t -oga l la la  t i m e  and before t h e  

4 
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Ogal la la  (Nicholson and Clebsch, 1961; Bachman, 1976). (Pedogenic 

caliche formation i n  s o u t h e r n  New Mexico is described i n  detail by G i l e ,  

e t  al.,  (1966).) 

Quaternary Rocks  Following Pliocene t i m e ,  e ros ion  removed much of the 

Ogal la la  as w e l l  as sane of t h e  o lder  materials, and stream systems 

became entrenched. 

New Mexico area during the Ple i s tocene  and Holocene, leav ing  behind the  

Gatuna Formation, caliche, terrace, channel and playa deposits and 

windblown sand. 

Periodic deposi t ion also occurred i n  t h e  southeas te rn  

The Gatuna, of P le i s tocene  age, unconformably o v e r l i e s  r o c k s  as old as 
Permian and T r i a s s i c  and consists of up t o  seve ra l  hundred feet of 
reddish-brown f r i a b l e  sandstone, s i l t s t o n e  and che r ty  and s i l i c e o u s  

conglomerate, but l o c a l l y  also includes gypsum, gray  shale and 

claystone.  

deposited i n  local depressions such as stream channels and s o l u t i o n  

subsidence areas (Bachman, 1973; Vine, 1963). 

Remnants of the formation are discontinuous and may have been 

- 

Unconformably above the  Gatuna and older depos i t s  throughout southeas te rn  

N e w  Mexico, there formed a f a i r l y  continuous mantle of ca l i che  called the 

Mescalero. I t  is a sandy l i g h t  gray to  white depos i t  composed of a lower 
nodular calcareous zone and upper dense laminar caprock and ranges i n  

- th ickness  from 3 to  10 feet. According t o  Bachman (19731, t h e  caliche is 

the remnant of an extensive soil profile. 

L a t e  P le i s tocene  t o  Eolocene terrace and channel deposits are preserved 

i n  the western part of the area, p a r t i c u l a r l y  along the  Pecos River and 

the Guadalupe m u n t a i n s  area. Channel deposits c o n s i s t  of silt and sand 

to  boulders. Within the Guadalupe Mountains area, deposits are gene ra l ly  

limestone cobbles and boulders. Three terraces are commonly recognized 

i n  the area: the Blackdom, Orchard P a r k  and Lakewood. The Blackdom and 

Orchard Park have been dated as Ple i s tocene  w h i l e  t he  Lakewood may be Of 

Holocene age. The deposits of t he  Blackdom terrace are genera l ly  coarser 

than those of the younger terraces, b u t  t h e  two Ple i s tocene  terraces are 
.- 
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similar i n  composition, consisting of limestone-porphyry conglomerates 

capped by caliche. The younger Lakewood terrace contains r iver  

conglomerates and pond, marsh, and lake silts (Bachan, 1973; Hendrickson 

and Jones, 1952). 

Playa and shallar lake deposits are present i n  the area i n  many s m a l l  
shal low depressions, par t icu lar ly  eas t  of the Pecos River. 

these depressions, lakes  formed after heavy runoff and evaporated 

rapidly, but some contain generally perennial lakes, the l a rges t  of which 

i s  Laguna Grande de l a  Sal ,  i n  Nash Draw. The playa deposits consist  of 

alluvium, reworked eolian sands, silt and clay. Around sane of the  

standing lakes, gypsum, carbonate minerals, and some ha l i t e  have been 

deposited. These  deposits date from the  Late Pleistocene t o  Holocene 

time (Hendrickson and Jones, 1952, Vine, 1963). 

I n  most Of 

Windblown sands mantle  much of the surface e a s t  of t h e  Pecos River for 20 

t o  30 miles eastward to t h e  Mescalero ridge and south t o  the Texas 

border. The sand is very erratic i n  both thickness and dis t r ibut ion,  and 

appears to  be f a i r l y  uniform, fine-grained l i g h t  brown t o  pale 

reddiskbrown quartz. Many of the grains are rounded and frosted.  Some 

Of the sand r e s t s  i n  coppice dune f i e l d s  where the sand is as  t h i c k  a s  25 

feet. Most of the  sand has been stablized by mesquite, bunchgrass and 

other vegetation. 

3.4 FtEGIoNAL STRUCTURE AND TECTmICS 

The major tectonic s t ructures  of the region are displayed i n  Figure 

3.4-1. Most of the l a r g e s c a l e  elements that provide the structural 
framework of the area were developed i n  the Late Paleozoic, pr incipal ly  

from Late Pennsylvanian t o  Early Permian t i m e .  These include the 

Delaware Basin, the  Central  Basin Platform, the Midland Basin, and t h e  

Northwestern Shelf of the western extent of the Permian Basin, t h e  

Pedernal Upl i f t ,  the  Matador Arch, the Val Verde Basin, and t h e  Diablo 

Platform, as  w e l l  as secondary features  such as the Huapache Monocline 

and Artesia-Vacuum Arch and the northeast-trending b u c k l e s  and smaller 
- 
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f o l d  systems bel ieved to be expressions of basement f au l t i ng .  Middle to  
Late T e r t i a r y  Basin and Range-related doming and f a u l t i n g  produced t h e  

remainder of t h e  major t e c t o n i c  f e a t u r e s  i n  the  area, including t h e  

Guadalupe, Delaware, and Sacramento Mountains, and associated 
west-bounding f a u l t s ,  as well as a g e n t l e  regional  e a s t  to  southeastward 

tilt which affected the e n t i r e  region under consideration. 

The WIPP s i t e  lies near t h e  western margin of t h e  region of t h e  Western 
I n t e r i o r  known as the Permian Basin, which comprises a series of 

sedimentary bas ins  i n  which hal i te  and associated salts accinnulated 

during Permian t i m e  and where Permian r o c k s  have reached the i r  maximum 
developnent. The region extends a b o u t  520 miles frcqn t h e  Amarillo u p l i f t  

on the nor th  t o  the Marathon t h r u s t  belt on the s o u t h  and some 300 miles 
westward, frcm west-central  Texas to  the  Diablo Platform and the present  

Sacramento and Guadalupe Mountains ( H i l l s ,  1963). 
I '  

, .  f ! '  

\, 

The formation of a depositional bas in  i n  t h e  west Texas-southeast New 

Mexico area began following Lower Ordovician Canadian time, when a broad 

sag, named the Tobosa Basin by Gal ley (19581, developed. Several  per iods  

of minor fo ld ing  and perhaps sane f a u l t i n g  occurred i n  the Tobosa Basin 

area prior t o  Pennsylvanian time. There was sane erosion,  but a genera l  

t e c t o n i c  s t a b i l i t y  preva i led  u n t i l  the L a t e  Mississ ippian to  Late 

Pennsylvanian-Early Permian time. Tectonic a c t i v i t y  accelerated i n  t h e  

area coincident  w i t h  t he  Marathon dis turbance,  and t h e  sag  w a s  s p l i t  i n t o  
two rap id ly  subsiding basins--Midland to  the e a s t ,  and Delaware on t h e  

west--by the  f i n a l  u p l i f t  of the median r idge ,  the Cent ra l  Basin Platform 

(Fos ter ,  1974) . Continuing basin and platf orm developnent occurred 

throughout the Permian Basin through Permian t i m e .  S t a b i l i z a t i o n  of the  

bas ins  followed, during which time evapor i t e s  were deposited. Since 

Permian t i m e ,  t h e  Permian S a l t  Basin has been r e l a t i v e l y  stable 

t e c t o n i c a l l y  (Bachnan h Johnson, 1973) : t hus ,  t h e  l a rge  s t r u c t u r a l  

f e a t u r e s  of the Permian Basin are reflected only i n d i r e c t l y  i n  t h e  

Mesozoic and Cenozoic r o c k s  (Nicholson h Clebsch. 1961). 

.- 
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The s t r u c t u r e  of each of the  major t ec ton ic  u n i t s  of the Permian Basin i n  '- 

t he  s i t e  region is described below, followed by d i scuss ion  of the l a r g e r  

secondary features and younger T e r t i a r y  Basin and Range-related 

s t r u c t u r e s .  
1. 

3.4.1. Delaware Basin , \  

The s i t e  is located wi th in  the nor thern  p o r t i o n  of the Delaware Basin,  
which, during most of Permian time, w a s  a deepwa te r  embayment extending 

i n t o  w h a t  is n w  southeas te rn  New Mexico and western Texas. The Delaware 

Basin is a broad, oval-shaped asymmetrical t rough w i t h  a no r the r ly  t r e n d  

and southward plunge, as reflected on the top of the Precambrian (Figure 

3.4-2). Its a x i s  lies i n  c e n t r a l  Lea County, N e w  Mexico, roughly 

p a r a l l e l i n g  the  Cent ra l  Basin Platform. The e a s t e r n  slope of the trough 

rises rap id ly  to  the platform, whi le  the western slope is much g e n t l e r  

(Figure 3.3-2). 

measures roughly 75 to  100 miles east to west and 135 t o  160 m i l e s  no r th  

to  south.  The Delaware Basin is near ly  surrounded by the l a r g e  

horseshoe-shaped Capitan l imestone t h a t  ex tends  from Carlsbad on t h e  

northwest and opens to the  south  i n  Texas, between the Davis and Glass 

Mountains. However, t h e  s t r u c t u r a l  houndaries of t h e  basin encompass a 

l a r g e r  area to the north,  beyond the Capitan reef f ron t ,  i n t o  which the  

older and deeper ly ing  bas in  sediments (e.g. the Delaware Mountain Group 

and Bone Spring)  extend. The Delaware Basin r ep resen t s  t he  area of 

maximm subsidence of the Permian Basin,  w i t h  more than 20,000 feet Of 

structural relief, on the Precambrian (See Figure  3.4-2). and it is also 

here that the Permian section is t h i c k e s t ,  w i t h  sane 13,000 feet of 

Permian strata present  i n  southeas t  New Mexico ( O r i e l ,  e t  al., 1967) 

The basin comprises an area of about 12,000 m i 2  and 

I 

Regional s t r u c t u r a l  deformation of t h e  Delaware Basin rocks is r e l a t i v e l y  

minor. The sediments older than L a t e  Permian are gent ly  downwarped as a 
result of concurrent bas ina l  developnent. The Late  Permian Ochoan r o c k s  

and T r i a s s i c  rocks do not reflect t h i s  basinwide warping; their major 

s t r u c t u r a l  f e a t u r e  is t h e  reg iona l  eastward slope (Brokaw, et  al., 1972).  
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- There are no known a c t i v e  f a u l t s  wi th in  the  northern Delaware Basin s tudy  

area Of the WIPP site. Deepseated f a u l t s ,  which may be p a r t l y  of 
t e c t o n i c  o r ig in ,  do occur wi th in  the  older sediments of t h e  Delaware 

Basin. Some of these f au l t s  probably o r ig ina t ed  from the  rapid 

Pennsylvanian-Early Permian subsidence of the basin,  during which 

widespread block f a u l t i n g  occurred within the basin (Adams, 1965). 

Others  are pre-Permian and basement s t ructures  which are reflected i n  the 

overlying beds. An example of t h i s  type of i n t r abas in  f e a t u r e  is the 

B e l l  L a k e  f a u l t ,  recognized by Haigler (1962, 1972), which has a 

displacement of about  500 feet i n  the Precambrian. The s t r u c t u r e  is 
r e f l e c t e d  upwards through t h e  Pennsylvanian Sect ion and Foster's (1974) 

map. I t  shars as a north-south high with closure on the  south.  Closure 

is also ind ica ted  on the Bone Springs map. Whether t h i s  s t r u c t u r a l  

representa t ion  results from continued movement of t he  B e l l  Lake f a u l t  

system up to t h a t  time or is only an effect of compaction is not known 

(Foster ,  1974). A complex series of faults w i t h  several thousand feet of 

offset m a r k s  the boundary between the Delaware Basin and Cen t ra l  Basin 

Platform. These f a u l t s  were invulved i n  the  developaent of the basin and 

are considered to have been inactive after Permian t i m e .  They are 
discussed i n  more detail i n  the following sec t ion .  

I 

0 Two sets of joints, w i t h  s t r ikes  to  the northwest and nor theas t ,  have 

been recognized wi th in  the basin. 

better developed and penet ra tes  t h e  lower anhydr i te  of t h e  C a s t i l e  

Formation along the western margin of the basin,  where the  formation is 

exposed. T h i s  set also con t ro l l ed  t h e  emplacement of replacement 

l imestone w i t h i n  the  evapor i tes  (Anderson, 1978) . 

The nor theas te r ly  set appears to  be 

Other s t r u c t u r e s  within the Delaware Basin inc lude  f lexures ,  sane of 

which formed during Early t o  Mid-Permian bas ina l  downwarping and 

depos i t ion  of the Bone Spring and D e l a w a r e  Mountain Groups (Pray, 19541, 

and minor scattered fo ld ing  of the younger beds (U.S. Bureau of Mines, 

1977). Evidence of a n t i c l i n a l  s t r u c t u r e s  as w e l l  as an unusual type of 
f r a c t u r i n g  and microfolding wi th in  the  C a s t i l e  anhydri te  has been c i t e d  

by Anderson and Powers (1978) and Anderson, et  al . ,  (19721, as evidence 
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- 
of salt movement. C. L. Jones (unpub.) has described a deformation zone 

e n c i r c l i n g  t h e  inner  margin of the basin and extending inward about 5 
miles, as w e l l  as a nmber  of similar s t r u c t u r e s  i n  the i n t e r i o r  of t h e  

bas in ,  which, according to  Anderson and Powers (1978), may be s a l t  

a n t i c l i n e s .  These f e a t u r e s  may have formed as a result of d i f f e r e n t i a l  

stress from unloading related to  salt d i s s o l u t i o n  (Anderson, 1978). 

Sca t t e red  small dcmes, var ious  collapse s t r u c t u r e s  due to salt and/or 

gypsum d i s so lu t ion  ( including domal s t r u c t u r e s  w i t h  col lapsed c e n t e r s ,  

known co l loqu ia l ly  as brecc ia  pipes), l imestone b u t t e s  (Castiles) , 
col lapsed  o u t l i e r s ,  and deep-seated s inks  can be found i n  the evapor i t e  
s e c t i o n s  (Vine, 1960; Anderson, 1978).  S t i p p  (1954) also i d e n t i f i e d  

b recc ia t ion  i n  the beds of the Wolfcampian and Leonardian rocks, which he 

a t t r i b u t e d  to adjustment i n  the bas in  i n  response to  sedimentation and 

structural forces. 

The t e c t o n i c  developaent of the Delaware Basin, as r e f l e c t e d  i n  the 

s t r u c t u r e s  discussed i n  t h i s  s e c t i o n ,  may be srmrmarized as follows. The 

Delaware Basin was def ined by e a r l y  Pennsylvanian t i m e  and major 

s t r u c t u r a l  adjustment t o o k  place i n  Late Pennsylvanian t o  Early Permian 

t i m e .  Regional subsidence i n  conjunct ion w i t h  broad arching, fo ld ing ,  
and f a u l t i n g  occurred u n t i l  La te  Permian time, when the bas in ' s  h i s t o r y  

as an active s t r u c t u r a l  f e a t u r e  ended (Brokaw, e t  al., 1972). Regional 

u p l i f t  and depos i t ion  of c o n t i n e n t a l  red beds i n  T r i a s s i c  time w a s  

followed by continued emergent condi t ions ,  r e s u l t i n g  i n  e ros ion  or 
nondeposition. 

of the basin much later s h i f t e d  the deepest part of the  Basin to  its 

Mid-Cenozoic t o  La te  Cenozoic regional  eastward t i l t i n g  

present pos i t i on  close to and p a r a l l e l i n g  the  Cen t ra l  Basin Platform 

(St ipp,  1954). Since then, the only s t r u c t u r a l  developnents i n  t h e  b a s i n  

have been related to hydrat ion and so lu t ion ing  of the  L a t e  Paleozoic  

sediments. 

3.4.2 Cent ra l  Basin Platform 

The Cen t ra l  Basin Platform is a subsurface f e a t u r e  (see Figure 3.3-2) 

which r ep resen t s  an anc ien t  broad u p l i f t  of Precambrian and Cambrian to 
- 
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Pennsylvanian rocks separa t ing  t h e  Delaware and Midland Basins a t  the 

southern extreme of the  Permian Basin i n  southeastern New Mexico and 

southwes t  Texas. The platform extends i n  a north-northwest t rend for 

about 200 m i l e s  to the  south f lank  of t he  Matador Arch (Bachman and 

Johnson, 1973).  The Cen t ra l  B a s i n  Platform may represent  a zone of 

structural weakness along which movements t o o k  place pe r iod ica l ly  a t  
least i n t o  Late  Paleozoic time. Displacement within and along t h e  

margins of the platform appears to have been along l a rge ,  high-angle 

normal or reverse  faults, which  t rend north to northwest and break Early 

Permian and older  rocks :  a l l  f a u l t s  predate the salt deposits of the 

adjacent  basins (Bachman and Johnson, 1973). According t o  H i l l s  (1970), 

these f a u l t s  may have been involved i n  considerable  lateral as w e l l  as 
v e r t i c a l  movement. 

The platform i t s e l f  is a horst. In  the s t r u c t u r a l l y  higher parts of the  

platform i d e n t i f i e d  by Fos te r  (1974) as the  Eobbs and Eunice blocks,  t h e  

Precambrian su r face  is from 4,000 to  7,000 f e e t  below sea level, while 

the adjacent  Monment-Jal b l o c k  s tands  a t  6,500 t o  11,500 f e e t  below sea  

l e v e l .  The f a u l t  system separa t ing  the Hobbs and Eunice blocks fran the 

Monument-Jal b l o c k  has a displacement of about 1,000 feet i n  the north to  

poss ib ly  4,000 feet west of Eunice. 

block extends about  50 m i l e s  southward, i n t o  Texas, w i t h  an in fe r r ed  

displacement of 1,500 feet a t  the nor th  to over 6,000 feet west of Jal. 

The aeranagnet ic  map of the  Carlsbad area (U.S.G.S., 1973) provides 

f a i r l y  good d e f i n i t i o n  of the t rend  of the major f ea tu res  of the Central  

A 

The f a u l t  bounding the  Monment-Jal 

, .I.,. Basin Platform (Poster, 1974). I ,, t 
I . "  ~ 

a:?* 

,f & ;p. i, 
,/ ;it: .'"' The maximum structural r e l i e f  east-west between the  Cent ra l  Basin ,: 7 

x 

.,. , ', : i L  ,I 

Platform and t h e  Delaware Basin is remarkably uniform, a t  about  9,000 $: ,,*T & 
f e e t  (Poster, 1974). Complex f a u l t  systems form the boundary between 

these two s t r u c t u r a l  un i t s .  H i l l s  (1970) ind ica ted  a f a u l t  i n  

approximately t h i s  location and termed it the West Platform fault. 

According t o  Iiaigler (1962),  t h i s  f a u l t  system has a r e l i e f  about 

equiva len t  to that of the Buapache monocline bordering the w e s t  s i d e  of 

t h e  Delaware Basin. 

t : .  ,: 

--" . '.,, 
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- 
The C e n t r a l  Basi'n Platform has been more in t ense ly  deformed than  has t h e  

Delaware Basin or she l f  areas (Brokaw, e t  al., 1972). The t e c t o n i c  
development of t h e  Cen t ra l  Basin Platform may have begun i n  Precambrian 

t i m e ,  and it appears to have been a high during Early Ordovician time. 
The platform was unstable  during la te  Devonian time but  w a s  gene ra l ly  a n  

area of s t a b i l i t y  thoughout e a r l y  to  Mid-Paleozoic time. I n  latest 

Miss i ss ippian  or e a r l y  Pennsylvanian time, the area was deformed to an  

e l eva ted  emergent f o l d  belt ,  t r end ing  north-northwest. A f t e r  s u h e r g e n c e  

and depos i t ion  i n  Middle and part of Late  Pennsylvanian t i m e ,  renewed 

orogeny f u r t h e r  e levated the area and sharpened, cwpressed, and faulted 

the f o l d s  ( H i l l s ,  1963). The complex f a u l t  system bordering the platform 

on the w e s t  formed either i n  Late  Pennsylvanian or Early Permian t i m e ,  
according t o  Haigler (19621, and cont r ibu ted  as w e l l  t o  t h e  s t r u c t u r a l  

development of the Delaware Basin. Claiborne and Gera (1974) also 
i d e n t i f y  the subsurface faults ou t ly ing  t h e  Cen t ra l  Basin Platform as no 

younger than Permian age, s ince  t h e  Permian and younger beds i n  t h e  area 

are unfaulted.  Over the f a u l t e d  platforms,  t h e  sedimentary formations 

were broadly arched, and concurrent ly  eroded, i n  places to t h e  

Precambrian basement. Subsidence followed, and upper Wolfcampian- 

through Guadalupian-age carbonates were deposited on the roots of the  

earlier mountain ranges. Since f i l l i n g  of the Midland and Delaware 

Basins  i n  Late  Permian t i m e ,  t h e  platform has been s t r u c t u r a l l y  s t a b l e  

(Brokaw, et al., 1972). Recent seismic a c t i v i t y  there is being s tud ied  

to  determine its r e l a t i o n s h i p  to  secondary o i l  recovery opera t ions  (see 
Sec t ion  5 . ) .  The Cent ra l  Basin Platform is probably not n a t u r a l l y  a c t i v e  

a t  the present  time, i n  view of t h e  l a c k  of faul t  scarps to match the 

seismic a c t i v i t y  (Sanford, 1978).  .I 

3.4.3 Midland Basin 
' I  I 

, ! \ ,  

The Midland Bas in ,  s i t u a t e d  to  the east of the Cent ra l  Basin Platform, is 

similar i n  most respects t o  the  Delaware Basin b u t  shallower,  having 
experienced less s t r u c t u r a l  development. The Midland Basin extends same 

200 miles along a north to northwest t r end  t o  the Matador A r c h  v i c i n i t y .  

Its shape is much more symmetric than is the Delaware Basin, and its 
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r e l i e f  is only 4,000 t o  5,000 f e e t .  Extensive major f a u l t i n g  occurred 

before  the deposi t ion of Late Permian salt i n  the southern part of t h e  

basin and on i ts  west f lank  i n  proximity to the Cent ra l  Basin P la t form 

(Bachnan 6 Johnson, 1973). As is the case  w i t h  the Delaware Basin, 

genera l  t ec ton ic  s t a b i l i t y  has prevai led i n  the Midland Basin s ince  

Permian time. 

3.4.4 Matador Arch 

The Matador A r c h  is a narrow east-west t rending Paleozoic highland of 

i r r e g u l a r  relief and o u t l i n e  underlain by Precambrian g r a n i t i c  r o c k s .  

The up l i f t  extends for some 300 miles across the  Permian Basin, fran west 

of Wichita F a l l s ,  continuing westward, north of Lubbock and en te r ing  N e w  

Mexico i n  southern Rmseve l t  County. Its western l i m i t s  are uncer ta in ,  

but some have supposed a connection with the  Capitan Mountains to the 

w e s t ,  by way of the in t rus ive  igneous Rai l road Mountain and Camino del 

Diablo d ikes  that parallel t h e  t rend of t h e  Matador arch i n  e a s t e r n  N e w  

Mexico (S t ipp ,  1960). The Matador A r c h  provides S t r u c t u r a l  d i v i s i o n  

between the Delaware and Midland Basins to  the south and the Hardeman, 

Pa lo  Duro, and Tucumcari B a s i n s  i n  the northern part of t he  Permian Basin. 

- 

The Precambrian s t r u c t u r a l  framework of t h e  Matador Arch itself is 

probably not a cantinuous ridge, but a series of prominences which may be 

t h e  roots of a chain of i s lands  or h i l l s  e x i s t e n t  during Precambrian and 

Early Paleozoic  times. The only l a r g e  t e c t o n i c  s t r u c t u r e s  on the Matador 

A r c h  c o n s i s t  of s t rong  f a u l t s  and folds t h a t  t rend  obl ique ly  across the  

u p l i f t  i n  a northwest d i r ec t ion  (Eardley, 1962). These f a u l t s  are 

present  only on the  southern f lank  of the arch,  near its western 

extremity and break only t h e  Precambrian basement r o c k s  (Bachman and 

Johnson, 1973). The h i s to ry  of the major t e c t o n i c  developnent and 

a c t i v i t y  of the Matador can thus  be considered to have ended by e a r l y  

Paleozoic time. 
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The Pedernal U p l i f t  r epresents  a southward extension of the  Rocky 

Mountains i n  south-central  New Mexico about midway between the  R i o  Grande 

and Pecos Rivers.  The boundaries of the  u p l i f t  are not  very w e l l  defined 

b u t  i n  general  t rend  north-south fraa t h e  e a s t e r n  side of the  Sacramento 

Mountains i n  Otero County, apparent ly  continuously t o  northern Torrance 

County (Eardley, 1962). The u p l i f t  is named for Pedernal Mountain i n  

Torrance County, which is considered to  be a remnant and the s o u t h e r m u o n  

exposure of t h e  Ancestral  R o c k i e s .  

Together w i t h  the Permian Basin, the Pedernal l a n a a s s  s t roqg ly  

influenced the depos i t iona l  and s t r u c t u r a l  p a t t e r n s  of the region. The 

Pedernal U p l i f t  appears to have been a wide and not  p a r t i c u l a r l y  emergent 

area connecting southward with t h e  Diablo U p l i f t ,  and ex i s t ed ,  according 

to Thompson (19421, and Pray (1961). from Ear ly  Pennsylvanian t i m e  u n t i l  

well after the beginning of Permian time. Within the conf ines  of the 

U p l i f t ,  r ed  shales, sandstones,  var iega ted  shales, and l imestones of 
Permian age rest d i r e c t l y  on igneous and metamorphic rocks of Precambrian 

age (Eardley, 1962). I n  s t r u c t u r e ,  the  upl i f t  may have been a broad 

upwarp i n  sane places and fault-bounded blocks i n  others. The u p l i f t  w a s  

probably sharpest on the  w e s t  w i t h  the poss ib l e  except ion of the 

southeastern edge along the buried Huapache zone (Kelley, 1971).  

- 

There is m e  disagreement as to  the time of i n i t i a l  u p l i f t  of the 

Pedernal. According to S t i p p  (1960), the u p l i f t  apparent ly  rose i n  L a t e  

Mississ ippian or Early Pennsylvanian concurrent ly  wi th  the Cen t ra l  Basin 

Platform, and was subsequently eroded down to  its Precambrian core. 
Kelley (1971) states that the Pedernal began its rise i n  L a t e  

Pennsylvania!! time. According t o  Bachman (1975),  t h e  earliest ind ica t ion  

of Ances t ra l  Rocky Mountain bui ld ing  i n  New Mexico occurred during the  

Middle Pennsylvanian Desnoinesian time b u t  the  Ances t ra l  Rocky 

Mountain-Pedernal U p l i f t  a c t i v i t y  accelerated and was extended southward 

i n t o  New Hexlco~ huring Late Pennsylvanian Missourian t i m e ,  and the Upl i f t  

reached its maximum i n  N e w  Mexico during the V i r g i l i a n ,  w i t h  accompanying 
- 
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,,- major f a u l t i n g  occurr ing along the west s i d e  of t h e  Pedernal  U p l i f t .  

Accelerat ion of u p l i f t  continued through Wolfcampian time, denuding the  

r o c k s  w e l l  i n t o  the Precambrian core. Some broad arching and eros ion  had 

taken place before the basal Artesia w a s  deposited, followed by renewed 

rise during and following Salado deposit ion.  Post-Triassic  t o  pre-Dakota 

time saw renewed rise of t h e  Pedernal U p l i f t .  S t r u c t u r a l  developnent 

ended w i t h  a s l i gh t  u p l i f t  and t i l t i n g  of the Pedernal towards the nor th  

during Late  J u r a s s i c  to Early Cretaceous t i m e  (Kelley, 1971). 

.. 
/'- 'A. 

r pp, ',. ' .  
;, .~ 3.4.6 D i a b l o  Platform ,i 

The Diablo Platform is a northwest-trending, s t r u c t u r a l l y  p o s i t i v e  area . ',' 9 .  

; $",, ;'!: 
; j 1.' 

. .  southwest of t h e  Delaware Basin, extending southeastward from t h e  

Cornudas Mountains at  the New Mexico-Texas border and terminat ing w i t h  

the  Marathon Uplif t  area and Ouachita t ec ton ic  b e l t  to the southeast .  

The platform is a horst w i t h  an average e l eva t ion  of 1,200 meters above 
sea l e v e l  and is bounded on t h e  east, south,  and west by grabens. A t  i t s  

northern extent  and closest approach t o  the s i te ,  t h e  platform is 

bordered on the  east by t h e  S a l t  F l a t  graben (Barker ,  et  al., 1977). 

(See Figure 3.4-1). 

- 

1 

The Diablo Platform experienced primary deformation i n  Late  Pennsylvanian 

or Early Permian time, but topographic relief and the  presence of coarse 

detritus favor Early Permian fo r  the  major por t ion  of the a c t i v i t y .  

Deformation consis ted of u p l i f t ,  fo ld ing ,  and f au l t i ng .  The u p l i f t  was 

g rea t e r  on the south than  the north,  i n  the Carr izo  Mountain-Van Born 

area, where subsequent erosion exposed Precambrian r o c k s .  Fau l t ing  is 
also known to have occurred i n  post-Permian rocks along the  nor theas t  

margin of the platform. The Late Cenozoic Basin and Range a c t i v i t y  

affected the Diablo platform through prominent block f a u l t i n g  and 

buckling. Major movement i n  t h i s  area was on northwest-trending faul ts  

along the  nor theas t  margin of the Diablo Platform. Late  Cenozoic 

reg iona l  u p l i f t  concurrent ly  a f f ec t ed  t h e  platform ( O r i e l ,  e t  al.,  
1967) .  Oliver (1377) r epor t s  severa l  cent imeters  of r e l a t i v e  u p l i f t  of 

the eas t e rn  Diablo Plateau and western S a l t  Basin between 1934 and 1958. 



3-68 

.- 
Releveling of t h i s  f i rs t -order  l i n e  by t h e  National Geodetic Survey i n  

1977 for  the WIPP indicates only millimeters of relative u p l i f t  during 

the period 1934-1958 and about 5 centimeters of downwarping fram 

1958-1977 r e l a t i v e  t o  the 1958 l i n e .  Further s tud ies  of t h i s  area a re  

indicated i n  Chapter 10. 
5 ,~ ! . ,  

\l , I  

I 3.4.7 V a l  Verde Basin . .  

. .. 
The V a l  Verde B a s i n  was a deep Early P e r m i a n  depositional basin a t  t he  

southwestern extent of the Permian Basin area. The V a l  Verde Basin 

trends east-southeast towards the Delaware Basin, adjacent t o  the north 

rim of the  Ouachita tectonic  be l t .  

The Val Verde Bas in  attained i ts  major structural  d e f i n i t i o n  i n  Late 

Paleozoic time. The southeastern part of t h e  south margin of t he  trough 

may have been established ear ly  i n  Pennsylvanian time. During 

Upper-Middle Pennsylvanian Desnoinesian time, t h e  V a l  Verde area was a 
f a i r l y  s t ab le  foreland. Bu t  near the beginning of Permian time, t h e  Val 

Verde trough w a s  abruptly deepened and its nor th  s ide i r regular ly  

steepened opposite the  Marathon s a l i e n t  of the south r i m i n g  s t ruc tu ra l  

be l t .  

recognized, through d r i l l i n g ,  along the  north flank of the trough; 

sagging along these zones of weakness during t h e  Early Permian deepening 

of the trough is probable, according to Vinson (19591, Hester and Holland 

(1959) and O r i e l  e t  al., (1967). The large-scale rapid downwarping tha t  

occurred i n  e a r l i e s t  Permian t i m e  caused Permian rocks t o  accumulate here 

to  a thickness exceeding 17,000 feet, t h e  grea tes t  accumulation Of 

Permian rocks to be found i n  t h e  Permian Basin. By the Mid-Permian there 

was a marked decrease i n  deformation, and a shelf  formed across part of 

the area. Permian rocks here were l a t e r  warped, possibly i n  Early 

Triassic time and eroded ( O r i e l  e t  al.,  1967). 

- 

Large-scale fau l t ing  believed to  be of Pennsylvanian age has been 
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3.4.8 Huapache Flexure 

The HUapache Flexure is a long, narrow, northwest-trending monoclinal 

s t ructure  along the eas t e rn  slope of the Guada lupe  Mountains on the west 
border of the Delaware Basin.  The monocline extends from parallel t o  the  

Guadalupe Ridge a n t i c l i n e  on t h e  s o u t h ,  northward across t h e  Capitan Reef  

escarpnent,  where it is offset to  the west. Similar o f f s e t  occurs  

f a r t h e r  north as it crosses the f o l d s  along t h e  s h e l f  margin. The 

, monocline terminates  at  the nor th  end of the Guadalupe u p l i f t .  ,. . 

The Huapache f l exure  is marked by tona l  and textured d i f f e rences  on 

LANDSAT imagery. On the southwest side of the mapped f l exure  l i n e ,  the 

terrain is more dissected, has more vegetat ion,  and f r a n  t h e  v i s i b l e  

shadows appears to be topographical ly  much higher than the area to  t h e  

northeast. 

The w i d t h  of the f l exure  ranges f rm 0.5 t o  2.5  miles. The Precambrian 

s t r u c t u r a l  relief ranges fran 300 to 400 f e e t  i n  the north to as much as 

1,000 feet i n  the s o u t h ,  just  nor th  of Guadalupe Ridge. I n  t h e  Delaware 

Basin, t h e  s t r u c t u r a l  relief on the Precambrian along the monocline is, 

from 300 t o  600 feet. 

degrees t o  t h e  east, and above and below the  s t r u c t u r e ,  dips  are f r a n  3 

to  5 degrees (Kelley,  1971). 

- 

The maximum d i p  along the f l exure  is a b o u t  15  

Although the  Huapache structure has t he  configurat ion of a monocline at  

the su r face ,  there is evidence that it o v e r l i e s  a t h r u s t  f a u l t  or series 

of faults i n  the Precambrian basement and Paleozoic sedimentary sec t ion ,  

and so represents  the draping of sediments over a fau l t  or faul t  zone 

(S t ipp ,  1960; Hayes, 1964) .  Haigler (1.962) in t e rp re t ed  the  r e s u l t s  of 

d r i l l i n g  as ind ica t ing  a displacement of as much a s  5,400 feet along an 

underlying f a u l t .  

According to Claiborne and Gera (1974), the  age of incept ion of the  

BWpache was Pennsylvanian; according t o  Haigler (1962), it w a s  l a t e  

Pennsylvanian t o  Permian, cont r ibu t ing  t o  t h e  f i n a l  s t r u c t u r a l  
- 
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developnent of the Delaware Basin. Hayes (1964) has ind ica t ed  that the 

Huapache t h r u s t  f a u l t i n g  must have been post-Mississippian i n  age, s i n c e  

Mississ ippian rocks show no lithologic change across the zone but  are 

v e r t i c a l l y  displaced as much as 4,000 t o  6,000 feet, w i t h  a much higher 

Pennsylvanian sec t ion  east of the zone (also see Meyer, 1966).  According 

t o  Hayes, the zone was apparent ly  i n t e r m i t t e n t l y  a c t i v e  through a l l  or 
most of Pennsylvanian time, i n t o  Ear ly  Permian. The Guadalupian San 

Andres Limestone, however, is not ruptured: thus ,  the  f a u l t i n g  m u s t  have 

been pre-Guadalupian. According to Kelley (1971), too, movement ceased 

i n  Leonardian time. Since then, depos i t ion  of sediments above t h e  f a u l t  

trace has produced the  low eastward-dipping f l e x u r e  conf igura t ion  exposed 

today. Although no major a c t i v i t y  has occurred here s i n c e  the  

Mid-Permian, Hayes (1964) be l ieves  that inasmuch as the monocline a f f e c t s  

r o c k s  of Late  Guadalupian age, it appears t ha t  minor post-Guadalupian, 

probably T e r t i a r y ,  movement has taken place along t h e  o l d  zone of 

weakness.  

F 

3.4.9 The Northwestern Shelf 
- 

I '  

N o r t h  and northwestward of the Delaware Basin is a l a r g e  platform area- 
Sane i n v e s t i g a t o r s  have taken the southward f r o n t  of t h e  platform to be 

de l inea ted  by the Capitan Reef Escarpment. Here the dips of the beds 

average about 20° t o  the  southeas t  (Bendrickson & Jones,  1952). 

The Northwestern Shelf was w e l l  developed before the onset of Permian 

t i m e ,  as shown by the abundance of s h e l f  limestones, including numerous 

reefs of V i r g i l i a n  age, along its present  trend. This  t e c t o n i c  element 

may have o r ig ina t ed  i n  e a r l y  Paleozoic  t i m e ,  when i t  formed t h e  margin of 
the e a r l y  TObosa Basin (Galley, 1958, O r i e l ,  et al., 1967). 

A number of flexures, arches, and buried f a u l t  systems have been 

i d e n t i f i e d  i n  t h i s  area, seve ra l  of the largest and best known of which 

are discussed below. The consensus is that t ec ton ic  a c t i v i t y  a long t h e  

ind iv idua l  s t r u c t u r e s  had ceased i n  T e r t i a r y  time, and s i n c e  then ,  Only 

broad reg iona l  monoclinal f l ex ing  has occurred. Other  than minor 
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_- 
s u r f i c i a l  effects due to solution and hydration of evaporates,  t h e  e n t i r e  

southern part  of the she l f  appears to have been s t a b l e  i n  Quaternary time 
(Brokaw, e t  al., 1972). 

- Folds 

back of the Capitan Reef f r o n t ,  extending i n  long arcs convex t o  the  w e s t  
and parallel to  the shelf margin for  a d is tance  of about 65 m i l e s  

eastward t o  t h e  Cent ra l  Basin Platform. These symmetrical and parallel 

f o l d s  termed the Carlsbad folds by Kelley (19711, average about 1 .5  miles 

apart from crest to crest and have an average fold amplitude of about 100 

feet (Motts, 1972). Kelley (1971) describes their  shape as "dcmical 

u p l i f t s , "  c i r c u l a r  to  e l l ipt ical ,  w i t h  average dimensions of 1.5 by 3 

miles. 

Shelf danes, cons is t ing  of biohermal cores covered by she l f  beds, are 
superimposed on the folds, which suggests  to mtts (1972) t h a t  the folds 

may have been topographically p o s i t i v e  features during t h e  time of 

Capitan Reef. Brokaw, e t  al., (1972) dates these folds as of e a r l y  

T e r t i a r y  or perhaps older age. According t o  Hayes (19641, they are 

presmed to be Laramide i n  age, s ince  they post  date the Permian rocks 

and anteda te  the developnent of C a r l s b a d  Cavern i n  e a r l y  and middle 

T e r t i a r y  . 

A b e l t  from 6 t o  9 m i l e s  wide of sharply f lexured  folds lies j u s t  

These fo lds  are p a r t l y  expressed i n  the present  topography. 

- 

Another arcuate fold bel t ,  c a l l e d  the Waterhole Anticlinorium, is present  

about  1 2  miles west of Carlsbad and extends fo r  a b o u t  20 miles wi th  a 

w i d t h  of 1 t o  2 miles. The feature c o n s i s t s  of a narrow, c l o s e l y  spaced 

set of 3 sync l ines  a l t e r n a t i n g  w i t h  3 an t i c l ines .  S t r u c t u r a l  relief on 
the folds is from 200 t o  400 feet. The axes of the a n t i c l i n e s  are 

sharper than those of t h e  sync l ines ,  and l o c a l l y ,  their  axial  p lanes  

appear to  be f a u l t s  (Kelley, 1971). L i k e  the  Carlsbad folds, t h i s  system 

has been dated as e a r l y  T e r t i a r y  or older (Brokaw e t  a l . ,  1972).  

The Cenozoic fo lds  that parallel the  reef escarpnent on its northwest may 

be i n d i r e c t l y  related to  the older Bone Spring Monocline, which formed a 

broad southeast-dipping fold along the basinward edge of the Victorio 
Peak Limestone i n  the L a t e  Leonardian-Early Guadalupian t i m e .  The 
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- monocline is exposed only i n  the sou th  end of the Guadalupe Mountains i n  

Texas but  is p resmed  to cont inue northeastward i n t o  New Mexico, forming 
the southeast f l ank  of the 15 to 20 mile-wide Bone Springs Arch. The 

arch was v i r t u a l l y  buried i n  Brushy Canyon t i m e ,  but near t h e  end of San 

Andres t i m e  the f l exure  w a s  rejuvenated and produced an accentuated 

northwest margin for the D e l a w a r e  Basin. This  had a g r e a t  e f f e c t  on 

later Permian depos i t ion  and may have con t ro l l ed  the pos i t i on  of the 

Capitan l imestone (Hayes, 1964). 

Numerous other local fo ld  s t r u c t u r e s  have been i d e n t i f i e d  on the she l f  

area, a good number of which are described by Kelley (1971), by Motts 

(1972), and by Hayes (1964). Many of these folds have nor th  to 
northwester ly  curving axes and s t r u c t u r a l  c losure  of up t o  100 feet or 

more. According to  Motts (1972), the s ize  of scme of these features, 

such as the M c K i t t r i c k  a n t i c l i n e  and adjacent  Dark Canyon syncl ine ,  a s  

w e l l  as their poss ib l e  influence upon the  o r i e n t a t i o n  of the Capitan 

r e e f ,  suggests  that they may reflect deeper f lexures  or f a u l t s  i n  t h e  

basement. Some of these f e a t u r e s  have been dated: Motts (1972) has found 

evidence t h a t  the M c K i t t r i c k  a n t i c l i n e  and D a r k  Canyon sync l ine  were a 

topographic high and low, r e spec t ive ly ,  during Guadalupian t i m e .  ' 

F a u l t s  The most prominent a rea  of f a u l t - l i k e  s t r u c t u r e s  on the shelf 
nor th  of the  Delaware Basin is the zone of s t r a i g h t  northeast-trending 

shears extending f r m  seve ra l  m i l e s  nor th  of Artesia northwestward tcward 

the Sacrament0 U p l i f t  and Capitan Mountains. The major structures of 

t h i s  group, such as the Y-O,  Six-Mile H i l l ,  and Border H i l l s  Buckles, are 

exposed for from 35 t o  80 miles along strike and spaced a t  d is tances  of 8 

to  20 miles. Movement along these f e a t u r e s  has involved fo ld ing ,  

f a u l t i n g  along strike, and over thrus t ing ,  and along t h e  s t r i k e  of these  

buckles the na ture  of deformation may change markedly over .a short 

d is tance .  These f e a t u r e s  are v i s i b l e  on LANDSAT imagery to  varying 

degrees. The Border H i l l s  Buckle appears as a very obvious scarp and 

ad jacent  depression which is v i s i b l e  along its e n t i r e  length,  whereas 

there are no obvious scarps or depressions along the mapped trace of t h e  

Six-Mile H i l l  Buckle, although some stream offsets are al igned along its 
x 
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t rend ,  and the Y-O f a u l t  is marked  only by por t ions  of 3 streams which 

follow t h e  f a u l t  l i n e  a short dis tance.  Evidence exis ts  t h a t  movement on 

these zones was i n i t i a t e d  i n  Carboniferous or earlier times and may have 

been b a s i c a l l y  r igh t  lateral  (Brokaw et al., 1972 and Kelley, 1971). 

Kel ley (1971) has described t w o  f a u l t s ,  named the  Barrera and Carlsbad, 
f ron t ing  the reef escarpaent  32 kilmeters and 16  kilometers southwest Of 

Carlsbad and having "late T e r t i a r y  w i t h  poss ib l e  Quarternary movement." 

However, many other geo log i s t s  who  have inves t iga t ed  the area are no t  

convinced t h a t  the l i n e a r  f e a t u r e s  seen on aerial photos are a c t u a l l y  

faults. (Claiborne and Gera, 1974). 

Artesia-Vacuum Trend The Artesia-Vacuum t rend  is a long, l o w ,  

east-trending arch i n  Permian r o c k s ,  which extends eastward frm a l i t t l e  

south of the town of Artesia, i n  Eddy County, New Mexico, for a d is tance  

of about 75 miles, rougaly p a r a l l e l i n g  t h e  Carlsbad folds .  'The t r end  
represents  s l i g h t l y  w a r p e d  Permian s t r a t a  i n  an eastward-plunging 

a n t i c l i n e  (St ipp,  1960). The arch  is almost completely covered by 

post-Permian beds, except for a short stretch near C h a l k  Bluff Draw where 

the plunging south limb is seen dipping southeastward a t  about 4 

degrees. This  f e a t u r e  has been dated as either Ear ly  Permian or 

pre-Permian, and, according to Brokaw e t  al. (1972), is l a r g e l y  or wholly 

the product of d i f f e r e n t i a l  canpaction over the Abo reef of Ear ly  Permian 

age. 

3.4.10 Sacramento Mountains 

The Sacramento Mountains c o n s t i t u t e  an u p l i f t  area to  the  w e s t  of the 
Northwestern Shelf and form the  local eas t e rn  border of t h e  Basin and 

Range province. The u p l i f t  extends for a d i s t ance  of over 45 m i l e s  i n  a 

nor th  to s l i g h t l y  nor theas t  d i r e c t i o n ,  and m o s t  of the S t r U C t U r e S  wi th in  

the range also exhibi t  a no r the r ly  trend. The overall s t r u c t u r e  of the 

Sacramento Mountains is a t i l t e d  f a u l t  b l o c k ,  wi th  a regional  d i p  t o  the 

' east of about 1 degree. The e a s t e r n  f lank  of the mountains is character- 

ized by its simple, undeformed eastward dip of 100 to  140 f t / m i .  Greater 
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u p l i f t  along the c e n t r a l  crestal zone has produced d ips  of seve ra l  

degrees i n  t h e  strata on the north and south  ends of t h e  range. The 

Sacramento u p l i f t  is separated from the  Tularosa Basin on t h e  w e s t  by One 

or more normal faul ts  involving seve ra l  thousand feet of displacement 
(S t ipp ,  1960). 

The Sacramento Mountains have developed through seve ra l  periods of 

tectonic a c t i v i t y ,  probably beginning i n  Late  Pennsylvanian and e a r l y  

Wolfcampian t i m e .  Pre-Permian s t r a t a  of the range are deformed by 

fo ld ing  and f a u l t i n g  during t h i s  time, and many of t h e  i n t e r n a l  

S t r u c t u r e s  of the Sacramento Mountains formed then. Sane further 

deformation occurred during Mesozoic or e a r l y  Cenozoic t i m e  (Pray, 

1959).Cretaceous s t ra ta ,  s t rongly  fo lded  and f a u l t e d  and intruded by 

d i k e s  and sills, occur ex tens ive ly  i n  the northern Sacramento Mountains, 

e s p e c i a l l y  between the towns of Capitan and Carrizozo. Here the  

s t r u c t u r e  suggests  a depressed s y n c l i n a l  block g r e a t l y  a f f ec t ed  by 

igneous a c t i v i t y  (St ipp,  1960). 

-, 

Late Cenozoic Basin and Range f a u l t i n g ,  which produced u p l i f t  and 

t i l t i n g ,  gave t h e  Sacramento Mountains t h e i r  p resent  configurat ion.  The 

dominant l oca t ion  of t h i s  a c t i v i t y  has been the large fault zone a t  the  

western base of the u p l i f t  i n  t h e  Tularosa Basin, and the u p l i f t  appears 
t o  be still i n  progress (Pray, 1959). 

3.4.11 Guadalu+-Delaware Mountains U p l i f t  

The Guadalupe-Delaware U p l i f t  is a gen t ly  northeastward-t i l t ing f a u l t  

block extending northwestward for  same 110 miles, fram t h e  Diablo 

Platform area near Van Born, Texas, t o  east of Pinon, New Mexico. I n  New 

Mexico, t h e  western boundary of the u p l i f t  is a great fault scarp 
produced by a system of near ly  en echelon, normal faults of Late Cenozoic 

age, along which the displacement ranges from 2,000 to  4,000 feet  
(Kelley,  1971; Hayes, 1964). The eas t e rn  margin is formed l a r g e l y  by 

e ros iona l  conformance to the  Late Pa leoz ic  t o  T e r t i a r y  Huapache 

Monocline, and the southeas t  margin of the  range co inc ides  w i t h  t h e  Ree f  
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Escarpnent, which, according to  Hayes (1964) may have resulted p a r t l y  

from Cenozoic re juvenat ion of the L a t e  Paleozoic Bone Spring Monocline. 

Using the Huapache Monocline as the east boundary, the u p l i f t  is a b o u t  11 

miles wide i n  its southern part, taper ing  northward to  about 3 miles 

(Kelley,  1971). The Guadalupe Mountains l i e  within the Sacramento 

s e c t i o n  of the Basin and Range province and are s t r u c t u r a l l y  part of t h e  

Northwestern Shelf  (Brokaw, e t  al., 1972). 

I n  cross sec t ion ,  the mountains have a cuesta- l ike or asymmetric profile, 
w i t h  the f a u l t  scarp forming a short, steep western slope and a backslope 

dipping gen t ly  eastward a t  genera l ly  less than 30 or about 200 f t / m i .  

The beds usual ly  dip more s t e e p l y  than t h e  land su r face ,  thus  exposing 

Progress ive ly  younger r o c k s  to the east and southeast (Bendrickson h 

Jones,  1952). : ..., 
'L . ,  
I i  

i .., 
. ,  ' L  .,. 

, I  , ,  " , '  ', The principal s t r u c t u r a l  elements within the Guadalupe Mountains area : I ' ,  . 

have been descr ibed i n  d e t a i l  by Hayes (1964). Boyd (19581, and King . '  ' .' 
-. 

(1948). 
f o l d s  w h i c h  parallel t he  Reef EscarpPent (refer t o  Sect ion 3.4.8). The 

only  f a u l t s  along the eas t e rn  per iphery of the u p l i f t ,  p a r a l l e l i n g  the  

reef, are short normal f a u l t s  of very small displacement, which probably 

originated as tension j o i n t s  (Hayes, 1964). The major f a u l t i n g  i n  the 

area is loca ted  t o  the w e s t  of the Guadalupe Mountains U p l i f t ,  where many 

c l o s e l y  spaced f a u l t s  t rend north to northwest. Hayes (1964) describes 

those i n  the  New Mexim por t ion  of the area i n  th ree  groups: those along 

the Guadalupe Mountains sca rp  nor th  of Stone Canyon, those parallel to  

t h e  Shattuck Valley sca rp  s o u t h  of Stone Canyon, and those i n  and nor th  

of the Brokeoff Mountains. Along the Guadalupe Escarpnent are nmerous,  

c l o s e l y  spaced, high-angle normal f a u l t s  p a r a l l e l i n g  t h e  scarp and 

gene ra l ly  dDwnthrown on the west. From high on the scarp westward i n t o  

B i g  Dog Canyon, the f a u l t s  decrease i n  dip to  as low as 60 degrees and 

inc rease  i n  displacement from r a r e l y  over 100 f e e t  on the east to  about 

800 feet i n  the canyon, low on t h e  scarp. The faults south of Stone 

Canyon are separated from those t o  t h e  nor th  by an unfaul ted monocline 

some 1 1/2 miles wide. M o s t  of the  displacement on the scarp here is 

These include' the Huapache and Bone Springs Flexures  and the  

- 



3-76 

- 
along a l a rge  f a u l t  high on the  scarp having a displacement of as much as 

800 feet ,  and an a rcua r t e  trace convex to t h e  east; ad jacent  to i ts  t r a c e  

are a number of s m a l l  s t r i k e  f a u l t s  (Hayes, 1964; see also King, 1948; 

Boyd, 1958). West of the Guadalupe Mountains is a graben area occupied 

by a complex north-northwestward t rending zone of La te  Cenozoic faults i n  

and adjacent  t o  t h e  Brokeoff Mountains. Most of t h e  f a u l t s  are high 
angle  and normal and are downthrown to the east, except for several i n  

the nor th  t h a t  form grabens and hors t s .  S t r a t i g r a p h i c  displacements here 
range from a few f e e t  to about 600 feet (Hayes, 1964). 

Evidence has been presented by King (1948) t h a t  t e c t o n i c  deformation was 

occurr ing  i n  the southern Guadalupe area before  Middle Permian t i m e  and 

produced the Bone Spring Flexure,  which poss ib ly  governed the l o c a t i o n  Of 

the Delaware Basin. Hayes (1964) describes a f a u l t  zone i n  t h e  Guadalupe 
Xountains t h a t  may have trended southeastward i n t o  the western edge of 

the Delaware Basin and may have been a c t i v e  during Mississippian to Early 

Permian time. L i k e  the S a c r a e n t o  U p l i f t ,  though, the Guadalupe-Delaware 

Mountains are primarily a La te  Cenozoic s t r u c t u r a l  feature, u p l i f t e d  and 

t i l t ed  eastward by the Basin and Range t e c t o n i c  a c t i v i t y .  

King (1948) dated m o s t  of the major normal f a u l t i n g  of the Guadalupe , ' 

Mountains area as  L a t e  Pl iocene t o  Early P le i s tocene .  H e  d i d  note ,  

however, that SOme renewed movement along pre-exis tent  f a c i s  probably I-  

t o o k  place i n  the Early P le i s tocene ,  as evidenced ty c*issestion of 
probable  e a r l y  P le i s tocene  deposits due t o  change i n  '.as4 l eve l .  

found no evidence for yomger movements i n  the D e l a w a r e  or Suadalupe 

Mountains. 

I 

, . ,  

. . . ,  

- .  
But he 

There is evidence, though, that developnent of the u p l i f t  may still be 

cont inuing a t  a reduced rate today. Xelley (1971) reports t h a t  during 

h i s  work a small scarp i n  the  a l l u v i a l  fans along the nor theas te rn  end of 

the Guadalupe F a u l t  Scarp,  i n  T20S, R17E w a s  found, i nd ica t ing  sane 

s l i g h t  Holocene u p l i f t .  More recent  f ie ld  inves t iga t ions  i n  t h e  Sa l t  

Basin graben region adjacent  t o  the  Guadalupe Mountains i n  Texas have 

i d e n t i f i e d  over 100 Quaternary-age normal, en  echelan, and discont inuous 
.- 
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f a u l t  scarps and photolineaments w i t h  displaanents of as  much as  18 feet, 
which appear to be controlled by preexisting structural zones of 
weakness. The orientation of the scarps, the proximity of recurring 

seismic act ivi ty ,  and the youthfulness of o f f se t  surfaces suggest t ha t  

these scarps have a tectonic or igin and are  maintained by i n t e r m i t t e n t  

ac t iv i ty  which is i n  s m e  places younger than 1,000 years old and 

probably continuing (Goetz, 1977). Such data would thus  indicate sane 

ongoing Holocene s t ruc tura l  developnent of the eastern extent of the 

Basin and Range elements i n  the Southeast New Mexico west-Texas region. 

3.5 REGIONAL. IGNEOUS ACTIVITY 

Large-scale post-Precambrian igneous ac t iv i ty  i n  the southeast New 

Mexico-west Texas area consists of Early t o  mid-Tertiary intrusive bodies 

and Tertiary t o  Quaternary volcanic terrains located w e l l  t o  the MKth, 

w e s t ,  and south of t h e  s i t e  area. Figure 3.5-1 presents the regional 

d i s t r ibu t ion  of known igneous features. Within the northern Delaware 

Basin,  only minor igneous ac t iv i ty ,  i n  t h e  form of one or more Tertiary 

dikes and possibly associated sills, is known to  have occurred. This 

section discusses the igneous features known to e x i s t  w i t h i n  about 100 

m i l e s  of the  WIPP site and considers i n  particclar detail the near-site 

intrusives  w i t h i n  the northern D e l a w a r e  Basin. 

- 

3.5.1 Near-site Activity 

The octcroba of igneous dike-related material nearest t o  the  WIPP site 

are located about 42 miles southwest of the site, i n  the Yes0 H i l l s .  

Subsurface samples of intrusive igneous rock w i t h i n  about 9 miles of the 

site have also been obtained from d r i l l  holes and f ran  two underground 

potash mining operations, located sane 10  miles apart i n  the Salado 

Formation. Aeromagnetic investigations have also indicated the presence 

of magnetically responsive, perhaps igneous, mater ia ls  i n  t h i s  k-ea. 
Whether a l l  these occurrences represent par t s  of one d i k e  or en enchelon 

d i k e s ,  they together produce a very l inear  trend s t r ik ing  approximately 

N50° E for a distance i n  excess of 75 miles. Th i s  trend extends frm a 
- 
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p o i n t  near the Texas-New Mexico border southeast of Carlsbad Caverns a t  

least  t o  the no r theas t e r ly  most w e l l  intercept, sane 30 miles no r theas t  

of the si te ( E l l i o t ,  1976b; Claiborne and Gera, 1974). The loca t ion  of 

t h e  i n t e r c e p t s  and magnetic i nd ica t ions  and the dike trace they sugges t  

are plotted on Figure 3.5-2. 

The outcrops i n  the Yeso B i l l s  c o n s i s t  of r e c t i l i n e a r  patches of 
rust-colored,  ea r thy  material studded w i t h  occas iona l  sharp, m a l l  

fragments of a d a r k ,  f i n e g r a i n e d  igneous rock that represent  t h e  su r face  

expression of three parallel, en enchelon d ikes  wi th in  the  outcropping 

C a s t i l e  gypsum. The d i k e s  t rend east northeast and vary i n  width up t o  

about 20 feet and i n  l eng th  up to about one-half m i l e  (Prat t ,  1954).  

These outcrops are separated by a d is tance  of a b u t  27 m i l e s  f r m  the 

nea res t  subsurface d i k e  intercepts or d e f i n i t e  magnetic response along 

s t r ike  to the northeast. 

I n t e r c e p t s  of i n t r u s i v e  igneous material have been reported from a t  least 
9 d r i l l  holes wi th in  the northern Delaware Basin along the t rend  

ind ica t ed  above (See Table 3.5-1). These i n t e r c e p t s  have gene ra l ly  been 

multiple i n  each w e l l  or dr i l l  hole. For ins tance ,  t h e  S tanol ind  U.S. 

Duncan #l is reported to  have 8 i n t e r c e p t s  which range i n  depth of 

location from 470 to 13,300 feet. 

geologists have in t e rp re t ed  the  occurrences to represent  a series of 

s i l l - l i k e  i n t r u s i o n s  ( E l l i o t ,  1976b), a theory which may be supported by 
magnetic data discussed below. 

- 

Several  petroleum explora t ion  

D i k e  exposures have also been observed i n  the underground workings of the 

I n t e r n a t i o n a l  Minerals and Chemical Corporation mine, l oca t ed  
approximately 9-1/2 miles northwest of the proposed WIPP site, and i n  the 

Hobbs P l a n t  mine of t h e  Kerr-Mffiee Chemical Corporation, sane 10-1/2 

m i l e s  no r th  of the si te (See Table 3.5-1). The d i k e  exposures i n  these 

mines are in t ruded  i n t o  t h e  Upper Permian Salado Formation. These 

i n t r u s i v e s  are near ly  v e r t i c a l  and usua l ly  only  a f e w  inches to  a foot 

t h i c k ,  but t h i c k e n  to approximately 1 5  feet wide a t  the i r  widest  observed 

p o i n t ,  i n  the Kerr Mffiee mine. N o  displacement ex is t s  between the salt  
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beds on the two sides of the dike and, i n  one of the mines, t h e  end of 
the dike can be observed (Claiborne h Gera, 19741, indicating a 

d iscont inuous ,  segmented character. 

Airborne magnetic surveys of the region, performed by the U.S. Geological 

Survey, have been u t i l i zed  t o  help determine the  position of the dike 

material and its genetic relationship t o  the surrounding r o c k  s t ra ta .  

These surveys show magnetic indications of a dike-like s t ructure  

extending southwestward from a point approximately 30 miles northeast of 

the WIPP site t o  near the Pecos River .  The width  of the magnetic anomaly 

so indicated varies from several miles at its base, a t  a depth of about  

12,000 t o  13,000 feet, near the Precambrian basement t o  a very th in  t race  

a t  i ts  upper extremity near the ground surface. E l l i o t  (1976b) noted 

tha t  an aeranagnetic response indicating such an apparent single,  broad 

anomaly may be produced by a ser ies  of d i k e s  which have a broad base and 

pinch out ver t ical ly .  The feature under consideration may thus represent 

"a  mul t ip l ic i ty  of en echelon dikes forming a swarm,  which rise generally 

ver t ica l ly  from the basement and pinch out  i n  an upward direction 

( E l l i o t ,  1976b)'. According to t h i s  interpretation, one of these dikes 

e%tends upward above t h e  other dikes, penetrating units as young as the  

Salado Formation, and is encountered i n  the  outcrow and subsurface 

intercepts.  The multiple showings fran one d r i l l  hole are,  according t o  

-. 

</" -\< 

-I  i p., q; 
. ?  ,{ I ,  ~ i ' ;  

I .  t h i s  interpretat ion,  thought t o  represent s m a l l  s i l l - l i k e  projections ., .'\ I. 

which extend outward horizontally fran the  main ver t ica l  dike source. 
1 2 ,  *( r 

The dike or series of dike-related features  indicated by the above l i nes  

of evidence has a similar appearance, canposition, and s t r u c t u r e  wherever 

it has been encountered i n  the subsur face .  The d i k e  rock is a 

medium-gray to grayish-black, f inegra ined  porphyritic material 

ident i f ied as lamprophyre by Jones (1973). The grounhass of the  r o c k  

consists of orthoclase w i t h  accessory b io t i t e ,  which is pa r t i a l ly  altered 

to vermicul i te ,  and minor amounts of i lmeni te ,  apa t i te ,  anatase and 

pyrite.  

pseudomorphs of s ide r i t e  and ant igori te  af ter  pyroxene. Amygdules as 
large a s  2 m i n  diameter, f i l l e d  w i t h  ha l i te ,  s ider i te ,  calcite, and 

na t ro l i t e  are  dispersed through the d i k e  rock. 

The r o c k  a lso contains corroded andesine phenocrysts and 
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Nearly v e r t i c a l  and subhorizontal  f i s s u r e s  are present throughout the 

dike and are usual ly  f i l l e d  with hal i te ,  w i t h  local po lyha l i t e ,  anhydr i te  

and minor amounts of p y r i t e ,  dolamite,  qua r t z  and c r y s t a l l i n e .  

hydrocarbons. The dike has a rather poorly-developed flow s t r u c t u r e  and 

a c h i l l e d  border. The hali te of the adjacent  intruded beds has been 

r e c r y s t a l l i z e d  as much as 3/4 inch  along t h e  dike contac t ,  and, i n  

p laces ,  conta ins  methane and other gases  under pressure.  Where t h e  

terminat ion of t he  i n t r u s i v e  mass is observed, a ve in  of polyhalite, also 
containing minor amounts of p y r i t e ,  dolomite, and c r y s t a l l i n e  

hydrocarbons, extends upward i n t o  the adjacent  salt, i n d i c a t i n g  that  Sane 
migrat ion of f l u i d s  along the d ike  must have taken place fol lowing 

in t rus ion .  Later r e c r y s t a l l i z a t i o n  and plastic flowage have, however, 

healed any permeable zones which may have formed at  the time of t h e  

i n t r u s i o n  and f l w i n g  water is no t  now p resen t  where the d i k e  is 

observable  (Claiborne h Gera, 1974).  
. , \  . .  

, I  

. .  
Specimens of the d ike  material f r m  t h e  Yeso H i l l s  were c l a s s i f i e d  by 

Peter H. Masson (reported i n  P r a t t ,  1954) as an a l k a l i  t r achy te  and as a 
soda trachyte of porphyr i t i c  texture w i t h  principal minerals  of 
anorthoclase, a l b i t e ,  chlorite, i lmeni te ,  and magnetite. The r o c k s  are 
severe ly  a l t e r e d ,  and the w a l l s  of the d i k e s  are not  c l e a r l y  defined. 

BOth specimens examined were ves i cu la r ,  i n d i c a t i n g  a surface environment 

of cool ing and c r y s t a l l i z a t i o n .  C a l c i t e  and gypsm o f t e n  l i n e  t h e  

v e s i c l e s  as secondary deposits (Pratt ,  1954). 

- 

The emplacement of the  1ampKOphyre d i k e s  probably occurred during 

mid-Tertiary t i m e ,  approximately 30 m i l l i o n  years  ago. Urry (1936) dated 

the i n t r u s i v e s  a t  30 +l.5 m.y., fran drill hole c u t t i n g s  of the  Texas 
Co. No. 1 Moore well, loca ted  a b o u t  1 2  miles nor th  of t h e  WIPP site. 
More recent  K/Ar whole- rock  dating by t h e  U.S. Geological Survey, Denver. 

has determined an age for a sample (#5-1-71(M75)) of t h i s  d i k e  of about 

34.8+0.8 mi l l i on  years (recalculated for r ecen t  change i n  measured decay 

cons tan t )  (C. L. Jones,  personal communication). 
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The span of time thus  indicated since i n t r u s i o n  has been ample to  provide 

for complete cool ing of even t h e  l a r g e s t  of these i n t r u s i v e  bodies,  and 

a t  the present time there is no evidence of magnetic masses unusually 

close to  t h e  su r f ace  i n  the area. 

These d ike  ind ica t ions  may represent  part of an en echelon d ike  a r rays  

extending northeastward for almost 80 miles from the Gypsum H i l l s  i n  

southern Eddy County, near t h e  New Mexico-Texas state l i n e ,  t o  the Vacuum 

o i l  f i e l d  s o u t h  of Buckeye i n  c e n t r a l  Lea County, New Mexico. 

The nor theas t  t rend of a l l  these  d i k e s  gene ra l ly  coincides  w i t h  the 

o r i e n t a t i o n  of seve ra l  t ec ton ic  l i n e m e n t s  i n  t h e  area and also parallels 
the  t rend of crevasses  and j o i n t s  i n  the carbonate  rock of the Capitan 

and T a n s i l l  Formation near Carlsbad Caverns. These fractures are f i l l e d  

w i t h  Early Cretaceous sandstones and conglomerates. Thus, the 

emplacement of t h e  magmatic material may have been facil i tated by e a r l i e r  

p a t t e r n s  of s t r u c t u r a l  weakness, which developed i n  response to  regional  

stresses opera t ive  previous to Cenozoic time. The date of the dikes ,  

however, suggests  that their developnent may have been r e l a t e d  events  

which were precursors  t o  t h e  l a t e r  Basin and Range tectonism of 

Mid-to-late T e r t i a r y  time. 

- 

3.5.2 Guadalupe-Delaware Mountains Area A c t i v i t y  

King (1948) described severa l  occurrences of igneous material i n  the 

Guadalupe-Delaware Mountain area. H e  i d e n t i f i e d  one small i n t r u s i v e  

plug, about 15  miles southwest of t h e  Yeso H i l l s  d ikes ,  l oca t ed  within 

the  Delaware Mountains i n  a ravine one-half m i l e  nor th  of Lamar Canyon, 

1-1/2 miles east of its junc t ion  w i t h  Cherry Canyon. This plug forms a 

lar r idge several hundred feet long and c u t s  sandstones wi th in  the 

Guadalupian-age B e l l  Canyon Formation. These sandstones have been 

t i l t e d ,  baked, and si l icified,  according t o  King, for about 1 0  feet from 

t h e  edge of t h e  plug. 

gray  and aphani t ic ,  probably a trachyte." P r a t t  (1954) later examined 

t h i s  reported plug and s i m i l a r  outcrops i n  the area. Be found no igneous 

The i n t r u s i v e  r o c k  itself he descr ibed as " l i g h t  

- 
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r o c k  or any t i l t e d  or baked sandstones,  only evidence of in t ense  

s i l i c i f i c a t i o n  of the sandstones within low parallel r idges  o r i en ted  
nor th  northwest. P r a t t ,  however, i n t e r p r e t e d  t h e s e  f e a t u r e s  to  be 

evidence of underlying i n t r u s i v e  dikes,  as d id  King. P r a t t  futher s t a t e d  

t h a t  the d ikes  formed part of t h e  s i l i c e o u s  mantle of an underlying 

igneous in t rus ion .  

Seven miles to the east southeas t  of these chalcedony-like ridges, w i t h i n  

the Magnolia Petroleum Company's Homer Cowden NO. 1 w e l l ,  a boay Of 

igneous r o c k  has been in t e rcep ted  a t  depths f r a n  8,730 f e e t  t o  9,140 feet 
( P r a t t ,  1954). The f e a t u r e  is o r i en ted  parallel to  t h e  t r end  of t h e  

hypothesized d i k e s  of Lamar Canyon and is in t e rp re t ed  as a sill. P r a t t  

(1954) sugges ts  t ha t  "the source of t h i s  i n t r u s i o n  may also be t h e  source 

of the s o l u t i o n s  which so i n t ense ly  s i l i c i f i e d  the conspicuous outcrops" 

i n  t h e  Delaware Mountains, descr ibed above. The "sill" is composed of 

extremely porous, l i g h t  gray and ho loc rys t a l l i ne  rock w i t h  prcminent 

black needles of a fer ranagnes ian  mineral ,  which has been analyzed by 

Peter T. Flawn as a " lenco syendior i te , '  otherwise poss ib ly  termed a 

monzonite (Pratt,  1954).  

I 

King (1948) has pos tu l a t ed  the ex is tence  of a t h i r d  buried i n t r u s i v e , , , /  

located i n  t he  Guadalupe Mountains of Texas, approximately 1-1/2 m i l e 6  
sou th  of the Otero-Eddy county l i n e ,  on  the nor theas t  slope of Lost  

Peak. B i s  hypothesis is based on the observat ion t h a t  the Carlsbad 

l imestone here, a t  the Calumet and Texas mine, "has been replaced by 

copper, lead, z inc ,  and i r o n  minerals ,  which probably emanated frcm an 

igneous source beneath (King, 1948) ." 

The age of the  igneous i n t r u s i v e  a c t i v i t y  i n  the Guadalupe-Delaware 

Mountains reg ion  has been conjectured by King (1948) as Ear ly  T e r t i a r y  or 
scanewhat younger, represent ing  the northern extension of a v a s t  n w b e r  Of 

i n t r u s i v e s  related to the  i n t e n s e  Trans-Pews Davis Mountain a c t i v i t y .  

Unlike the region f u r t h e r  sou th ,  however, l i t t l e  remains of these records 
i n  the Guadalupe Mountains area, and only minor igneous a c t i v i t y  occurred 

here (King, 1948). P r a t t  (1954), i n  agreement w i t h  King's da t ing  work ,  
- 
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has s ta ted  that  the Delaware Mountain materials he investigated "may 

reasonably be presuned to be of Tertiary age." 

on the assumption t h a t  these r o c k s  are similar i n  composition t o  the  

generally a l k a l i c  igneous r o c k s  ident i f ied by Plawn (1952) as  comprising 

the Tert iary intrusives  of t h e  west Texas-eastern N e w  Mexico area. 

H e  based t h i s  judgement 

3.5.3 Trans-Pecos Magmatic Province 

The Trans-Pews .magmatic province" canprises a vast  area of both 

intrusive and extrusive igneous outcrop te r ra ins  of Tertiary age s i tuated 

east of the  R i o  Grande River and w e s t  and south of the Guadalupe-Delaware 

Mountains, approaching w i t h i n  about 90 m i l e s  of the WIPP site a t  t h e  

northern extent Of the province. 

distance of about 225 miles from the  Diablo Plateau-Cornudas Mountains 

O u t c r o p s  near the New Mexico-Texas border, southeastward through the 

Davis Mountains volcanic area and associated intrusives  t o  the southern 

t i p  of Texas (see Figure 3 . 5 - 1 ) .  The e n t i r e  province contains i n  excess 
of 200 intrusive bodies having outcrops exceeding about 1/2 square m i l e  
each i n  surface area (Barke r ,  1977) i n  addition to the approximately 

6,000 squaremile region of volcanic outcrop t e r r a in  of the Davis 

Mountains area (from Cohee, e t  al., 1962). According t o  King (19481, 

t h i s  magmatic province w a s  developed during Early Tertiary time, when 

great  sheets of lava spread over the Davis Mountains and adjacent areas, 

across a surface of Cretaceous and older rocks .  Both the lavas and 

sedimentary rocks were t h e n  intruded by a host of small to  large 

intrusive masses, sane of which were f a r  removed from the  Davis Mountains 

region. Barker (1977) has determined that the magmatic ac t iv i ty  i n  t h e  

Trans-Pecos province occurred during the interval  from 43 t o  16 million 
years before present. Those intrusives  which l i e  closest  to the s i t e  are  

discussed f u r t h e r ,  below. 

The magmatic province extends a 

Within the  northern portion of the Diablo Plateau, some 22 intrusive 

igneous bodies are exposed along a north northwest trending belt. 

northernmost of these igneous outcrops occurs w i t h i n  the Cornudas 

Mountains, which are centered approximately 105 miles west-southwest Of 

t he  proposed WIPP site, on the Texas-New Mexico border. 

The 
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These intrusions,  k n m  col lect ively a s  the  Cornudas Group, generally 

consist of a c e n t r a l  group of plugs, surrounded by sills and laccol i ths .  

The materials composing these intrusions have been c lass i f ied  as 
nepheline syenites.  phonolites. or quartz-bearing syenites. The older 
rocks are generally f ine  to coarse-grained, equigranular t o  porphyrit ic,  

w i t h  only weakly and loca l ly  developed flaw structure.  

of the group are  fine-grained, microporphyritic and vesicular, w i t h  

strongly developed f l a w  s t ruc tu re .  Abundant au to l i ths  of a lka l ic  igneous 

material are contained within several of the intrusions of the Cornudas 

Mountains (Barke r ,  et al., 1977). 

The younger rocks 

K-Ar dating of b i o t i t e  i n  igneous rock samples from the Cornudas Group 
yields  an age of approximately 31 t o  37 m.y. for  t h e  time of intrusion. 

The intrusives  were emplaced i n  sedimentary rocks which range i n  age from 
Early Permian t o  Cretaceous (Barker, e t  al., 1977). 

3.5.4 E l  Camino de l  Diablo and Railroad Mountain Dikes  - 
The east-west trending El Camino del Diablo and Railroad Mountain d ikes  

are  the igneous features  nearest t o  the WIPP si te on the north, bPyond 

the  l i m i t s  of the  D e l a w a r e  Basin. The outcrop areas of both d i k e s  are 

covered by a t h i n  veneer of gravel, caliche, and alluvium (Kelley, 19711, 
and nei ther  have much expression on LANDSAT imagery. 

The southernmost of the two dikes, E l  Camino del Diablo, is located 

approximately 67 miles north of the WIPP site. The d i k e  can be traced on 

the surface for about 25 m i l e s  (Kelley, 1971) from the caliche-capped 

plains  east of the Pecos River eastward unt i l  it disappears under the 

Hescalero sands. The dike varies i n  width from some 32 feet on the west 

to about 47 feet a t  its easternmost outcrop. Although it exhibi ts  very 

l i t t l e  topographic expression, i n  places along its trace t h e  d i k e  i s  

marked by a s l i g h t  depression produced by a greater erosion of the dike 
than  Of the surrounding country rock. The intrusive material is an 

extensively a l te red ,  fine-grained, s l i gh t ly  porphyritic, bluish-gray rock 

displaying typical  diabasic texture  and is canposed of augite and 
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magnet i te  i n  a matrix of l a t b s h a p e d  feldspar c r y s t a l s .  Since t h e  

composition is intermediate  between an andes i te  and b a s a l t ,  t h e  rock has  

been c l a s s i f i e d  as aa "augite-andesite" (Semmes, 1920). Bordering the 

d i k e  are contac t  zones from one to  1 2  feet wide ,  which c o n s i s t  p r imar i ly  

Of a mere baking of the country rock w i t h  no appreciable  mineral izat ion.  

The Rai l road Mountain D i k e  p a r a l l e l s  t h e  Camino del Diablo D i k e  13 miles 
60 the nor th  and extends a d is tance  of a b u t  30 miles f ron  the e a s t e r n  

s i d e  of the  Pecos River eastward i n t o  t h e  Mescalero sands. The width  of , . 

the d ike  is remarkably constant ,  measuring a t  most a k u t  100 feet, which , /  

suggested t o  Sennnes (1920) t ha t  t h e  exposed por t ion  represents  on ly  a 
,,.\ 

'j j ,  ' .  , ,. " ,. 1 *. 
J ',.- I 

. \ 
,\ ' , .  ;., , ' 

fraction of the e n t i r e  i n t rus ion  (Kelley, 1971; Semmes, 1920). I n  "%,4 

c o n t r a s t  w i t h  t h e  Camino del Diablo D i k e ,  t h i s  d i k e  forms a r idge,  which 

i n  p l aces  reaches as high as 60 t o  80 feet. On W S A T  imagery, i t  has 

its most pronounced expression as it approaches the Matador u p l i f t  region 

to  the eas t .  The dike material is a massive, dense, dark-blue, 

m e d i m g r a i n e d  g ran i to id  r o c k  canposed of pyroxene and o l i v i n e  w i t h  

cons iderable  magnetite i n  a f e l t - l i k e  =ass of in te r locking  lath-shaped 

p lag ioc lase  c r y s t a l s .  The r o c k  may thus  be c l a s s i f i e d  as an o l i v i n e  

gabbro, of more basic nature  than m o s t  of the other i n t r u s i v e s  of the  

region. Almost no secondary a l t e r a t i o n  has occurred, which aCCOuntS for 

the d ike ' s  prominent ridge-like expression (Semmes, 1920). The contac t  

zone between the dike and host r o c k  d i sp lays  a s l i g h t  baking but  l i t t l e  

mine ra l i za t ion  and is, a t  m o s t ,  several feet wide. 

Bo th  the  Railroad Mountain and E l  Camino del Diablo D i k e s  have been 

classified as T e r t i a r y  i n  age by Cohee (1962) and have intruded rocks as 

young as t h e  T r i a s s i c  Santa  Rosa  Sandstone (Kelley, 1971). Semmes (1920) 
considered the d ikes  to have been Eocene or younger i n  age and possibly 

as young as Middle to  Late  Te r t i a ry ,  represent ing l a t e r  stages i n  

T e r t i a r y  igneous a c t i v i t y ,  when the basaltic i n t r u s i v e s  and ex t rus ives  of 

the area or ig ina ted .  The gener ic  r e l a t i o n s h i p  of t h e  d i k e s  to other 

f e a t u r e s  i n  the region is unclear,  but  a i rborne magnetic surveys i n d i c a t e  

t h a t  both of the  d i k e s  "nose out" t o  both east and w e s t  ( E l l i o t ,  1976b). 
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T h i s  would s e e m  t o  preclude the dikes being d i r e c t  extensions of ei ther  

the  Capitan s t o c k  ac t iv i ty ,  t o  the w e s t  (see sect ion 3.5.5, below), or of 

the Matador Arch (section 3.4.4) t o  t h e  east .  

3.5.5 Capitan and Sier ra  Blanca Mountains Region 

The Capitan intrusive is located within the Capitan Mountains region 

approximately 117 miles northwest of the WIPP site. 

21 miles long and from 3.5 t o  5 m i l e s  wide, w i t h  an above ground volme 

of about 20 cub ic  miles (Kelley, 1971; Semmes, 1920). There is saue 

controversy regarding the nature of the intrusion, due to t h e  fact tha t  

it has character is t ics  of both a laccol i th  and a s t o c k .  Typical of a 

laccol i th ,  there is evidence of a concordant roof along m o s t  of the  

smi t ,  but the s t ruc tura l  and s t ra t igraphic  discordances, including 

observed u p l i f t  and s t r u c t u r a l  nosing, favor its designation as a stock. 

In  any case, t h e  intrusion has penetrated uni t s  as young as t h e  R i o  

Bonito member of the San Andres Formation and the Yeso Formation, of 

Middle Permian Leonardian age. Along the eastern end of the mountain, 

the Yeso beds stand a l m o s t  ver t ica l ly  near the contact (Kelley, 1971). 

"Mesaverde beds" of Cretaceous age show thermal a l te ra t ion  as_srell 

according to  Kelley (1971). 

The fea ture  is about 

- 

r ., ! ,  , .  

The Capitan Intrusive is remarkably uniform for its s i z e  i n  both . . . 

composition and texture. I t  is a medium- t o  fine-grained, s l i gh t ly  '.. - '  

porphyrit ic r o c k ,  c lass i f ied  by Kelley (1971) a s  a leucorat ic  quartz 

syenite. 

Coke  (1962); Semmes (1920) suggested t h a t  it may be of Early Tert iary 

age, i n  concurrence w i t h  Lindgren, e t  al. (1910), w h o  considered all of 

the quartz-bearing monzonitic and dioritic intrusives  of t h i s  area t o  be 

Early Tertiary. Senmes (1920) considered these acidic  intrusives  t o  

represent an ear ly  stage i n  igneous ac t iv i ty ,  preceeding the more basic, 

less extrusive d i o r i t i e s  and gabbros of l a t e r  Tert iary time. 

, , ,  

.. 

The Capitan intrusive has been designated as Tert iary in  age by 

Immediately west and southwest of the Capitan intrusive,  underlying and 

cropping o u t  i n  the Sierra  Blanca Mountains, are  the S ier ra  Blanca 

volcanics, dikes, and stocks. 
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The S i e r r a  Blanca volcanics  crop o u t  i n  an area of sme 200 square miles; 
Thompson (1966) bel ieves  that the f i e l d  was once as l a r g e  as 750 square 
miles prior to  in t rus ion  by the stocks and Late T e r t i a r y  erosion. The 

volcanics  cons i s t  of massive, purplish-brown, a n d e s i t i c  brecc ias ,  flow, 

and t u f f s  ove r l a in  by t rachtye  breccia and have a recorded thickness  of as 

m u c h  as 3,340 feet. 

Mid-Tertiary age (Kelley, 1971; Thompson, 1966) .  

These volcanics  are thought to  be of Ear ly  to 

Some 200 d ikes  occur i n  swarms o r i en ted  gene ra l ly  r a d i a l l y  w i t h  respect to  

t h e  S i e r r a  Blanca stmks and i n  a g r e a t  s w a r m  7 miles wide and 22 miles 
long, t rending  nor th  northeastward frm Ruidoso t o  east of Patos 

Mountain. The d i k e s  are gene ra l ly  traceable for less than  one m i l e  and 

range i n  thickness  from one foo t  to  60 or 70 feet. They vary i n  

composition fran a few occurrences of syen i t e  porphyry t o  d iahas ic ,  

although 60 t o  70 percent of the d i k e s  are bas i c  (Kelley, 1971). Since 

the d i k e s  i n t rude  t h e  S i e r r a  Blanca volcanics ,  they post-date them, and 

may be Mid-Tertiary i n  age. @ - 
3.5.6 Conclusions 

The da ta  presented above i n d i c a t e  t h a t ,  w i th in  sone 100 m i l e s  of the WIPP 

site, no igneous a c t i v i t y  has taken place s i n c e  the e a r l y  part of Basin 

and Range tectonism, which began i n  the mid-Tertiary. I n  the  near -s i te  

v i c i n i t y ,  the clasest igneous f e a t u r e  to  t h e  site is a lamprophyre dike or 

series of en echelon dikes, which approaches no nearer than about nine 

miles f r m  the site; no associated igneous bodies have been found to 

approach or underlie t h e  s i te  i t s e l f .  The d i k e  has been dated as 

approximately 35 m.y. old and has long s ince  completely s o l i d i f i e d  and 

cooled. Younger i n t r u s i v e  and ex t rus ive  f e a t u r e s  are s i t u a t e d  far t o  the 

w e s t  of the site, beyond the a rea  of discussion,  and are assoc ia ted  w i t h  

the regions of more recent  Basin and Range tectonism. Thus, judging fran 

the p a t t e r n  of the  s t r u c t u r a l  developaent of the northern Delaware Basin 
area, f u r t h e r  igneous a c t i v i t y  is not expected i n  the near-s i te  region. 
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3.6 REGIONAL GEOLOGIC HISTORY 

Figure 3.6-1 presents a summary of the major geologic events which have 
affected the southeast New Mexicc-west Texas area as have been determined 

from the rock types and s t ruc tura l  relationships for which  evidence 

remains and has been uncovered. 

3.6.1 Precambrian 

Very l i t t l e  is known about  the Precambrian history of the southeast New 

Mexico-west Texas area. The Precambrian rocks penetrated i n  the Guadalupe 

Mountain and Sacramento u p l i f t  regions i n  southern Lea County and i n  west 
Texas, consist  of plutonic g ran i t i c s  and metamorphics, which suggest t ha t  

t h e  region has a complex Precambrian history of mountain building, 

metamorphism, and erosional cycles (Nicholson h Clebsch, 1961; Hayes, 

1964; Kelley, 1971). According to Flawn (19561, t h e  Precubr ian  grani t ics  

encountered i n  the  southern  par t  of t h i s  area caaprise a generally s tab le  

mass, called the Texas Craton, wh ich  extended northward fran Texas in to  

southeastern New Mexico. Muehlberger, e t  al. (1967), however, have 

demonstrated t h a t  these materials comprise part of a much more complicated 

basement surface representing a variety of envirowents imolving 

intrusive and extrusive igneous ac t iv i ty  as well as metamorphism of 
sediments. 

- 

The ages suggested for the Precambrian rocks encountered i n  t h i s  region 

are a l l  f a i r l y  ancient. I n  the core of the Pa jar i to  Mountain dane, 

southeast of t h e  Sacramento up l i f t ,  the metamorphics have a radiometric 

date of 1,270 million years (Kelley, 1971). The gran i t ics  and 

metamorphics of the Guadalupe Mountain area are probably somewhat less 

than one b i l l i on  years old (Hayes, 1964). w h i l e  s l i gh t ly  greater ages have 

been indicated for the Precambrian r o c k s  of the Texas Craton. Wasserberg, 

et al. (1962) determined ages of 1,250 to 1,400 million years i n  the 

northern part of the area and a younger 1,090 million years terrain t o  t h e  

south, suggesting progressively younger metamorphic events fran north to 

s o u t h  i n  t h i s  region during the Precambrian. 
- 
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There is no record of t h e  l a t e s t  Precambrian or of most of the Cambrian 

t i m e  i n  t h i s  region; however, about one b i l l i o n  years  before present the  

area was reduced to a near ly  l e v e l  p l a in  upon which t h e  Paleozoic rocks 

were later deposited (Hayes, 1964). 

3.6.2 Early and Middle Paleozoic 

During most of the Paleozoic Era, from a t  least L a t e  Cambrian u n t i l  near 

the close of t h e  Miss i ss ippian  Period, t he  eas t e rn  N e w  Mexico-western 

Texas area was part of a broad, low-lying, genera l ly  s t a b l e  region named 

the Tobosa Basin by Galley (1958). The shal low basins  of the area formed 

northern a r m s  of the Ouachita trough, which shoaled on t h e  north i n  

south-central  New Mexico and merged southward w i t h  the Ouachita-Marathon 

geosyncline,  connecting w i t h  the open sea i n  the v i c i n i t y  of the  present  

Gulf C o a s t  or coast of southern Ca l i fo rn ia  (Brokaw, e t  al., 1972; H i l l s ,  

1972). During the e a r l y  Paleozoic there seem to  have been no well-marked 

platforms within the basin. Bowever, l i n e s  of weakness along s t r i k e - s l i p  

f a u l t s  i n  the  basement probably were present  ( E i l l s ,  1970). Along these ,. 

f a u l t s  later v e r t i c a l  movement t o o k  place ( H i l l s ,  1972). , ,  
, ,  

. .  , .  
> 

For a span of about 180 mi l l i on  years ,  until Late Mississ ippian t i m e ,  

almost continuous deposition occurred i n  t h i s  area under condi t ions  of 
genera l  t e c t o n i c  s t a b i l i t y  i n  shallcu seas pe r iod ica l ly  t ransgress ing  from 
the south.  

i n t e r rup ted  by shale sedimentation during.Middle Ordovician, Late 

Devonian, and Ear ly  Mississippian. The total  section of these sediments 

is about 2,500 feet, from the base of the  B l i s s  Sandstone to the top of 

the H e l m s  Shale,  i n  t h e  Guadalupe Uplif t -southeastern N e w  Mexico a rea  

(Hayes, 1964).  

Shelf-type carbonate deposition predominated but  was 

The chief events which characterized each period of the Early through 

Middle Paleozoic are surpmarized below. 

Cambrian-Ordovician. N o  rock record older  than Late Cambrian age has been 

uncovered i n  the  southeas te rn  New Mexico area  (Hayes, 1964). The B l i s s  

- 
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- 
Sandstone near E l  Paso, Texas, provides  evidence of clastic sedimentat ion 

i n  that area during part of the L a t e  Cambrian. After the  Precambrian 

r o c k s  had been u p l i f t e d  and deeply eroded, a sea advanced over the region 

from the west or southwest and the B l i s s  sandstone was deposited; the 

abundant q u a r t z  g r a i n s  i n  the B l i s s  were probably der ived from reworking 

of sedimentary d e b r i s  on the eroded Precambrian sur face  (Harbour ,  1972; 

Bachman and Meyers, 1969). 

During Early Ordovician t i m e ,  the sea i n  which the B l i s s  was deposi ted 

continued to t r ansg res s  eastward and extended at l e a s t  as far north as 
R o s w e l l .  During t h i s  t i m e ,  the  Carbonates and Clastics known as the  E l  

Paso Formation i n  New Mexico and the Ellenburger i n  west Texas were 
deposited i n  shallow seas  containing abundant marine l i f e  (Bachman, 

1969). These sediments thickened southeastward f r m  a t h i n  layer lapping 

on to  a positive area of Precambrian basement then present  i n  northern New 

Mexico and Colorado to a massive deposit over 2,000 f e e t  t h i c k  i n  Texas, 

a t  the edge of w h a t  may have been the con t inen ta l  she l f  (Eardley, 1962). 

A t  t h i s  time, the ancestral Cent ra l  Basin Platform was a g r a n i t i c  upland 

or i s l and  chain which provided clastics to  the e a r l y  Ordovician she l f  and 

adjacent  shallow basin deposits. 

, , I  

During t h e  Ordovician, the Marathon-Ouachita geosyncline bounding the '5 ' , 
1 . ,  

Tobosa Basin area on the south began subsiding (McGlasson, 1968). I n  .~ 
'k i 

Mid-Ordovician t i m e ,  a broad and gen t ly  emergent peninsula,  extending 

southeastward through Texas, rose, and the region w a s  also t i l t ed  

southward. To the north,  t he  shales, sandstones,  and sandy l imestones of 

the Simpson Group were deposited above t h e  E l  Paso--Ellenburger, wedging 

o u t  n o r t h  a t  the l a t i t u d e  of Roswell, west around Artesia and east around 

the Cent ra l  Basin Platform. Southward, toward the deepening basin 

reg ions ,  t h e  deposits thickened and became predominantly shaly.  I n  Middle 

t o  Late  Ordovician t ime, fewer clastics were provided to the area, and t h e  

carbonates ,  and fine-grained calcareous muds of the Montoya Group were 
deposited i n  shallower,  calmer seas than  earlier, t h a t  moved northward 
over the t i l t e d  sur face  of the El  Paso Formation. A t  the close of Montoya - 
time, a gen t l e  southward t i l t i n g  occurred (Bachman, 1969).  
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Silurian-Devonian. During S i l u r i a n  and Devonian time, t h e  Pedern 

Landmass, t o  the northwest, and the  Texas Peninsula,  t o  the sou th ,  w 

land areas of low relief. The Tobosa Basin between these two areas, 
joined southward w i t h  t he  Marathon-Ouachita geosyncline. There is no 
evidence of major t ec ton ic  a c t i v i t y  during t h i s  t i m e  i n  west Texas or 

southeas t  N e w  Mexico. However, m i l d  epeirogenic  movements d id  occur ,  and 

t h e  Tobosa Basin was gen t ly  subsiding throughout the per iod,  becoming also 

more r e s t r i c t e d  a rea l ly .  To the south,  the  Ouachita-Marathon geosyncline 

reached its maximum d e p t h .  

During E a r l y  S i l u r i a n  time, m o s t  of the  Tobosa Basin w a s  emergent but  

l o p l y i n g .  By the Middle S i l u r i a n ,  the sea returned,  perhaps 

t ransgress ing  from the s o u t h  and southeas t ,  and broad, shallow areas 
developed around the  northern,  ea s t e rn ,  and western margins of the Tobosa 

Basin, upon which the t h i c k  Fusselman dolomites and l imestones were 
deposited conformably i n  a marine environment atop t h e  Montoya Group i n  

c l e a r ,  wel l -c i rcu la t ing  water (Mffilasson, 1968; H a r b o u r ,  1972; Bachman, 

1969). A t  t h i s  t ime, the bas in  waters reached t h e i r  f u r t h e s t  e x t e n t  i n t o  

New Mexico. Minor f l u c t u a t i o n s  of sea l e v e l  wi th in  t h i s  shallow area  of 

deposi t ion produced a karst topography on the su r face  of the pe r iod ica l ly  

exposed carbonates. During L a t e  S i l u r i a n  t i m e ,  southward t i l t i n g  occurred 

once more, and t h e  sea  regressed. Within the deeper areas t o  the south 

i n t o  Texas, a sediment-starved condi t ion developed, r e s u l t i n g  i n  

depos i t ion  of micrites and green shales. 

carbonates continued t o  form (McSlasson, 1968). 

- 

Around the Tobosa Basin r i m ,  

The shallow sea continued to retreat frm the New Mexico area  through 

Early and Middle Devonian time. I n  Ear ly  Devonian, t h e  sho re l ine  had 

retreated, producing a carbonate p l a i n  of low relief. The depos i t iona l  

basin had an asymmetrical shape, with the deepest water to  the  w e s t ,  i n  

which cherts and s i l i c i o u s  l imestones were deposited. By the l a t e  Middle 

Devonian, m i l d  uplift  and southward  t i l t i n g  had occurred, and m o s t  of the 

Tobosa Basin was exposed to eros iona l  processes;  t h e  only deep water l a y  

t o  the  south,  where the basin plunged i n t o  t h e  Marathon-Ouachita 

geosyncline.  I n  Late  Devonian time, the area was again suhnerged as 
- 
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shallow seas spread across southern N e w  Mexico, and the.dark heavily 

clastic Woodford shales were deposited i n  a nearshore environment (Bachman 
19691, overlapping a l l  of the previous Devonian and Si lur ian deposits 

(M&lasson, 1968). Woodford deposition continued in to  Mississippian time. 

F 

Mississippian. Subsidence of the Tobosa Basin continued in to  

Mississippian time. 

landmass t o  the northwest were mildly posit ive features and remained SO 

u n t i l  the Middle Mississippian (Melasson, 1968). 

The Texas peninsula to t h e  south and the Pedernal 

In  Early Mississippian time, a new paleogeographic regime began to develop 

i n  t h i s  region. 

of a medial zone, later to became the  Central Basin Platform, t h a t  was 

bounded by Precambrian basement fau l t s .  Shelf deposition continued along 

the margins of t h e  basinal areas. 

The ancient Tobosa Basin began deepening on ei ther  side 

Toward Late Mississippian t i m e ,  regional tectonic ac t iv i ty  accelerated i n  

the Tubosa Basin area,  folding up the medial zone along its ancient l i n e s  
of weakness. 

Precambrian rocks i n  the cores of the larger ant ic l ines  ( H i l l s ,  1963). 
Meanwhile, deep, broad basins, the forerunners of the Delaware and Midland 

Basins, formed to the east and west of the median upland area. Broad 
carbonate shelves developed around the margins cf these basins, while 

black s h a l e  sedimentation occurred i n  their deep central portions. The 

black shale deposition was probably slow, much of it taking place dur jng  

times of s l i g h t  sea  leve l  sinking ( E i l l s ,  1971). Toward t h e  south end of 

the basins, deposition of the shale and sandstone of t h e  Tesnus Fannation 

continued from Late Mississippian i n t o  the beginning of Pernsylvanian 

t i m e ,  t he  c l a s t i c s  apparently being derived frm highlands on the 

southeast which were r i s ing  i n  the earliest ac t iv i ty  of t h e  O u a c h i t a  

-. 

By the end of the period, erosion had probably exposed 

c orogeny (Plawn, 1961). I t  

To t h e  north of the basins, the Matador A r c h  was upfolded i n  the la tes t  
Mississippian and rapidly eroded to expose its Precambrian core. 
Same time, orogenic forces raised the Ancestral Rocky Mountains t o  t h e  

A t  t h e  - 
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west, i n  a genera l  north-south t rend  through c e n t r a l  N e w  Mexico (St ipp ,  

1960) ,  producing a reg iona l  southward tilt which r e su l t ed  i n  widespread 

eros ion ,  exposing progress ive ly  older  r o c k s  toward the north. 

By the close of the Mississ ippian Period, m o s t  of northeast New Mexico 
formed a low h i l l y  area of Precambrian r o c k s ,  rimmed on the nor th  and east 
by outcrops of Lower Ordovician dolomites and on the  sou th  by t h e  u p l i f t e d  

former site of t h e  Tobosa basin. 

3.6.3 Late  Paleozoic 
~ 

i 

Pennsylvanian. F o l l m i n g  Mississ ippian time, t h e  e n t i r e  region was 
invaded by t h e  sea fran the south and east, and, p a r t i c u l a r l y  near t h e  

u p l i f t e d  areas, tremendous th icknesses  of Pennsylvanian rocks  were 
&posited unconformably over t h e  t i l t e d  bedrock strata, which ranged i n  

age frm Mississ ippian i n  the south to  Precambrian northward i n  central  
N e w  Mexico ( H i l l s ,  1963: Meyer, 1968). The tectonic processes i n i t i a t e d  

near the close of the Mississ ippian,  including u p l i f t  and eros ion  of 

mountains i n  t h e  Ouachita-Marathon area, of the mountain range sepa ra t ing  

the e a r l y  Delaware and Midland Basin areas ,  and of the  Matador Arch and 

Ances t ra l  Rock ies ,  continued i n t o  e a r l y  Pennsylvanian, providing clastic 

m a t e r i a l s  to the adjacent basins.  This  t ec ton ic  a c t i v i t y  also involved 

v e r t i c a l  movement along the ancient str ike s l i p  f a u l t s ,  w i t h  sane new 
Z a u l t i n s  tak ing  place i n  t h e  :ecently deposited e a r l y  Pennsylvanian r o c k s  

( H i i l s ,  i972; Stipp, 1960). 

- 

The basal Pennsylvanian rocks, the Mcrrowan, occupied the smallest area, 
wedging out  northward, and contained the greatest proport ion of coarse 
clastic material of the Tennsylvaaian sect ion.  Along the edges of t h e  

platforms,  e s p s c i a l l y  i n  the  e a s t e r n  basin,  s t rong reef  and bank growth 

also occurred during the beginning of the  Pennsylvanian. A t  the same 

time, sutmarine tectonism began i n  the Guadalupe Mountains area, 
cont inuing i n t e r m i t t e n t l y  through the  period, e l eva t ing  the  southeas te rn  

p a r t  of the area r e l a t i v e  t o  t h e  northeast along t h e  northwest-trending 

Huapache t h r u s t  zone (Eayes, 1964). 

- 

h 
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LOwer Middle Pennsylvanian Atokan s t r a t a  were deposited over m o s t  of the  

southeas te rn  New Mexico area except for the then-posi t ive Pedernal  

u p l i f t .  During t h i s  t i m e ,  a n t i c l i n a l  f o l d s  developed nor th  of the 

Delaware Basin area on t h e  Northwestern She l f ,  and the  C e n t r a l  Basin 

Platform range was u p l i f t e d  as a f a u l t  block and eroded. 

time i n  upper Middle Pennsylvanian, depos i t ion  i n  the Permian bas in  region 

cons i s t ed  pr imari ly  of limestones. The environmental s e t t i n g  cons i s t ed  of 

a back-reef (lagoon),  reef, and bas in  or open sea, a s i t u a t i o n  which 

persisted frm t h i s  time through Late  Pennsylvanian and much of Permian 

time (Meyer, 1968). 

By Desmoinesian 

During m o s t  of the L a t e  Pennsylvanian, depos i t iona l  condi t ions  i n  t h e  

Permian Basin were similar to  those of Desmoinesian time. The sea 
encroached f a r t h e r  than before  on to  the r i s i n g  Pedernal landmass, followed 
by a regress ion  beginning i n  the northwest. To the no r theas t ,  the land  

w a s  i n t e r m i t t e n t l y  emergent. And southward, i n  Texas, the 

Ouachita-Marathon dis turbance fo ld ing  and u p l i f t  was being followed by 

s t rong  northward th rus t ing ,  which continued i n t o  e a r l y  Permian t i m e  
( H i l l s ,  1963). Ensuing eros ion  frm these areas provided an abundance of 

clastics to  the Late  Pennsylvanian deposits. The Cen t ra l  Basin Platform, 

emergent throughout most of the  Pennsylvanian, began to  subside and 
rece ived  a sequence of L a t e  Pennsylvanian sediments (Nicholson h Clebsch, 

1961).  Meanwhile, reef  banks continued t o  form, e s p e c i a l l y  along t h e  

northwestern edge of the Delaware Basin. 

Toward the close of Pennsylvanian time, t e c t o n i c  a c t i v i t y  had v i r t u a l l y  

ceased, and mixed cont inenta l  and marine sediments were deposited i n  the  

lover a reas ,  near ly  obscuring the  irregular sea  bot tom caused by the 

earlier tectonism (Hayes, 1964). 

A t  the end of Pennsylvanian time t h e  entire region subsided, and the major 
f e a t u r e s  of the Permian Basin became f i rmly  e s t ab l i shed .  The r a p i d l y  
e roding  range of the Cent ra l  Basin Platform separated the Delaware and 

Midland B a s i n s  which were rirmned t o  the  nor th  by a broad she l f  area. By 
t h i s  t i m e ,  t he  Delaware and Midland Basins were probably both 

' \  
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topographical ly  and s t r u c t u r a l l y  deep; on ly  t h e  northern part of the 

Midland Basin remained a r e l a t i v e l y  shallow platform, upon which the 

Horseshoe A t o l l  grew (Oriel et al., 1967). The Cent ra l  Basin Platform and 

shelf areas were subsiding more slowly than was t h e  Delaware Basin and 

consequently received a lesser th ickness  of sediments, which were 

x 

l i t h o l o g i c a l l y  d i s t i n c t  from the deeper water deposits of the  bas in  n 
(Nicholson 6 Clebsch, 1961). 

Permian. Through Early Permian Wolfcampian time, sedimentation w a s  
continuous i n  most of the  basin areas of southeas t  New Mexico and w e s t  

Texas, w i t h  shales deposited i n  t h e  low areas and l imestone on the she lves  

( H i l l s ,  1972). The regression i n  t h e  northwest which had commenced i n  t h e  

Late Pennsylvanian became pronounced, and the acce le ra t ion  of t h e  rise of 

t h e  Pedernal u p l i f t  through Early Permian resulted i n  its denudation w e l l  

i n t o  the Precambrian basement rocks .  Southward, the Delaware and Midland 

Basins and t h e  V a l  Verde Trough were rap id ly  s inking,  a t  a rate exceeding 

t h a t  of deposi t ion,  a s i t u a t i o n  which favored shales and other 
stagnant-water deposits t o  form there ( O r i e l  e t  al., 1967). The deepening 

of these basins ,  as well as u p l i f t  elsewhere, w a s  encouraged by t he  

developaent of major normal faul t  zones towards la te  Wolfcampian t i m e  . 

(Meyer, 1968). along t h e  nor th  and west s i d e s  of the Diablo Platform, on 

the  southeast s i d e  of the Pedernal U p l i f t ,  and along t h e  p e r i o d i c a l l y  

emergent Cent ra l  Basin Platform, where s t rong  sutmarine r e l i e f  was 

produced. Around t h e  perimeter of t h e  Delaware Basin, the  Abo reef 
developed, along w i t h  back-reef  lagoons i n t o  which muds and carbonates 

accumulated. Along the s o u t h  border of t h e  Permian Basin region,  the 

f i n a l  northward th rus t ing  of the Ouchita-Marathon s t r u c t u r a l  b e l t  

occurred, causing Late Pennsylvanian and Early Permian strata t o  be 

overridden and a l a r g e  volume of d e t r i t u s  to  pour i n t o  the V a l  Verde  

trough ( H i l l s ,  1963; O r i e l ,  e t  al, 1967). Following the close of t h i s  

a c t i v i t y ,  the rest of Permian time was marked by reg iona l  t e c t o n i c  

s t a b i l i t y  i n  which depos i t iona l  bas ins  separa ted  by platform areas passed 

through maturity.  

W 
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-~ 
- Through Middle Permian time, r e s t r i c t ion  of marine circulat ion,  coupled 

w i t h  eustatic withdrawal of the sea i n  a southwest direction, resulted i n  

the developnent of high reefs  and carbonate banks, behind which 

evaporites, ranging from dolomites, su l fa tes ,  and chlorides t o  potash 

minerals, were deposited in  highly sa l ine ,  sha l low lagoons ( B i l l s ,  1972). 

Early i n  lower Middle Permian Leonardian time, movement on a l i n e  along 

t h e  Delaware Basin margin, the l a t e r  Bone Spring monoclinal structure, 
accompanied by continued subsidence of the basin, produced a more def in i te  

northwest margin of the basin, the developuent of which resulted i n  

deposition of a great su tmar ine  bank that formed a barrier t o  free 

circulation of the  sea water. The gray carbonates of the  Victorio Peak 

formation represent patch r ee f s  which b u i l t  uprard and southwards across 

earlier deposits as the basin margin regressed. Similar carbonate reefs  

and b a n k s  formed along the margins of the Midland Basin a s  w e l l  as  on t h e  

Cen t ra l  B a s i n  Platform, overlying the  old medial mountain range ( H i l l s ,  

1972). W i t h i n  the deep basin areas t h e  black limestones and shales of the 

Bone Spring were deposited, and on the broad back-reef lagoonal she l f  

north and northeast of the basin, the Yeso gypsum and limestone or 

dolomite and clastics were l a i d  down. Northwestward, the e n t i r e  area 

including the Pedernal was gradually overlapped by sediments, and, by 
l a t e s t  L e o n a r d i a n  time, all but a f e w  of the highest Precambrian p e a k s  

- 

were buried (Kelley, 1971). 

A t  the end of Leonardian time and i n t o  t h e  Guadalupian, pronounced 

d i f f e ren t i a l  movement occurred along the  Delaware Basin margin, and a 
broad, southeastward-dipping fold,  the Bone Spring Arch, w a s  elevated, 

forming a bar r ie r  15 t o  20 m i l e s  wide between the basin and the 

Northwestern Shelf area (Hayes, 1964). I n  a marked regression, t h e  seas 

withdrew, and were nearly restricted t o  the  Delaware Basin (King, 1942). 

AS Guadalupian time opened, the arching and l i m i t e d  evaporit ic conditions 

resulted i n  deposition of clastics i n  the basins and limestone on the 

shelf  areas (Kelley, 1971; Hayes, 1964). 



3-97 

- 
By the  mid-Guadalupian, s l i g h t  re juvenat ion of the Bone Spring arch l e d  to 
growth of l imebank deposits upon the arch, w h i c h  provided the foundat ion 
for a barrier reef, t h e  Goat Seep. As the Delaware Basin continued t o  

deepen, the reef grew p r imar i ly  upwards, i n  consequence, r e s t r i c t i n g  

c i r c u l a t i o n ,  thus  producing sediment-starved condi t ions within the bas in  

and leading  t o  the p r e c i p i t a t i o n  of calcim sul fa te  shelfward for a 
d i s t ance  of 15 t o  25 m i l e s .  ( O r i e l  e t  al., 1967; Bayes, 1964). Eastward, 

t h e  Midland Basin gradual ly  f i l l e d  and became favorable  f o r  evapor i t e  

depos i t ion ,  i n  CQmPon w i t h  t he  adjacent  shelves  and Cent ra l  Basin Platform. 

Late  Guadalupian time brought gradual  subsidence of t h e  she l f  and even 

greater downwarping of the Delaware Basin, while renewed reef grar th  

occurred a t  great pace around the per iphery of the  Delaware Basin. The 

Capitan Limestone began to grow upward and basinward i n  obl ique  fash ion  

f r a n  t h e  top of t h e  Goat Seep dolanite, r e s u l t i n g  i n  a wide barrier which 

even a t  i ts  narrowest po in t  w a s  s i x  times as wide as it w a s  high (Hayes, 

1964: N e w e l 1  et al., ,1972) .  Most inves t iga to r s  consider .  the Capitan t o  

have been a t r w  barrier reef. Achauer (1969), however, believes that it 

o r ig ina ted  as a l i n e a r  organic  belt, ins tead ,  s ince  he f i n d s  no 

coincidence between the topographic and lithologic break produced by it, 
,. .. 

.":t 
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and Dunham (1972) hypothesizes t h a t  the  s t r u c t u r e  represents  a marginal . . ' 

mound. I n  any case, as the s t r u c t u r e  grew, depos i t ion  i n  the basin 

proceeded more slowly than on t h e  shelf and did not k e e p  pace w i t h  the  

s inking  of the basin,  so that by t h e  close of the  period, the  sea bot tan 

i n  t h e  Delaware Basin was about 1,500 feet below the adjacent  reef  and 

lagoon floor to  the northwest. The reefs and banks eventual ly  grew a l m o s t  

cont inua l ly  around t h e  per iphery  of the  D e l a w a r e  Basin, and by the close 

of Guadalupian time, access of water t o  and f r a n  the open ocean was 

sharp ly  r e s t r i c t e d ,  t h e  seas of the she l f  area evaporated,  and t h e  water 
of the Delaware Basin itself became highly s a l i n e ,  thus  ha l t i ng  the reef 

growth. 

, ,  
' >  ,. , 

i ,. .: 

The Delaware Basin w a s  e s s e n t i a l l y  an evaporating pan by the beginning of 

Late Permian Ochoan t i m e .  

containing anhydr i te  and l imestone laminae a t  t h e  bottao and a f e w  beds of 

Many hundreds of feet of C a s t i l e  evapor i tes ,  - 
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halite, were deposi ted i n  the basin,  w i t h  apparent ly  l i t t l e  i n  the reef 

and back-reef areas. By the l a t e s t  C a s t i l e  t i m e ,  the bas in  had f i l l ed  

such that a t h i n  tongue of anhydr i te  extended northward across t h e  reef to 

the shelf. Sa l ine  waters then spread from the Delaware Basin over the 

shelf, t h e  Cen t ra l  Basin Platform and Midland Basin areas, and ex tens ive  

salt  depos i t ion  occurred, r e s u l t i n g  i n  the predominantly ha l i te  Salado 
Formation. Fran t h i s  time on, the old Permian Basin s t r u c t u r e s ,  notably 

the Cen t ra l  Basin Platform, became progress ive ly  more deeply bur ied  by 
L a t e  Permian sediments and no longer cons t i t u t ed  depos i t iona l  barriers. 

Pe r iod ica l ly ,  elastics swept i n t o  the area from the  nor th  and northwest,  

i nc reas ing  towards the end of Salado time, a s  the Pedernal  Landmass 

underwent renewed u p l i f t .  A t  t h e  same time, t h e  sea freshened sanewhat, 

probably from the south,  judging from the presence of more s o l u b l e  salts 

northward, i n  New Mexico. H a l i t e  deposition decreased while  anhydr i te  

became dominant, along w i t h  an increase i n  carbonate  muds dur ing  R u s t l e r  

Formation deposi t ion (Hayes, 1964; Brokaw et al., 1972). Broad 
epe i rogenic  u p l i f t  a t  the close of Permian time caused the seas to  

w i t h d r a w ,  and the cont inenta l  f i n e  sands and silts of the Dewey Lake  

R e d b e d s  were deposited i n  a t h i n  layer on broad mudflats over the former 

seabed (Brokaw et al., 1972; Kelley,  1971). As terrestr ia l  condi t ions  

developed across t h e  N e w  Mexico-west Texas area, erosion became the  

dominant geologic  process. 

- 

' ,  . , ,  

\ ,  

~. 3.6.4 Mesozoic Rocks  

Triassic. During m a s t  of Triassic t i m e ,  t he  southeast N e w  Mexico area w a s  
emergent and sub jec t  to erosion,  and by l a t e  T r i a s s i c  t h e  e n t i r e  area, 

inc lud ing  the Pedernal,  must have been reduced to  a g r e a t  peneplain 
(Kelley, 1971).  I n  Late  Triassic time, a broad f loodpla in  bas in  formed on 

the s i te  of the Permian Basin over a l a r g e  area and beyond the borders of 

the  Delaware Basin. T h i s  was an i n t e r i o r  basin dra in ing  toward t h e  

northwest i n t o  other i n t e r i o r  bas ins  ( H i l l s ,  1963, Brokaw, e t  al., 1972). 

Source areas to the north provided f l u v i a l  sands,  muds, and g r a v e l s  to  t h e  

bas in ,  forming the Dockum Group r ed  beds tha t  included t h e  Santa  Rosa 

Sandstone and f iner-grained Chinle  Formation. 
- 
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- The nea r ly  conformable r e l a t i o n s h i p  which exists between these Upper 

Triassic s t ra ta  and t h e  Permian Dewey Lake Redbeds ind ica t e s  continued 
reg iona l  t e c t o n i c  s t a b i l i t y  through T r i a s s i c  time ( O r i e l ,  e t  al., 1967). 

I t  is p o s s i b l e  that sane d i s so lu t ion  of so luble  Permian r o c k s  occurred 
during the genera l  emergence of Triassic t i m e .  

s tate that during t h i s  per iod,  s inkholes  may have formed i n  parts of the 

Pecos Valley due to  removal of salts (Gorman h Robeck,  1946). And Bachan  

(1974) describes a Late Triassic k a r s t  toposraphy i n  the v i c i n i t y  of Santa  

Rosa,  N e w  Mexico. However, d i r e c t  evidence for t h i s  T r i a s s i c  d i s so lu t ion  

and collapse has not been found i n  southeastern N e w  Mexico (Bachman, 1974). 

Bachan  and Johnson (1973) 

Ju ras s i c .  During J u r a s s i c  time, t h e  southeas t  N e w  Mexico area w a s  
upl i f ted above sea level so t h a t  the T r i a s s i c  and perhaps Permian r o c k s  i n  

t h e  western part of the  D e l a w a r e  Basin and w e s t w a r d  were eroded away. 

Some d i s s o l u t i o n  of Permian salt depos i t s  probably occurred here a t  t h i s  

time. 
Basin,  may have been 50 m i l l i o n  years: however. the  sur face  r e l i e f  w a s  

probably l o w ,  and erosion w a s  not deep. 

erosional c y c l e s  which have i nc i sed  the T r i a s s i c  r o c k s  of the area 

(Nicholson 6 Clebsch, 1961: Bachman, 1974). 

The  period of exposure, which genera l ly  a f fec ted  the e n t i r e  Permian 

I 

T h i s  is the f irst  of three 

During J u r a s s i c  t i m e ,  con t inen ta l  rocks  were l a i d  down t o  the north,  i n  
c e n t r a l  and northern N e w  Mexico. der ived from the sediments being stripped 

from the eroding basin area i n  southeastern New Mexico. South of the  

bas ins ,  i n  western Texas and northern Mexico, marine condi t ions preva i led  

during a t  least part of the  t i m e  (Bachman, 1974). By Late J u r a s s i c  

Entrada and Morrison time, seas again encroached on the  north,  covering 

southeast Colorado and nor theas te rn  N e w  Mexico. And f r an  the Late 
Jurassic i n t o  the Ear ly  Cretaceous,  a s l i g h t  tilt involving u p l i f t  t o o k  

place i n  the northern part of the former basins  region, accompanied by 

widespread eros iona l  s t r i p p i n g  across the area ( H i l l s ,  1963; Kelley, 1971). 

Cretaceous. By the  e a r l y  part of Cretaceous time, the w e s t  

Texas-southeast New Mexico area comprised a r o l l i n g  topography of T r i a s s i c  
rocks w i t h  beds from Precambrian to  Permian exposed on t h e  u p l i f t s  and on c 
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-. the Diablo Platform. The geography evolved fran that of interior bas ins  

w i t h  highlands i n  the north and east to a general gulfward slope with 

highlands i n  the w e s t  and evidence of only s l i g h t  tectonic  ac t iv i ty  

( H i l l s ,  1963; Kelley, 1971). 

During Cretaceous t i m e ,  a large part of the western in t e r io r  of North 

America became suherged beneath epicontinental seas. By l a t e  i n  the 

Early Cretaceous, t he  southeast New Mexico area had subsided s l igh t ly ,  and 
shallow shelf seas advanced over the area fran the  south and remained 

u n t i l  ear ly  i n  Late Cretaceous time, when the seas  probably withdrew for 

the l a s t  time, leaving behind a t h i n  deposit of foss i l i fe rous  limestone 

and coarse sandstone and conglomerate (Hayes, 1964; Nicholson h Clebsch, 

1961). 

Eunice, i n  the PecOS R i v e r  drainage, i n  the Sacramento and Guadalupe 

Mountains and perhaps on the crest of the reef escarpaent are  the only 

remaining evidence of the sea's advance i n  the southeast'New Mexico area 

(Hayes, 1964; Bachnan, 1973). 

Isolated slump blocks of limestone and shale i n  Lea County e a s t  Of 

- 
There is no record of m o s t  of the Late Cretaceous i n  t h e  area. The land 

surface was probably s l igh t ly  above sea  leve l ,  and the region was dry land 

by the close of Cretaceous time (Bachan h Johnson, 1973). 

3.6.5 Cenozoic 

Early Tertiary. 

revolution and u p l i f t  of the  Rocky Mountains. 

very ear ly  i n  the Tert iary Period, the e n t i r e  region fran north of the 

Guadalupe Mountains through southeast New Mexico w a s  elevated by broad 

epeirogenic u p l i f t  and t i l t ed  s l igh t ly  t o  the northeast. Mild tectonism 
affected the Guadalupe area of the  Northwestern Shelf, producing small 
igneous d i k e s ,  fold systems, and se t t i ng  the  stage for the ancestral  

northeast flowing drainage system (Hayes, 1964). Igneous a c t i v i t y  also 

occurred t o  the northwest i n  the S ier ra  Blanca and Capitan Mountains 

(Bachan, 1974). In general, however, most of the area southwest of the  

Pedernal Uplif t  and Matador Arch w a s  not subject to such tectonic forces. 

The Mesozoic Era came t o  a close w i t h  the Laramide 

Late i n  the  Cretaceous or 

-. 
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According to H i l l s  (1963), t h e s e  anc ien t  p o s i t i v e  elements formed 

buttresses which t ransmi t ted  and d i s t r i b u t e d  the orogenic  forces on t h e  

east, and t h i s  pro tec ted  the basins on t h e  sou theas t  from folding.  

The dominant process i n  Southeast  N e w  Mexico fran Late  Cretaceous u n t i l  
Late T e r t i a r y ,  notwithstanding the minor tectonism, was erosion. N o  Ea r ly  

or Middle T e r t i a r y  r o c k s  are represented i n  the Permian Basin. 

Cretaceous and T r i a s s i c  rocks of t h e  a rea  underwent i n t ense  e ros ion  to 

form a su r face  of lcu relief, s lop ing  gen t ly  e a s t  and southeast (Bachman, 

1974; Brokaw, et  al., 1972). I n  t h e  Lea County area of sou theas t  New 

Mexico, the e n t i r e  sequence of Cretaceous rocks,  p a r t i c u l a r l y  to  the west, 

was s t r ipped  off, except for small remnants, and t h e  Triassic r o c k s  were 

subjec ted  to  a second cycle of erosion (Nicholson & Clebsch, 1961). By 
Late T e r t i a r y  Miocene time, erosion had again exposed the Permian r o c k s  t o  

d i s so lu t ion ,  notably i n  the v i c i n i t y  of San Simon Swale (Bachan ,  1974). 

The 

r$ 
i @a 

r /  / I s , ,  ' \  : , i !  

Late  T e r t i a r y  (Miocene-Pliocene) . I n  Late Te r t i a ry ,  time, reg iona l  u p l i f t  i: .'. : 
and east-to-southeastward t i l t i n g  occurred throughout southeas te rn  N e w  

Mexico i n t o  Texas, as Basin and Range t e c t o n i c  a c t i v i t y  commenced to  t h e  

w e s t ,  producing the western escarpuents of the  Delaware, Guadalupe, and 

Sacramento Mountains. The western sec t ion  of the Permian evapor i t e s  w a s  

e leva ted ,  and exposed to d i s so lu t ion  and subsidence,  p a r t i c u l a r l y  i n  the 

v ic i .n i ty  of t h e  Pecos River d iv ide ,  which created new p a t t e r n s  of 

groundwater movement (Bachman, 1973; Mercer h Orr, 1977). Erosional 
forces carved a pediment-like sur face ,  down which streams flowing eastward 

from the Rocky Mountains deposited an ex tens ive  blanket of grave l ,  sand,  

and related deposits i n  coa lesc ing  fans ,  which comprise t h e  Ogallala 

Formation. Deposit ion of the Ogal la la  began about 12 m i l l i o n  years  ago, 

i n  Miocene time. The Ogal la la  represents  the f i r s t  preserved sedimentary 

record i n  the  v i c i n i t y  of the Delaware Basin s ince  Cretaceous depos i t ion  

(Bachan,  1974). The Ogal la la  formed a t h i c k  mantle throughout the 

Permian Basin, producing the  even su r face  of the High P la ins ,  called t h e  

Llano Estacado i n  western Texas and e a s t e r n  New Mexico. Local ly ,  e o l i a n  
a c t i v i t y  played a part i n  deposi t ion,  and pe r iod ica l ly ,  widespread soils 

formed (Frye, 1970).  

1. \ I t;, ; 
~ 
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-. Ogallala deposition ended about 4 million years ago, in Pliocene time, 

with regional warping and uplift. Eolian activity reworked the sediments, 
producing a widespread soil profile across the Great Plains. 

zone formed within the soil complex and constitutes the carbonate 

"caprock" of today (Mercer & Orr, 1977: Bachman h Johnson, 1973). The 

caliche caprock has since undergone a complex history of brecciation, 

A caliche 

,A ,. 
* 
I ,  : ,  

,1  .. ; 

, 
8 ,  

solution, and recementation (Bachman, 1973). ' % '  

.... 
Pleistocene-Holocene. During the Late Pliocene and Early Pleistocene, the 
major part of the faulting and uplift of the Guadalupe Mountains occurred 

(Hayes, 1964). Concurrently to the east, fields of great longitudinal 
dunes formed atop the Ogallala surface of the southern Great Plains as a 

result of desert conditions with westerly to northwesterly prevailing 

winds. Since this time, erosion has exceeded deposition in the Permian 

salt basin area. 

dunes created series of parallel swales. Erosion and coalescence of 
subsided areas removed Ogallala sediments, and in places also eroded the 

Triassic rocks a third time and entrenched the Pecos and San Simon 

drainages (Nicholson Clebsch, 1961; Mercer & Orr, 1977). Also during 
early to Middle Pleistocene time, Nash Draw, Clayton Basin, and probably 

San Simon Swale underwent extensive subsidence and partial filling 
(Bachman, 1973). Local sink holes and other solution features began to 
form at this time. 

Etching and thinning of the caliche caprock between the 

.- 

The m0s.t hmid climate and the greatest erosion occurred during the Middle 

Pleistocene. The western escarpuent of the High Plains underwent severe 

erosion, followed by a period of aggradation in the valley areas, during 
which the mostly locally-derived pebbles and other coarse debris of the 

GatUM Formation filled the depressions and mantled the slopes (Brokaw, et 

al., 1972). During this time of heavy precipitation and stream flow, 
major salt dissolution is assumed to have occurred within the Delaware 

basin (Bachman, 1974). After Gatuna time, but still during the Middle 
Pleistocene, the region became more stable and semi-arid, and the 

Mescalero caliche formed on the ground surface. 
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- 
During t h e  Late  P le i s tocene ,  t h e r e  were i n t e r m i t t e n t  episodes of caliche 

formation and renewed periods of high r a i n f a l l  accompanied by eros ion  and 

salt d i s so lu t ion ,  which produced local subsidence and depos i t ion  of 

f l u v i a l  and l a c u s t r i n e  sediments. 

From Late Ple i s tocene  through Holocene time, the c l imate  has remained 
va r i ab le  although becoming more ar id .  The detr i ta l  materials have been 

reworked by winds from the w e s t  and southwest, giving rise to  the vas t  

depos i t s  of dune sand t h a t  now cover l a r g e  p a r t s  of southeas t  New Mexico 

east of the  Pecos River (Nicholson & Clebsch, 1961; Bachman, 1973). Some 

s l i g h t  u p l i f t  is also probably still occurring along the western 

e s c a r m e n t s  of the B a s i n  and Range s t ruc tu res ,  such as the Guadalupe 

Mountains. Renewed periodic downcutting by streams and subsurface 

s o l u t i o n  w i t h  r e s u l t a n t  subsidence, have continued to  the  present ,  

accompanied by i n t e r m i t t a n t  local accumulations of pediment and terrace 
alluvium and playa deposits. M o s t  of the  recent  e ros ion  has been confined 

t o  the Pecos Valley,  and so lu t ion  and subsidence have occurred at  a slower 
c 

r a t e  than during the earlier Ple i s tocene  time (Bachman, 1973). 

3.7 SUMMARY 

The reg iona l  geology of SENM is the source of much information germane to 

long-term safe ty :  knowledge of t he  reg iona l  geology also p e r m i t s  

prel iminary s i t e  s e l e c t i o n  and general evaluat ion of the  consistency of 

si te geology w i t h  reg iona l  geology. 

The regional  geology and geological h i s to ry  may f i r s t  be divided i n t o  
three major i n t e r v a l s  of a b o u t  . 5  b i l l i o n  years  each. T h i s  period from 

a b o u t  1.5 to 1 .0  b i l l i o n  years  ago is represented by metamorphosed r o c k s  

of var ious sedimentary t o  igneous o r ig ins .  The t i m e  f rm  about 1.0 t o  .5 

b i l l i o n  years  ago is not known to  be represented by rocks through m o s t  of 

t h e  region: erosion is assumed to  be the dominant geological  process  

during t h i s  t i m e .  The l a s t  i n t e r v a l ,  from about . 5  b i l l i o n  years  ago to 

the present ,  shows more complexity i n  t h e  rock record. Fram about 500 to  
c 
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100 mi l l i on  years  ago, SENM shows a r o c k  record of mostly marine sediments  I 

depos i ted  i n  a basin that became shallower as time passed. About 225 

mil l ion  years  ago t h e  marine environment became q u i t e  r e s t r i c t e d ,  

r e s u l t i n g  i n  deposition of a b o u t  4000 feet of evapor i tes  i n  which it is 
proposed to  dispose of rad ioac t ive  waste. The lack  of r o c k  record i n  much 

of the region from about  100 m i l l i o n  years  to a b u t  4 m i l l i o n  years  ago 

imply that erosion has been dominant. F luv ia l  sediments and c a l i c h e  

developed wi th in  the last 4 m i l l i o n  years  suggest some change i n  base 

l e v e l  b u t  considerable  s t a b i l i t y .  

The list of important s t r u c t u r a l  events  i n  the  region inc lude  metanonolusm 
and r e l a t i v e  u p l i f t  during t h e  Precambrian, downwarping through much of 

the Paleozoic,  some downwarping and u p l i f t  during the Mesozoic, and sane 

u p l i f t  during the Cenozoic. Specific s t r u c t u r a l  f e a t u r e s  inc lude  basin 
and range type f a u l t i n g  more than 70 miles west of the si te and about 10 

eastward t i l t i n g  of t h e  Delaware Basin: both of these f e a t u r e s  are 

bel ieved to be about mid-Cenozoic i n  age. The Cent ra l  Basin Platform to 

the east of t h e  site has probably not  been a c t i v e  s i n c e  the Permian (see 
also Chapter  5 ) .  

Thus the regional  geology fu rn i shes  evidence of t ec ton ic  and geologic 
s t a b i l i t y  that w i l l  be used fo r  assessing t h e  s a f e t y  of a r epos i to ry  a t  

the WIPP site. 
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TABLE 3.5-1 
REPORTED -._.I-.___ D I K E  INTERCEPTS OR SURFACE EXPOSURES - 

WELL OR DRILL 
HOLE NAME LOCATION 

Humble O i l  & Ref in ing ;  S t a t e  "B0"#3 

Cont inenta l ;  Fores t  #1 

I n t e r n a t i o n a l  Minera ls  Corp. ; ConcDale #95 

Noranda; HB-10 

Texaco; Moore #1 

Kerr-McGee; Mine 

Per ry  R .  Bass ;  B i g  Eddy #44 

Stanol ind;  U.S. Duncan #1 

I n t e r n a t i o n a l  Minera ls  Corp.; Mine 

H & W D r i l l i n g ;  Danford #1 

Perry  R. Bass; B i g  Eddy #43 

Outcrop 

Outcrop 

Amoco; Teledyne Gas #1 

Unknown 

SE 1/4 Sec. 12, T18S-R34E 

Sec.  22, T18S-R34E 

NW 1/4 Sec. 12, T20S-R32E 

SW 1/4 Sec. 14, T20S-R32E 

SW 1/4 Sec. 21, T20S-R32E 

Sec. 31, T20S-R32E 

SE 1/4 Sec. 25, T22S-R28E 

SU 1/4 Sec. 30, T21S-R30E 

Sec. 36, T21S-R29E 

SE 1/4 Sec. 9,  T22S-R29E 

SE 1/4 Sec. 25, TZZS-RZBE 

Sec. 31, T25S-R25E 

Sec. 11, T26S-R24E 

Sec. 13, T23S-RZBE 

INTERCEPT DEPTHS 
I N  FEET 

8745 

7210-8640 

2239 

1700 

2115 

1530 

12120-13333 

470-2710(8 I n t e r c e p t s )  

790 

221 0 

940-2050 

Surface 

Surface 

Rumor? 

Sec. 25, TZZS-RZBE - 1880-1900 
( Y  Ray Response) 

Reference: C .  L. E l l i o t  (1976b) ,  Table I .  



GCR CHAPTER 4 

SITE GEOLOGY 

4.1 IIWRODUCTION 

-. 

T h i s  chapter is a detailed review of the  geologic  c h a r a c t e r i s t i c s  of the  

Waste I s o l a t i o n  P i l o t  P l an t  (WIPP) repos i tory  s i te  and its environs,  

including discussions of geomorphology, s t r a t ig raphy ,  s t r u c t u r e ,  and 

tec tonics .  In  keeping w i t h  the concept of underground placement of the 

r ad ioac t ive  wastes, subsurface geologic condi t ions are emphasized. 

S t ruc tu re  contour and isopach maps are presented and discussed. Par- 

t i c u l a r  effort has been made throughout the  t e x t  to  relate s i te -spec i f ic  

aspects to  regional  geologic condi t ions.  A f i n a l  s e c t i o n  on geologic  

h i s t o r y  reviews the geologic origin and development of the WIPP site. 

The ava i l ab le  l i t e r a t u r e ,  including maps and reports on f i l e  w i t h  federal 

and state agencies,  has been consulted. R e s u l t s  of f ie ld  and ' research 

inves t iga t ions  carried out  s p e c i f i c a l l y  to def ine  site geologic  

condi t ions  have been in tegra ted  i n t o  the d iscuss ion  and the i n v e s t i g a t i v e  

reports referenced. Detailed descr ip t ions  of the  var ious explora t ion  

programs and inves t iga t ions  may be found i n  Chapter 2. 

4.1.1 Area of Study 

The area to be considered i n  detail i n  t h i s  chapter on site geology is 

shown i n  Figure 4.1-1. 

centered  on the s i te ,  including a l l  of Township 22 South, Range 31 East 

and parts of the adjacent  townships i n  eas t e rn  Eddy and western Lea 

Counties i n  the  southeastern corner of New Mexico. I n  many ins tances ,  

however, t h e  topics under discussion were judged to require cons idera t ion  

of areas more d i s t a n t l y  removed or to  b e n e f i t  from a somewhat broader 

focus, so t h a t  Figure 4.1-1 should not be construed as a l i m i t a t i o n  of 

the area considered or discussed. 

I t  represents  a 10-by-10-mile square area 
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- Also shown i n  Figure 4.1-1 is t h e  o u t l i n e  of the  WIPP Site itself, 

l o c a t i n g  land-use r e s t r i c t i o n  zones. Zone I is the  area of the su r face  

faci l i t ies .  The roughly octagonal  Zone I1 rep resen t s  t h e  underground 

area which would be mined i f  a f u l l y  developed (3 square miles) 
r epos i to ry  were developed here. No d r i l l  hole extending through t h e  Sal t  
beds to deeper strata occurs  wi th in  one mile of the  Zone I1 boundary. 

Other zones represent  l e v e l s  of land-use r e s t r i c t i o n  and are discussed 

elsewhere i n  t h i s  report (for example, see Table 2-1). The outer 
boundary of Zone I V  defines t h e  a rea  of t h e  WIPP site. The term "LoS 
Medanos" is also f requent ly  used to refer to  the WIPP site area, as for 

in s t ance  i n  the site s e l e c t i o n  process to  d i s t i n g u i s h  t h e  WIPP site from 

other a l t e r n a t e  si tes i n  the same region (see Chapter 2) .  Griswold 

(1977) defined the 10-by-10-mile s q u a r e  of F igure  4.1-1 a s  the "Los 

Medanos site"; however, for the  purpose of t h i s  report, it seems more 
appropr ia te  to use the term 'Los Medanos" to r e f e r  to  the  genera l  

v i c i n i t y  of the WIPP site, roughly corresponding to the sand- and 

dune-mantled area bear ing that name and with in  which the site occurs. , 

4.2.1 Sources of Data 

"c,' 
Much of the  informaticm specific to the LOS Medanos area and to the WlPP 

s i t e  is ava i l ab le  frm various agencies ccsmnissioned to c a r r y  o u t  special 

t echn ica l  s tud ies .  I n  assembling these desc r ip t ions ,  f r e e  recourse has 

been made to what is ava i l ab le  i n  the open literature, p a r t i c u l a r l y  t o  
t h e  numerous open-file reports r e l eased  by the  U.S. Geological Survey. 

Much usefu l  information on surficial s t r a t i g r a p h y  of t h e  Los Medanos area 
i S  provided by Vine (1963) and by Bachman (1974; also i n  Jones,  1973); 

both have provided s u r f i c i a l  geologic  maps of parts of the  area.  

Valuable compilations of s t r a t i g r a p h y  and s t r u c t u r e  of the  Ochoan 

evaporite sequence have been assembled by Jones (1972, 1973, 19751, by 

Brokaw et al. (1972), by Anderson et al. (1972), and by Anderson (1978). 

Permian Basin geology i n  general  is extens ive ly  discussed i n  King (1948) 

and i n  M c K e e  et al. (1967a, 1967b). Pennsylvanian s t u d i e s  are presented 

for the Los Medanos area by Foster  (1974) and reg iona l ly  by Meyer 

(1966). Much of the a v a i l a b l e  information regarding pre-Pennsylvanian 
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...- s t r a t ig raphy  is reviewed i n  Foster  (19741, who presents  numerous 

reference sec t ions  and isopach and s t r u c t u r e  contour maps f o r  these 

deeply buried strata. 

A series of subsurface s t r u c t u r e  contour and isopach maps has been 

prepared s p e c i f i c a l l y  for the WIPP site by Griswold (1977) and most a r e  

incorporated i n t o  t h i s  chapter.  The data base for these maps is 

furnished by ava i l ab le  w e l l  and borehole information supplemented by 

s p e c i a l l y  contracted seismic r e f l e c t i o n  surveys. The loca t ion  of a l l  

boreholes and seismic reflection p r o f i l e s  used i n  t h e  subsurface s t u d i e s  

reported here in  are sbwn i n  Figure 4.1-2 and l i s t e d  i n  Table 4.1-1. 

A glance a t  the depths of holes l i s t e d  i n  Table 4.1-1 shows the pauci ty  
of data ava i l ab le  for horizons deeper than about two thousand feet. W i t h  

the poss ib le  exception of o i l  or gas f i e l d s  where deep holes are 
c lus te red ,  w e l l  spacing is t y p i c a l l y  such that minor f a u l t i n g  probably 

would not be del ineated:  only the smoothed t rend  of local depressions and 

arches  IS  out l ined.  The de tec t ion  of minor f a u l t i n g  and other local 

s t r u c t u r a l  detail  is genera l ly  poss ib l e  only  through t h e  use of deep 

seismic reflection techniques,  supplemented by deep w e l l  con t ro l  where 

ava i lab le .  Horizons which most e f f i c i e n t l y  reflect seismic wave energy 

are the most logical t a r g e t s  for d e t a i l e d  s tudy of deep s t ruc tu res .  

Beneath the site, horizons which are found to  be good r e f l e c t o r s  includ 

t o p  of the S i l u r i a n  carbonate sequence, top of Morrow limestone (lower 
part of Pennsylvanian rocks), and top of Delaware sand (below base of 

Cas t i le ) .  Although many hundreds of miles of seismic r e f l e c t i o n  

p r o f i l i n g  have been carried o u t  i n  the Delaware Basin, near ly  all of it 

is p r i v a t e l y  owned by indus t ry  sources  and t h e  record profiles are not 

sub jec t  to d isc losure .  Accordingly, Sandia Laborator ies  engaged t h e  

s e r v i c e s  of G.J.  Long and Associates,  Inc., of Houston, Texas and Permian 

Exploration Company of R o s w e l l ,  New Mexico, to ca r ry  out  a program Of 

seismic r e f l e c t i o n  p r o f i l i n g  across the  WIPP s i te ,  supplemented by any 
o i l  indus t ry  data which was  made access ib l e  for examination. 

miles of p r i v a t e  seismic data were examined and a b o u t  70 m i l e s  of new 

Over 1,500 
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seismic data have been obtained by Sandia. (Por 'further information on 

seismic ref lec t ion  profil ing and w e l l  data control used i n  the 

exploration for deep structure a t  the site, refer  to Section 2 . 5 ) .  

Data regarding s t ructural  de t a i l  of bedded salt  i n  the Delaware Basin, i n  

contrast  to deeper horizons, are  not generally available i n  the form of 

seismic ref lec t ion  surveys of the type normally used i n  subsurface 

exploration, nor do petroleum exploration companies generally p i c k  

s t ra t igraphic  markers above the  D e l a w a r e ,  as there is no commercial 

hydrocarbon interest i n  these re la t ive ly  shallow s t ra ta .  Perhaps the 

lack of ear ly  recognition of the character of deformation within the  

bedded s a l t  sequence is accounted for by the petroleum industry's  

d i s in t e re s t  i n  non-petroliferous s t r a t a .  The intensive exploration 

d r i l l i n g  for potash deposits by armmercial mining in te res t s ,  however, has 

provided a means of obtaining a t  least SOme general o u t l i n e  of 
deformation features w i t h i n  the evaporite sequence down through the 

McNutt potash zone of the  Salado that would not otherwise have been 
available. I n  addition, mine workings have provided supplementary d e t a i l  

i n  localized areas. Within the site exclusion area, additional potash 

exploratory holes have been d r i l l e d  under contract to Sandia 

Laboratories. Because cormaercial potash exploration is targeted t o  the 

MCNutt m e m b e r  of the Salado Formation, shallower s t r a t a  have generally 

not been extensively logged and sampled, w i t h  the result that details Of 

Structure i n  the R u s t l e r  Formation and Dewey Lake Redbeds were not w e l l  
recorded. Me holes d r i l l ed  under contract t o  Sandia Laboratories t o  

determine the extent of potash reserves i n  the site area were logged 

through these upper formations by wireline geophysical methods and are 
the source of much of the sha l low subsurface data near the WIPP site. 

Figures 4.4-11 through 4.4-15 are constructed from these data. 

Nothwithstanding the apparent wealth of d r i l l  hole data i n  the area, it 

should be emphasized that well data necessarily represent an incomplete 

sampling and extrapolation from such data w i l l  be imprecise to an extent 

dependent on t h e  well spacing, the complexity of the subsurface 

s t ructure ,  and the level  of de t a i l  desired. Well p i c k s  probably w i l l  not h 



4-5 

record absolu te  maxima or minima of sharper crests and troughs,  and 

c e r t a i n  smaller  f e a t u r e s  a u l d  remain undetected. Other techniques such 

as seismic r e f l e c t i o n  a i d  i n  f inding smaller s t ruc tu res .  

4.2 SITE PHYSIOGRAPHY AND SURFICIAL GEOLOGY 

4.2.1 S i t e  Physiography 

The proposed WIPP s i t e  is loca ted  on the eas t e rn  edge of the Pecos Valley 

sec t ion  of the southern Great P la ins  physiographic province (Figure 

3.2-1). The land sur face  within the  area of t h e  s i t e  is a monotonous, 

semi-arid, eo l i an  p l a i n  s loping gen t ly  to  t h e  west and southwest (Figure 

4.2- la) ,  its sur face  made somewhat hummocky by an abundance of sand 

ridges and dunes. Figure 4.2-2 is a topographic map of the  area i n  the 

v i c i n i t y  of the s i t e  (from Nash Draw and Eat  Mesa 15-minute topographic 

quadrangle maps). Also shown on t h i s  f i g u r e  are the  boundary zones of 
the WIPP si te as discussed i n  Sect ion 4.1, extending a maximum dis tance  

of a b o u t  3 m i l e s  fram t h e  geographic center of the site. Within these  

boundaries, e l eva t ions  range from 3,570 f e e t  i n  the east to 3,250 feet i n  

t h e  western part of the site. The average slope from east to  w e s t  is 50 

f e e t  per m i l e  (Griswold, 1977). -..-..,., ,,. 

.--,\. 9' 
i <;s., 
if j l ' i  

I , . ' *  @; 

I n  the v i c i n i t y  of the site, Livingston Ridge is perhaps the  m o s t  . .  .. ! , >  . \. . p 
prominent physiographic fea ture .  Located about a m i l e  beyond the .. ' , .  ''I 

northwestern border of the WIPP site, it is a mrtheast-southwest  ~. 

t rending,  west fac ing  escarpoent about 75 feet high marking the east edge 

of Nash Draw. Nash Draw, the nearest drainage course of any s ign i f i cance  

i n  the v i c i n i t y  of the.site, is a shallow, 5-mile-wide va l l ey  open to t h e  

southwest. Elevat ions within Nash Draw,  which descend from a b o u t  3,300 

feet a t  its nor theas t  head to 2,945 feet at  S a l t  L a k e ,  near t h e  Pecos 

River ,  are genera l ly  200 t o  300 feet lower than the surrounding t e r r a i n  

and may reflect s u b s t a n t i a l  subsurface d i s so lu t ion  of s a l t  fr- the 

Rus t le r  and Salado Formations and accompanying subsidence of overlying 

materials. Livingston R i d g e  m a r k s  t h e  approximate boundary, therefore, 

between t e r r a i n  t ha t  has undergone erosion and/or so lu t ion  collapse and 



4-6 

t e r r a in  that has mt been so affected,  and may be considered t o  indicate 
the approximate position eas t  of which s ignif icant  d i s so lu t ion  of the 

underlying Salado Formation has not occurred (refer t o  Chapter 6 and 

Section 3.2 for further discussion).  

-,. 

'. 

I ,  r: ,~ , 

\. ' ' 

East of t he  site, the nearest major drainage course is t h e  

southeast-trending San Simon Swale, sane 15 m i l e s  or more d i s t an t  (a more - 

regional topographic map i s  shown i n  Figure 2-1). I t ,  too, most l i ke ly  

owes part of its decreased elevation t o  subsurface dissolution. Between 

Sam Simon Swale and the  WIPP site, a broad, low mesa named "The Divide" 

occurs about 6 miles eas t  of the site,  r i s ing  about 100 f e e t  above t h e  

surrounding te r ra in  and at ta ining an elevation of about 3,800 f ee t ,  and, 

a s  such ,  marks a local boundary between general southwest drainage toward 

Nash D r a w  and general southeast drainage toward San Simon Swale. The 

Divide is capped by the Ogallala Formation, and overlying caprock caliche 

upon which have formed sma l l ,  elongate depressions similar to  those found 

developed on the Ogallala of t h e  High Plains, proper, far ther  east (refer 

, .  

t o  Regional Geomorphology, Section 3.2, for additional discussion of 

these features) .  

Surface drainage i n  the si te area is in te rmi t ten t :  the nearest perennial 
stream is the Pecos River, more than 15 m i l e s  south-west of the Center Of 

the s i t e .  Surface runoff in  t h e  si te area f inds its way to the P e a s  

River via Nash Draw: discharge of shallow groundwater is l i k e w i s e  

believed M be controlled by the Pecos River ( refer  t o  hydrology sections 

6.2.5 and 6.3). Although basins l i k e  Nash D r a w  may have evolved par t ly  

through active subsurface dissolution of t h i c k ,  bur ied  s a l t  deposits, 

there is IIO evidence available a t  present to  evaluate differences i n  

rates of dissolut ion which may have prevailed under different  climatic 
conditions. That the site is i n  a natural  divide between drainage basins 

indicates  that  it is protected from serious flooding and erosion from 

heavy runoff. 

f u t u r e ,  any perennial streams which might then  a r i s e  would be expected t o  
follow the present basins, and Nash Draw and San Simon SWale would 

undergo the greatest  amount of erosion from t h i s  increased humidity, 

leaving the divide area re la t ive ly  i n t a c t  (Bachman, 1 9 7 4 ) .  

Should the climate of t h e  region beccme more hmid i n  the 
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Because of the presence i n  Nash Draw and elsewhere i n  t h e  Delaware Basin 

of ex tens ive  subsidence which appears to  be caused by subsurface 

d i s so lu t ion  of sal t ,  much a t t e n t i o n  has been focused on t h e  search fo r  

geomorphic ind ica t ions  of poss ib l e  subsidence f e a t u r e s  i n  t h e  v i c i n i t y  of 

t h e  site. One f e a t u r e  t h a t  has a t t r a c t e d  sane a t t e n t i o n  is described by 

GriswOld (1977) as a shallow s ink  about  8 miles nor th  of the site i n  t h e  

southeast  part of Sec t ion  9, T. 21  S., R. 31 E. (p ic tured  i n  Figure 
4.2-lb). 

30 feet deep. R e s i s t i v i t y  s t u d i e s  conducted by E l l i o t  (1976) i n d i c a t e  

very shallow surficial f i l l  w i t h i n  the f e a t u r e  and no.disturbance of 

underlying beds, i nd ica t ing  a probable s u r f a c e  r a the r  than  subsurface 

Origin. T h i s  type of f e a t u r e  is common i n  southeas te rn  New Mexico and is 

not necessa r i ly  i n d i c a t i v e  of an o r i g i n  tied to  subsurface subsidence. 

On the other hand, recent  r e s i s t i v i t y  surveys conducted over t h e  

s u r f i c i a l  sand cover wi th in  t h e  WIPP site area ( E l l i o t ,  1977e) have 

disclosed a r e s i s t i v i t y  anomaly i n  sec t ion  17, T. 22 S., R. 31 E.. w i t h i n  

the limits of the Zone I1 exclusion area. The anaaaly bears some 

The f e a t u r e  is very subdued, a b o u t  1,000 feet i n  diameter and 

A resemblance i n  character  to the p a t t e r n  observed over a known s ink ,  a 
so-called salt "breccia  pipe" ( E l l i o t  1977a). Recent d r i l l i n g  (WIPP 13) 

has shown t h i s  r e s i s t i v i t y  anomaly is not caused by disso lu t ion ing  but  by 

lower than average r e s i s t i v i t y  i n  t h e  Dewey L a k e  Redbeds. 

4.2.2 S i t e  Surficial Geology 
-. 

Most of the s i te  area is wvered  by blanket e o l i a n  sand or, especially on 

the nor th ,  east, and southeas t ,  by partially s t a b i l i z e d  sand dunes. 

Active sand dunes are located i n  the southern por t ion  of the s i t e  (Figure 

4.2-3). The sand, of Holocene age ('Mescalero sand") ,  forms a t h i n ,  

p e r s i s t e n t  veneer M more than a f e w  meters thick (except where dunes 

occur) t h a t  is believed to have been swept westward from t h e  nigh P la ins ,  

where the in fe r r ed  source material, t h e  sandy Ogal la la  Formation, is 

abundant. 

geologic  map of the site area, Figure 4.2-4, which is compiled from maps 

prepared by Vine (1963) and Bachman (1974). 

The widespread sand cover is r e a d i l y  apparent on the  surficial 
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N o t  a t  a l l  apparent from t h e  map, however, is the general occurrence of a - 
hard, caliche layer up to 10  f e e t  t h i c k  imed ia t e ly  beneath the  e o l i a n  
sand blanket. The re la t ive ly  high resistance of the caliche to  erosion 

has protected the more erodable underlying s t r a t a  f r m  dissection and 

exposure. It is recognized over a regionally broad area and has been 

termed the "Mescalero caliche". Caliche may form pedogenically over 

geologic time at  or near the surface through capi l lary r i s e  of 

carbonate-laden water in the vadose zone followed by precipi ta t ion of 

solute upon evaporation of pore water (Brown, 1956).  The youngest 

formation on which the Mescalero caliche has formed is the Pleistocene 

Gatuna Formation, of presumed Kansan age (Bachan, 1974). Bachnan (1974) 

indicates  that the formation of the Mescalero caliche probably dates  back 

t o  the Yarmouth in t e rg l ac i a l  stage, or approximately 500,000 years ago. 

T h a t  such a thick,  a rea l ly  extensive, and continuous caliche had accreted 

implies past  s tab le  climatic and geanorphic conditions over t h e  

considerable t i m e  period required for its formation. The relevance of 

t h i s  type of paleoenviromental indicator to the s t a b i l i t y  of present 

climatic conditions and to possible future  climatic var iab l i l i ty ,  and t h e  - 
implications regarding the long-term in tegr i ty  of the WIPP repository, 

are  presently being pursued by Bachman (see Chapter 10 ) .  

On the s u r f i c i a l  geologic map (Figure 4.2-4) exposures of t h e  Mescalero 
caliche are indicated. These occur where the  eolian cover is very th in  

or removed en t i re ly ,  mostly near t h e  edge of NaSh Draw, in to  which nuch 
of the nearby loose sand may have been swept. 

the Nescalero caliche is draped inward i n t o  Nash Draw and is present over 

much of the  north half of the valley, indicating t h a t  a t  l e a s t  some 

subsidence or l a t e r a l  backwasting along Nash Draw has OCCUrred SubseqJent 

to the formation of the caliche, presumably during the  more hmid g lac ia l  

stages ( I l l i no ian  or Wisconsin) of Pleistocene time. 

Along Livingston Ridge, 

Within Nash Draw,  and the WIPP si te area, the Triassic  Santa Rosa 

Sandstone, the Ochoan Dewey Lake Redbeds, and more than  half of t h e  

Rustler Formation are sporadically exposed. Field descriptions of these 

formations are included i n  Section 4.3. 

# 
Y 
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c The overa l l  geology and s t r u c t u r e  of the WIPP s i t e  i s  q u i t e  simple. It 

is characterized by a persistent, gentle homoclinal dip toward the east 

of 50 to  200 feet per mile ( 2  degrees or less), depending upon depth. 

Successively older rocks are seen to occur  toward the w e s t ,  the result of 
erosional bevelling of the gently eastward-dipping s t ra ta .  Additional 

information regarding erosional history of the WIPP s i t e  is presented i n  
section 4.5; de ta i l s  of t h e  site structure and stratigraphy are discusse 

i n  the following sections. 

4.3 SITE STRATIGRAPEY AN0 LITEDIDGY 

The following paragraphs br ie f ly  summarize the s t ra t igraphic  sequence a t  

the WIPP site; systematic description of the various l i thologic  uni ts  

commences i n  Section 4.3.1. 

The proposed WIPP underground storage facil i t ies are to be placed near 

the middle of a 3,600-foot-thick sequence of re la t ive ly  pure evaporite 

s t r a t a  containing primarily r o c k  salt and anhydrite, lying between depths 

of about 500 and 4,100 feet beneath ground surface. The formation 

richest i n  r o c k  sa l t ,  the Salado Formation, is nearly 2,000 feet th i ck .  

The Salado contains the re la t ive ly  pure salt layers  i n  which the two 
proposed underground storage levels  are t o  be constructed, a t  a depth 

near 2,120 feet for t h e  upper level and near 2,670 feet for the lower. 
The storage horizons are w e l l  isolated from the enviroment by adjacent 
evaporite s t ra ta .  A thickness of a t  least 1,300 f e e t  of undisturbed 

evaporite, primarily r o c k  salt,  overl ies  the upper storage horizon, and 

about an equivalent thickness of anhydrite and r o c k  salt intervenes 

between the lower storage horizon and the next adjacent underlying 

non-evaporite formation. 

mill ion years ago and have apparently remained isolated since that t i m e .  

- 

The salt deposits were formed a t  least 225 

The total thickness of the sediraents resting on Precambrian basement 

beneath the  surface of the  proposed WIPP f a c i l i t y  is about 18,000 feet of 

Ordovician t o  Recent strata. Depicted i n  Figure 4.3-1 is a generalized 

c s t ra t igraphic  section of the site, showing the ver t ica l  sequence of major 
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units and the i r  relativt? thicknesses. More de t a i l ,  but still of a 

generalized nature, is provided i n  Figure 4.3-2, S i t e  G e o l o g i c  Colmn, 

which shows simplified graphic and descriptive l i thologies  of t h e  major 

units known or inferred to occur beneath the si te and gives the geologic 

c lass i f ica t ion  of r o c k  uni ts  used i n  t h i s  report. Following is a brief 

srnnmary of the stratigraphy, proceeding from the surface down t o  basement. 

Beneath a th in  but pers is tent  veneer of windblown sand a t  the s i t e  are  
sediments representing Pleistocene, Upper Triassic ,  and uppermost Permian 

s t r a t a ,  a l l  of which occur above the  evaporite sequence. sandstone of 
the Ple i s tocene  Gatuna Formation, capped by Mescalero caliche, a l so  

developed i n  Pleistocene time, is only a few tens of f e e t  t h i c k  a t  the 

site and is of interest primarily for the  geochronologic and 

paleoclimatic implications of its presence: it w a s  deposited, and much of 

the caliche on its surface believed to have developed, half a m i l l i o n  

years ago (Kansan-Yarmouth time) (Backnuan, 1974). Between the  

Pleistocene sandstone and the evaporite sequence is a 500-foot-thick 

succession of nonmarine redbeds of La te  Triassic age (Santa Rosa 

Sandstone) and marine redbeds of latest Permian age (Dewey Lake  

Redbeds). 

having been beveled to the w e s t  by one or more post-Late Triassic 

erosional episodes; the thickness of redbed deposits remaining above the 

evaporite sequence is crudely proportional t o  the degree to  which the 

T h i s  redbed sequence t h i n s  westward and th i ckens  eastward, 

underlying salt horizons have b&n protected fran su r f i c i a l  processes l" . 
leading t o  erosion and dissolution. 

A t  the center of Me site, a l l  bu t  the uppermost 50 feet of the 18,OO 

feet of s t r a t a  are of Paleozoic age, the marine Dewey Lake Redbeds be 

the topnost of the Paleozoic rocks. The Permian sect ion alone, about 

12,800 feet t h i c k ,  const i tutes  over t w e t h i r d 6  of the sedimentary 

column. The Permian section is divided i n t o  four series, the three 

lowest of which (Wolfcampian, Leonardian, and Guadalupian) contain t h i c k  

c l a s t i c  sequences, and the  uppermost of which, the Ochoan Series ,  

contains the evaporite formations, which are  i n  descending order t h e  
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- Rustler, Salado, and Cast i le  Formations. (The toppost Ochoan formation, 

the Dewey Lake Redbeds, is not part of the evaporite sequence but  
represents a return of c l a s t i c ,  normal marine deposition.) 

The R u s t l e r ,  which overlies the Salado, contains the la rges t  percentage 

of c l a s t i c  material of t h e  t h r e e  evaporite formations. Bowever, where 

i t s  original th ickness  of around 450 f e e t  has been protected from salt 
dissolution, about 70 percent of t h e  formation is composed of evaporite 

beds, including about 40 p e r c e n t  r o c k  salt. Beneath the WIPP site, the 

Rustler has been leached of m o s t  of its rock salt  i n  the geologic past. 
A t  ERDA-9, 310 f ee t  of the formation w a s  encountered, which implies that 

up t o  150 f e e t  of rock salt has been removed and tha t  the overlying 

s t r a t a  have subsided accordingly. It does not, however, imply that 

dissolution and subsidence is necessarily presently act ive or even that 

it has recently occurred. A t  ERDA 9 h a l i t e  w a s  logged i n  t h e  lower 100 

feet of the Rustler. Over 1,300 feet of undisturbed evaporite rock, 

primarily Salado r o c k  s a l t ,  occur above the upper level  storage zone of 

the proposed WIPP f a c i l i t y .  

The 2,000-fmt th i ckness  of the salt-rich Salado Formation is divided 

i n t o  three members by the recognition of a middle member  referred t o  as 

t h e  MCNutt potash zone, which is the interval  within the Salado that 

contains the potential  reserves of potash minerals mined i n  t h e  Carlsbad 

District west of the s i t e .  The lowest member of the Salado, beneath the 

McNutt potash member, is the member that contains the nearly pure h a l i t e  

which is proposed for the WIPP f ac i l i t y .  The Cast i le  Formation beneath 
.-. the Salado also contains nearly pure beds of hal i te  but, u n l i k e  the 

_a 
, 1 . .  

' 7 ,  
f!;;, Salado, also conta ins  massive anhydrite beds. 

I !i. 
:, i .~ :  , i 1 

,' , . ;  $ 
, , .,,, 

. i  The rest of the Permian section beneath the evaporite sequence, together .: ' *  

w i t h  the subjacent Pennsylvanian and possibly Late Mississippian 

sections,  contain dominantly c l a s t i c  rocks tha t  represent deposition 

during the time i n  which the Delaware B a s i n  existed a s  a d i s t inc t  

s t ructural  ent i ty .  These pre-evaporite, basinal sediments, which t o t a l  

about 11,000 f e e t  i n  thickness beneath the  site, have been targeted for 
,- 
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- pet ro leun  explora t ion  a t  one po in t  or another throughout the  Delaware 

Basin. They conta in  nea r ly  a l l  of the reg ion ' s  known potential  reserve  

of hydrocarbons. 

I 

The remainder of the Paleozoic s e c t i o n  (Mississippian down through t h e  

Ordovician) c o n s i s t s  of about 3,000 feet of mainly carbonate strata 
deposi ted i n  shallow-water or s h e l f  condi t ions  over a period of 

long-sustained c rus ta l  s t a b i l i t y .  

The underlying c r y s t a l l i n e  basement is believed to  be a g r a n i t i c  t e r r ane ,  

formed about  1,300 mi l l i on  years  ago. The only  o ther  igneous r o c k s  known 

i n  the area occur as a lamprophyre d i k e  rock in t ruded  i n t o  the evapor i te  

beds along a s i n g l e  nor theas t  d ike  t rend t h a t  approaches no closer than 

about  8 miles northwest of the center  of' the proposed WIPP site. 

B r i e f  descriptions of the var ious  s t r a t i g r a p h i c  u n i t s  are provided i n  the 

follOWing sec t ions ,  i n  order  of deposi t ion from oldest to youngest, w i t h  

emphasis on the evaporite beds, p a r t i c u l a r l y  t h e  Salado Formation. ,- 

4.3.1 Precambrian Eonothem 
, I  

I ,  

.. I .  

Few hales i n  the near v i c i n i t y  of the WIPP s i t e  have penetrated e n t i r e l y  

through the Paleozoic  sec t ion .  The nea res t  such holes are the  Richardson 

and Bass No. 1 Cobb-Federal, approximately 13 miles north-northwest of 

the center  of the site, and t h e  Texas NO. 1 Richards, 12-1/2 miles t o  t h e  

north-northeast .  Inferences  about the na ture  of basement r o c k  l y i n g  

beneath the site have been gleaned from these wells and others more 
d i s t a n t l y  removed. 

Crystall ine basement rocks beneath t h e  Mesozoic and Pa leoz ic  sedimentary 

pile near the proposed site are bel ieved to be either g r a n i t i c  igneous 

r o c k  or metamorphosed g r a n i t e s  and rhyo l i t e s .  The basement su r face  here 

is at a depth of approximately 17,900 f e e t  (Foster and Stipp, 1961);  a 

s l i g h t l y  greater depth (approximately 18,200 feet) has been inferred by 

independent consu l t an t s  (Sipes  et al.,  1976). The basement rocks occur 



4-13 

- with in  w h a t  has been considered by Flawn (1954, 1956) to be part Of a 
reg iona l  Precambrian gran i t ic  t e r r ane  c c n s t i t u t i n g  the  Texas craton. A 

later inves t iga t ion  (Muehlberger et  al., 19671, which r e c l a s s i f i e d  the  

r o c k s  within the Texas foreland or craton, among other areas, suggests  

that the basement r o c k s  i n  the area near the site belong to  the Chaves 

g r a n i t i c  t e r r ane ,  composed l a r g e l y  of g r a n i t e ,  g ranodior i te ,  and 

equiva len t  gne isses ,  wi th  a minor amount of other metamorphic rocks 

included. Measured r a d i a n e t r i c  dates f o r  basement rocks i n  the  area 
range between 1,140 to 1,350 mi l l ion  years (Poster, 1974; Muehlberger et 

al.,  1967); the Chaves t e r r ane  i s  defined to  include the 1,350 m.y.-old 

g r a n i t i c  basement rocks .  

4.3.2 Paleozoic  Erathem 

Cambrian System. N o  Cambrian s t r a t a  are recognized i n  the subsurface i n  
the v i c i n i t y  of the WIPP site. Basal conglamerate and sandstone r e s t i n g  

on the Precambrian of southeastern New Mexico are sometimes c a l l e d  B l i s s  

sandstone, which is p a r t l y  Late  Cambrian and p a r t l y  Early Ordovician i n  

age, but such rocks i n  th i s  area probably correlate only w i t h  t h e  

Ordovician part of the B l i s s  (Foster ,  1974) and are here considered a 
member of the Ellenburger Group. 

-. 

Ordovician System. I n  the Los Medanos area, the Paleozoic s e c t i o n  begins 

w i t h  an est imated 1,290 feet of Ordovician r o c k s  beneath t h e  center of 
the site (Foster ,  1974),  assuming an even gradien t  between widely spaced 

w e l l  con t ro l  points .  In  ascending order t h e  sequence includes the 

El lenburger ,  Simpson, and Montoya Groups, represent ing  Lower, Middle, and 

Upper Ordovician strata, respec t ive ly .  

Detail of the local s t r a t ig raphy  of the Ordovician is based on samples 

and a r a d i o a c t i v i t y  l o g  f r a n  the Texas No. 1 Richards w e l l ,  12-1/2 miles 

north-northeast  of the site. The Ellenburger Group there c o n s i s t s  of a t  

least  300 feet of dolomite w i t h  sane chert; included is a basal member  Of 

sandstone and w n g l m e r a t e  about  75 feet t h i c k .  The top of the 

Ellenburger may be a t  a depth of as much as 17,800 feet beneath the 
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center of the site (Netherland, Sewell, 1974). Overlying the Ellenburger _. 
dolaui te  is a sequence of al ternat ing limestone and green or gray shale 

members, w i t h  several  sandstone uni ts  occurring i n  the upper half of the 

sequence. The Upper Ordovician Montoya Group is almost en t i r e ly  

carbonate r o c k .  A t  the  Texas 1 Richards w e l l ,  t h e  lower half of the 

Montoya is limestone and the upper half dolomite, chert being f a i r l y  

common, par t icu lar ly  i n  the middle of the  section: whereas 14 miles s 
of the site the Montoya has been logged a s  mostly limestone and sand 

limestone. Sane intermediate l i thology is therefore t o  be expected 
beneath the WIPP s i t e .  

I 

i. 

In  the Texas 1 Richards reference section the Ordovician r o c k s  total 975 

f e e t  i n  thickness; however, t he  section th i ckens  i n  a s o u t h  to southeast 

direct ion a t  a r a t e  estimated t o  be 25 t o  40 f e e t  per m i l e  (Foster, 

1974). most of which is due t o  the thickening of the Ellenburger and 

Simpson groups i n  tha t  direction. I t  is l ike ly  tha t  the Ellenburger and 

Simpson are each between 400 and 500 f e e t  t h i c k  i n  the site area. 

S i lur ian  System. Lying above the dolauite of the Ordovician Montoya 
Group is additional carbonate r o c k  of S i lur ian ,  or perhaps 

Siluro-Devonian age. Near the site it mnsists en t i r e ly  of light-colored 

dolomite wi th  appreciable chert ,  except for two prominent in te rva ls  of 

limestone, one about 100 feet t h i c k  near the  middle of the sect ion and 

one a b o u t  200 feet t h i c k  near t h e  top (Foster, 1974). The basal contact 

is apparently dismnformable i n  t h i s  area. 

The re la t ive ly  hanogenous lithology of the Si lur ian carbonate sequence i n  
the subsurface of southeastern New Mexico has thus f a r  precluded its 

formal separation i n t o  formational units.  McGlasson (1968), however, has 

suggested t h a t  the lower part is correlat ive w i t h  t h e  Fusselman Formation 

of Early and Middle Si lur ian age, and that t h e  upper par t ,  generally 

referred t o  as .Upper Silurian" s t r a t a ,  may be correlat ive w i t h  the  

Eienryhouse Formation of par t ly  l a te  Middle and par t ly  L a t e  S i lur ian  age. 

McGlasson (1968) a lso  shows tha t  no Devonian carbonate r o c k s  were 

deposited i n  N e w  Mexico, except i n  the extreme southwest corner of Lea 
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I County. Nevertheless,  conuuon oil-field usage refers t o  these  carbonates  

a s  'Silurc-Devonian" carbonates (Fos te r ,  1974). Probably most i f  not all 

of the post-Montoya, pre-Woodford carbonate strata beneath the WIPP s i t e  
is S i l u r i a n  i n  age, according to McGlasson's s tud ie s .  Isopach maps 
(Foster ,  1974) ind ica t e  t h e  total th ickness  of t h e  S i l u r i a n  or 
.Silurc-Devonian" carbonates a t  the s i t e  t o  be about  1,140 feet. The 

sequence t h i n s  westward r e l a t i v e l y  uniformly a t  a rate of about 25-50 

feet per m i l e  toward a landmass emergent during S i l u r i a n  t i m e .  

The marked con t r a s t  i n  l i t ho logy  between t h e  S i l u r i a n  carbonate and the 

over ly ing  Devonian shale is bel ieved to provide a good seismic r e f l e c t i n g  

horizon. S t ruc ture  contour maps on top of "Siluro-Devonian lime" 

i n d i c a t e  that  the top of S i l u r i a n ,  equiva len t  to base of Devonian, i s  a t  

a depth of about 15,850 f e e t  beneath t h e  center  of t h e  WIPP si te ( e l e V .  

minus 12,450 feet) (Netherland, Sewell, 1974). 

Devonian System. The Devonian system is represented by a d i s t i n c t i v e  

I u n i t  of organic,  p y r i t i c  black shale which unconformably o v e r l i e s  the  

S i l u r i a n  carbonate sequence. McGlasson (1968) correlates it wi th  the 

Upper Devonian Woodford Shale  of Oklahoma and describes it as a " d a r k  

brown to black, f issi le,  bituminous, spore-bearing shale". H e  shows t h a t  

it is a t ransgress ive  u n i t  which overlaps successively older  units t o  the  

northwest (McGlasson, 1968).  Beneath t h e  center  of t h e  site it is 
ind ica t ed  to be about 175 f e e t  t h i c k ,  th ickening gradual ly  southeastward 
(Foster, 1974). Haigler and Cunningham (1972) show t h e  top of 

und i f f e ren t i a t ed  S i l u r i a n  and Devonian rocks a t  an e l eva t ion  of s l i g h t l y  

above minus 12,300 feet MSL a t  t h e  center  of the WIPP si te.  The 

uppermost port ion of the Woodford Shale i n  the Delaware Basin is reported 

t o  be a c t u a l l y  of earliest Mississ ippian age (McGlasson, 1968). 

I .  .~,... I. . 

Mississ ippian System. R o c k s  of the Mississ ippian System at  the s i t e  
inc lude  a series of l imestones referred to simply as "Mississippian 

l imestone," and an overlying shale i n t e r v a l  called the Barne t t  shale. A t  

the  Texas 1 Richards l o c a l i t y ,  t h e  l imestone is l ight-yel lowish brown, 

- l o c a l l y  cher ty ,  w i t h  sane minor gray shale, cont ras t ing  w i t h  brown, 
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loca l ly  s i l t y  shale of the Barnett. L i k e  the top of Si lur ian carbonate, 

t h e  top of Mississippian c a r h n a t e  m o s t  l i k e l y  affords a good re f lec t ing  
horizon; structure contour m a p s  indicate that it i s  a b u t  15,150 f e e t  

belcw Zone I a t  the  site (elev. minus 11,750 feet) (Netherland, Sewell, 

1974) .  Total thickness of the carbonate appears t o  be about 480 feet a t  

t h e  site, gradually thickening northward. The overlying black shale is 

about 175 f ee t  t h i c k .  

!, 

I , .  

Strat igraphic  re la t ions  between subsurface Mississippian s t r a t a  i n  

southeastern N e w  Mexico and formational units defined i n  other areas a re  

unclear. On the basis of .the local fauna, t h e  carbonate sequence i n  the 

Delaware Basin is assigned to  t h e  Lower Mississippian (Foster, 1974). 

Lithologically it is s i m i l a r  to the Rancheria Formation i n  the Franklin 

Mountains. A t  or near the site, deposition of the Barnett Shale 

corresponds for the m o s t  part t o  Late Mississippian t i m e .  

Pennsylvanian system. Approximately 2,200 f e e t  of Pennsylvanian s t r a t a  

occur i n  the subsurface at the WfPP site (Foster, 1974). The section - 
consis ts  of al ternat ing members of sandstone, sha le ,  and limestone, and 

rests unconformably on the underlying Barnett Shale. 

I 

Unlike most of the earlier Paleozoic s t r a t a ,  the Pennsylvanian s t r a t a  i n  

the Delaware Basin, and some of the Lower Permian strata as w e l l ,  are 
characterized by re la t ive ly  nmerous changes i n  l i thology ve r t i ca l ly  i n  
the section and by an abundance of lateral facies  changes along 

time-equivalent horizons. Lithologic units traceable over broad areas i n  

the subsurface generally cannot be assrnned t o  represent 

time-stratigraphic u n i t s  under these conditions. A t t e m p t s  t o  construct a 

basin-wide geologic his tory for Pennsylvanian t i m e  and t o  develop 

regional correlat ions based on time equivalence are greatly complicated 

by these lithologic changes. These complexities have spawned e f f o r t s  

such as those of Meyer (1966) to develop a method for placing surface 

outcrop and subsurface s t r a t a  i n t o  a formal Pennsylvanian 

t ime-stratigraphic framework. As defined by t h i s  approach, the Lower 

Pennsylvanian Ser ies  inc ludes  r o c k s  assigned t o  the Morrowan Stage, t h e  4 
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I Middle Pennsylvanian S e r i e s  to  rocks assigned to the Atokan (or Derryan) 

and Desnoinesian Stages, and t h e  Upper Pennsylvanian Series t o  rocks 

assigned to  the  Missourian and V i r g i l i a n  Stages.  

I n  the  Delaware Bas in ,  local subsurface s t r a t i g r a p h i c  u n i t s  have 

sometimes been informally defined, or extended on the  bas i s  of l i t ho logy  

and are therefore, s t r i c t l y  speaking, l i t h o s t r a t i g r a p h i c  and not 

t ime-s t ra t igraphic  units. Thus, r o c k s  considered part of, for example, 

t h e  "Morrow" or the Morrow S e r i e s  on the basis of subsurface l i t h o l o g i e s  

may not necessar i ly  all be encompassed wi th in  or represent  a l l  of the  

time of the Morrowan Stage as formally defined. Although t h e  

Pennsylvanian section is here in  described by reference to lithologies 

recorded i n  nearby  w e l l s ,  for the reasons stated the sec t ion  a t  the Si te  

cannot from the nature  of d a t a  ava i l ab le  be p o s i t i v e l y  co r re l a t ed  w i t h  

formal s t age  names or w i t h  Lower, Middle, or Upper Pennsylvanian Ser ies .  

Nevertheless ,  t he  designat ions of Morrowan, Atokan, Desmoinesian, and 

Missourian-Virgil ian r o c k s  for the respec t ive  Bend, Strawn, and 

Canyon-Cisco r o c k  units have f requent ly  been used w i t h  modifications for 
sane time (Thompson, 1942; Haigler ,  1962, p. 7-8, Netherland-Sewell, 

1974, exbt. 6-2; see also Meyer. 1966, p. ll). The b i p a r t i t e  

c l a s s i f i c a t i o n  of Lower Pennsylvanian f o r  Morrowan and A t o k a  and Upper 

Pennsylvanian for Strawn has also been employed (e.g., Sipes  e t  al., 

1976). 

- 

Foster  (1974), i n  his desc r ip t ion  of Pennsylvanian subsurface lithologies 

i n  the v i c i n i t y  of the site, adopted the usage of Morrow, A t o k a  and 

Strawn, which denote from deepest to shallowest t h e  respec t ive  p r inc ipa l  

o i l  and gas producing zones i n  Pennsylvanian rocks of the  Delaware 
Basin. He noted t h a t  the  "overlying r o c k s  of Missourian and V i r g i l i a n  

ages are present... but following the  common oil-field usage (they) are 

included i n  the Wolfcamp sequence". Hence, "... it appears that the t o p  ,,( , 
of (Meyer's) Desnoinesian Stage is the same as t h e  top of the Strawn.. ." 
(Poster, 1974). This  usage is follmed i n  t h i s  chapter i n  the i n t e r e s t  

of its a d a p t a b i l i t y  to  e x i s t i n g  colmnercial explora tory  data. Reference 

s e c t i o n s  are provided by Foster for Pennsylvanian s t r a t a  Some dis tance  

. ,  

.' . 

, ,  f , ", . ' 

.-.. 
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I 
north and south of the site ( h i s  Figures 1 2  and 36, respectively).  Sipes, -. 

e t  al. (1976) show "picks" on Pennsylvanian u n i t s  i n  t h e  Clayton W. 

W i l l i a m s  Jr., Badger U n i t  Federal w e l l  about 2 miles northeast of the 

center of t h e  site, and they present down-hole logs on t h i s  and other 

exploration holes i n  the v ic in i ty  of the site as w e l l .  

Morrowan r o c k s  near the site consist  mostly of fine- to coarse-grained 

sandstone w i t h  varying amounts of d a r k  gray shale. 

generally as a se r i e s  of re la t ive ly  thin beds with shale and sandstone, 

typ ica l ly  occurs i n  the upper part of the sequence and is of ten  

separately identified.  The Morrow sand is a known hydrocarbon producer 

of oil  and gas i n  t h i s  part of the Delaware Basin,  par t icular ly  from 

f i e l d s  i n  the area north of the  s i t e  (refer t o  Section 8.3 .2) .  Foster 

(1974) shows areal dis t r ibut ion of sand l i t b l o g i e s  i n  t h i s  zone. 

Some limestone, 

The Atoka r o c k s  are pr incipal ly  limestone, becoming cherty toward the  

middle of the section, and al ternat ing w i t h  varying amounts of medim- t o  

dark-gray shale. Sandstones are  subordinate. The Atoka is considered to - 
have loca l ly  s ignif icant  hydrocarbon potential  i n  t h i s  part of the 

Delaware Basin, as i n  the  Los Medanos f i e l d  which is Southwest of and 

nearest  t o  the WIPP site. 

1, 

The lower part of the Strawn (regionally the Desmoinesian) i s  dominated 

by l i g h t  gray to white, medium- to coarse-grained sandstone, local ly  
conglaneratic i n  the si te area. I n  its upper part ,  the Strawn is 
dominantly limestone, apparently wi th  a minor amount of chert but 

becoming more abundant northeastward i n  the immediate v ic in i ty  of the 

site (Foster, 1974). Thin beds of dark gray and brown shale are present 

throughout the sec t ion .  
, 1  

I ,  . .  

Records of the apparent thickness of the Morrow, Atoka and Strawn vary 

considerably from area to area simply because there is no CanpletelY 

agreed-upon way of select ing "picks" on down-hole logs and seismic 
ref lec t ion  data. I n  sane o i l  f i e lds ,  "picks" above the Morrow include 
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.- Atoka (or Bend), Strawn, Missourian, and Virg i l ian .  According to  Fos ter  

(1974), " i n  w e l l  completion reports the top of the Strawn is picked 

f a i r l y  cons is ten t ly ,"  b u t  s e l ec t ions  f o r  the  t o p  of Morrow and Atoka may 

differ s i g n i f i c a n t l y ,  and general ly  the  Canyon and C i s c o  are not 

d i s t inguished  i n  t h i s  p a r t  of basin.  Sipes e t  al. (1976) show the t o p  of 

Stfawn a t  e l eva t ion  minus 9,400 feet m s 1  beneath the  center  of t h e  WIPP 

site. The 'picks" they show i n  t h e  C.W. W i l l i a m s  Jr., Badger Unit  

Federa l  w e l l  two miles northeast  of ERDA 9 y i e l d  thicknesses  of 1,224, 
607, and 257 f e e t  for t h e  Morraw, Atoka ,  and Strawn rocks ,  r e spec t ive ly ,  

for a total thickness  of 2,088 f e e t  for the Pennsylvanian. Presumably, 

one or more u n i t s  th icken  southwestward s l i g h t l y  t o  a t t a i n  t h e  2,200-fOOt 

value t h a t  Foster  s h o w s  at the center  of the s i te ,  a value which 

specifically exc ludes  a t  least sme MlSSOUrian-ViKgilian s t r a t a .  

Probably the  value of approximately 2,500 feet shown by Meyer (1966, 

Figure 48) is more t r u l y  representa t ive  of t h e  total  accumulation of 
strata beneath the site during Pennsylvanian t i m e .  

- Permian Rocks.  A s  much as 13,000 feet of Permian strata were deposi ted 

wi th in  the area of the Delaware Basin, which c o n s t i t u t e s  the most 
complete succession of the Permian i n  North America (Brokaw et  al . ,  

1972). The e n t i r e  Permian section beneath the WIPP site averages a b o u t  

12,800 feet  i n  th ickness ,  over two-thirds that of the e n t i r e  sedimentary 

column, or over t w i c e  as t h i c k  as a l l  of the earlier Paleozoic formations 

combined ( a b o u t  5,200 f e e t ) .  Of t h i s  total, a b o u t  3,600 to 3,800 feet of 

t h i c k ,  r e l a t i v e l y  pure evapori te  beds (pr imari ly  salt and anhydri te)  

occur i n  the upper part of the  sequence, i n  which the  proposed waste 

isolation f a c i l i t y  is to be constructed.  

Because the Permian i n  the Delaware Basin and surrounding region has long 

been the subject of in tens ive  explora t ion  and s tudy by b o t h  conrmercial 
and non-colanercial i n t e r e s t s ,  i ts  subsurface and su r face  s t r a t ig raphy  

have become a r e l a t i v e l y  well understood aspect of a c l a s s i c  s tudy area 

(e.g., King, 1942, 1948; Adams, 1944, N e w e l 1  et al.,  1953; McKee et al., 
1967a, 1967b; Anderson e t  al., 1972; Brokaw et al., 1972; Jones,  1973). 
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Even so, problems i n  s t ra t igraphic  nanenclature still abound, x 

I 

pa r t icu la r ly  w i t h  regard to  the  more deeply buried basin sediments of the  

Lower Permian w i t h i n  the  Delaware Basin. 

Permian r o c k s  are divided i n t o  four series (Adams et al., 1939), two of 

which (Wolfcampian and Leonardian) are equated w i t h  Lower Permian time 
and two (Guadalupian and Ochoan) w i t h  Upper Permian. The well-known 

massive reef deposits bordering t h e  Delaware Basin were b u i l t  up mainly 

during Guadalupian t i m e ;  massive evaporite deposits were formed only 

during Ochoan time, between 225 and 250 m i l l i o n  years b.p. (before 

present).  Regional correlations of the Permian are shown i n  Figure 3.3-3. 

1) Wolfcampian Series 

*Apparently sedimentation i n  the Permian Bas in  w a s  continuous fran 
Pennsylvanian time throughout Wolfcampian" (Meyer, 1966, p. 1): "major 

tectonic  elements of Early Permian t i m e  i n  west Texas and southeastern 
New Mexico were inherited fran the Pennsylvanian and continued t o  grow" 
( O r i e l  et al., 1967, p. 37). These regional genera l i t i es  suggest the - 
d i f f i cu l ty  that has been experienced, a t  least basinward from shelves, i n  

identifying the base of the Wolfcamp strata. 
exploration pract ice  i n  the  D e l a w a r e  Basin is t o  use t h e  top of the  

Strawn to m a r k  the top of the Pennsylvanian. I f  any Pennsylvanian s t r a t a  

are present above the Strawn, they are very similar to  the  overlying 

Wolfcampian Series  and attempts have not normally been made to  
distinguish the two i n  t he  subsurface. 

An arb i t ra ry  convention i n  

I n  the site area, the Strawn is overlain by a thick sequence of 
interbedded, dark-colored limestone and shale, including considerable 

dolanite. Sandstone is insignificant.  No formational s ta tus  has yet  

been designated for  t h i s  interval:  informally the sequence is sometimes 

ca l led  "Wolfcamp formation'. I t  is known t o  markedly t h i c k e n  southward 

w i t h  increasing shale and sand content toward the  Val Verde trough, where 

extremely t h i c k  Wolfcampian s t r a t a  are known. Toward the north, it th ins  

and gains limestone content, suggesting a s h e l f  margin facies.  Foster - (1974) indicates that a t  the  WIPP site the shale con ten t  probably nearly I 
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I equals that of the carbonate. Isopachs presented i n  Fos te r  (1974) 
i n d i c a t e  s l i g h t l y  less than 1,400 f e e t  of Wolfcampian s t r a t a  beneath the  

site, whereas Meyer (1966) shows between 1,000 and 1,100 feet: t h e  la t ter  

value excludes scme r o c k s  above the Strawn. A regional map by McKee e t  
al., (1967a) appears to  indicate  near ly  2,000 feet. The nea res t  'p ick" ,  

i n  the Badger Unit  Federal  W e l l ,  i nd i ca t e s  1,493 f e e t  of Wolfcampian 

strata,  2 miles northeast of the center  of site (Sipes e t  al., 1976). 

These d i f f e r i n g  values  reflect the unce r t a in t i e s  i n  iden t i fy ing  laver and 

upper l i m i t s  of subsurface Wolfcampian strata i n  t h e  Delaware Basin.  

2 )  Leonardian Ser ies .  

The Leonardian series of the Lower Permian Series is represented by 

bas ina l  sandy equiva len ts  of t h e  Bone Springs Limestone, which w a s  

o r i g i n a l l y  defined for  a she l f  and bank f a c i e s  of the u n i t  a t  the margin 

of the Delaware Basin. Both the nane "Bone Spring" and "Bone Springs" 

have been used i n  the past, and both usages are found i n  the cur ren t  

.-. l i t e r a t u r e .  Or ig ina l ly  def ined as Bone Springs by Blanchard and Davis 
(19291, King (1948, p. 13) changed it to  Bone Spring "to agree with the  

geographic term" of the type l o c a l i t y ,  which "is i n  the lower course of 

Bone Canyon below Bone Spring..." The U.S.G.S. Lexicon (Keroher et  al., , , .  .: 

1966) also gives  Bone Spring Limestone, but  states tha t  it is  "named for .. I , ,  

Bone Springs Canyon ...," c i t i n g  Blanchard and Davis (1929). 

, -  .. 
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Condit ions favoring s i g n i f i c a n t  buildup of reef and bank limestone a t  t h e  

edge of the Delaware Basin ex i s t ed  i n  Leonardian t i m e  (Victorio Peak 

Limestone), but developnent of by f a r  the m o s t  ex tens ive  of these 

limestones occurred subsequently i n  Guadalupian t i m e .  Within t h e  basin 

i n  the v i c i n i t y  of t he  WIPP site, the Bone Springs i n t e r v a l  th ickens  

markedly and c o n s i s t s  of a l t e r n a t i n g  u n i t s  of sandstone and dark-colored 

l imestone, w i t h  a t h i c k ,  s l i g h t l y  cher ty  limestone a t  t he  top. Three 

l a t e r a l l y  p e r s i s t e n t ,  very f i n e  to  fine-grained sandstone u n i t s  are 
recognized as the f i rs t ,  second, and t h i r d  Bone Springs sands. Shale  is 

a minor cons t i t uen t  of the Bone Springs strata, but  the l imestone beds - are camonly  a rg i l laceous .  
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Fos te r  (1974) shows t h e  WIPP site to be near a local center  of maximm 

thickness of Bone Spr ings  strata,  about 3,500 feet. 

th inne r  to  the east and nor theas t .  The Badger Unit  Federal  w e l l  is 

ind ica t ed  to  have penet ra ted  3,427 feet of Bone Springs rocks .  

The u n i t  becomes 
-. 

1, 

3) Guadalupian Ser ies .  
i 

, ' !  

The Delaware Mountain Group inc ludes  a l l  bas in  f a c i e s  r o c k s  of 
Guadalupian age i n  the  Delaware Basin, which a t  the site are canposed 

mostly Of sandstones interbedded wi th  sane d a r k  shales and a few 

thin-bedded limestones. A dramatic facies change takes place about 10  

miles mrth of the s i te ,  where the basin f a c i e s  terminates  abrupt ly  

a g a i n s t  massive reef limestones. Because these reef limestones almost 

completely encir 'c le  the Delaware Basin,  they seem to conveniently demark 

the s t r u c t u r a l  l i m i t s  of the bas in ,  although earlier basin sediments of 

the D e l a w a r e  Group extend sane d i s t ance  beneath, or behind, the latest  
and most massive of the reefs, represented  by t h e  Capitan Limestone. 

North of the s i te ,  these r e e f s  are buried by later sediments b u t  become 
progres s ive ly  less deeply buried toward the west; west of Carlsbad they  

sur face  and form a bold escarpnent  t h a t  def ines  the eastern boundary of 

the Guadalupe Mountains, for which t h e  Guadalupian S e r i e s  w a s  named. 

- 
I 

During their earlier d e v e l o p e n t ,  the reefs a t  f i r s t  b u i l t  upsard a t  the 

margin of the basin,  but during later developaent progressed o u t w a r d  i n t o  

the bas in  as w e l l .  

f a c i e s  of t h e  D e l a w a r e  Mountain Group have greater areal e x t e n t  beyond 

t h e  Delaware Basin as def ined by the uppermost part of the  Capitan reef. 

L i k e  modern r e e f s ,  the  lateral developaent of these Guadalupian reefs was 
accompanied by an apprec iab le  v e r t i c a l  bui ldup of material, i n  sane cases 

Thus, success ive ly  older formations of the basin 

" exceeding 1,000 feet, such t h a t  sediments being contemporaneously 

deposited i n  the bas in  now appear s t r u c t u r a l l y  to be correspondingly 

lwer i n  t he  sec t ion ,  where i n  a c t u a l i t y  they are t ime-strat igraphic  

equiva len ts .  By the same token, the e v a p o r i t i c  materials (Ochoan 

evaporites) t h a t  later f i l l ed  the bas in  now appear to  sane e x t e n t  to be 

l a t e r a l l y  equiva len t  to the reef masses. These  s t r a t i g r a p h i c  

relationships are e s p e c i a l l y  w e l l  portrayed by Haigler (1962) and King 

(1948). 

- .. 
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A thickness of 3,944 feet of Delaware Mountain Group s t r a t a  is recorded 2 

miles northeast of the center of the WIPP s i t e .  Surface mapping a t  the 

margins of the basin led t o  the recognition there of three formations; 

namely, i n  ascending order, the Brushy Canyon, Cherry Canyon, and B e l l  

Canyon Formations. Generally, petroleum exploration practice i n  the 

Delaware Basin has been not t o  attempt t o  define these formations i n  the  

suburface.  However, Foster (1974) provides a reference section showing 

s t ra t igraphic  positions of the formations of the  Delaware Mountain Group 

i n  t h e  Shel l  No. 1 James Ranch w e l l  about  3 m i l e s  southwest  of t h e  site, 

and S i p s  et al. (1976) give similar "picks" i n  the  Clayton W. W i l l i a m s ,  

Jr., w e l l  t o  the northeast of the area. Foster shows 3,970 feet of 
Delaware Mountain s t r a t a .  

The Shel l  No. 1 James Ranch w e l l  litholcgies indicate that the Brushy 

Canyon Formation is 1,540 feet t h i c k  and consists of mostly fine-grained, 

gray t o  brown sandstone w i t h  minor brown shale and dolomite. The Cherry 

Canyon Formation consists of 1,070 f e e t  of sandstone similar t o  t h a t  i n  

the Brushy Canyon Formation, interbedded w i t h  shale, dolomite, and Sane 

limestone. The B e l l  Canyon Formation, 1,180 f e e t  t h i c k ,  also c o n s i s t s  
mostly of fine-grained sandstone, b u t  has a greater percentage of 
limestone, the resu l t  of closer proximity t o  the shelf-margin 

carbonates. A limestone m e m b e r  a t  the top of the Bell Canyon Formation, 

k n m  a s  the  Lamar limestone, is recognizable over a considerable par t  of 

t h e  Delaware Basin. Basinwide the sands of all three formations are 
targets  for hydrocarbon exploration. 

center of the s i t e  is contoured by Sipes e t  al. (1976) a t  minus 650 fee t  

(depth 4,065 f e e t ) .  I t  is overlain by evaporites of the Cast i le  

Formation. 

The top of t h e  Delaware beneath the  

4 )  Ochoan Series. 

.- 

The Ochoan Series  " inc ludes  perhaps the  thickest  and m o s t  extensive 

evaporite rock sequence i n  North America" ( O r i e l  e t  al., 1967). I t  also 
contains, w i t h i n  the Salad0 Formation east  of Carlsbad, extensive potash 

evaporite deposits which contain 65 percent of presently exploitable 

potash resources available w i t h i n  t h e  Uni ted  States  (Jones, 1975). 
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-. All of the salt deposits and other evaporites of the Los Medanos area a re  

r e s t r i c t ed  t o  the Ochoan r o c k s ,  of Late Permian age. 

are en t i r e ly  of marine origin,  but have two unlike parts--a t h i c k  lower 

s e c t i o n  of evaporite and a th in  upper sect ion of red beds (Jones, 1973). 

The lwet section includes, i n  ascending order, t h e  Cast i le ,  Salado, and 

R u s t l e r  Formations; the upper section is made up of t h e  Dewey L a k e  

Redbeds. Together the four formations have a maximum thickness of 3,600 

feet, s l i gh t ly  more than 3,000 feet of which are  evaporite beds of the 

l w e r  three formations, which are composed dominantly of anhydrite and 

r o c k  salt with minor amounts of gypsum, potassicin evaporite minerals, 

carbonate rock, and fine-grained elastic material. 

1, The Ochoan r o c k s  

A t  t h e  WIPP site, the Ochoan r o c k s  are about  3,900 to 4,000 f e e t  t h i c k ,  

of which 3,600 t o  3,800 fee t ,  or about  90 percent, are the evaporite 

sequence. Of t h e  three evaporite formations, roughly one-half the  t o t a l  

thickness belongs to  the Salado. 

overlying R u s t l e r  are richer i n  anhydrite and poorer i n  r o c k  salt than  

t h e  Salado, and they provide t h i s  sal t - r ich formation w i t h  considerable 

protection frcm f lu ids  which might be present i n  adjacent rocks (Jones, 

1973). Jones (1972) provides l i tho logic  percentages of the complete 

Ochoan evaporite sequence (Castile-Rustler), obtained fram exploratory 

potash d r i l l i ng ,  as follows: 59 percent hali te and associated potash 

deposits; 33 percent anhydrite and gn?sum, w i t h  glauberite and 

polyhalite; 6 percent carbonate rock (limestone, dolacite,  magnesite) and 
2 percent e l a s t i c  r o c k  (clays and silts). 

Both the underlying Castile and 

Considered broadly, the evaporites represent a t rans i t iona l  zone between 

underlying reef and normal marine limestones (Guadalupian beds) and the 

overlying Dewey Lake  which was deposited under brackist: or restricted 

marine conditions (Jones, 1968). The floor of the Delaware Basin i n  

ear ly  Ochoan t i m e  is generally estimated to have been a t  l e a s t  1,200 f e e t  

below the  top of t h e  Capitan reef, which almost completely encircled it, 
re s t r i c t ing  southern access to the open sea and se t t i ng  the stage for 

deposition of evaporites within the basin (Brokaw, et  al., 1972). 



4-25 

Cas t i le  Formation 

The C a s t i l e  Formation is almost mmpletely confined w i t h i n  the l i m i t s  of 
t h e  Delaware Basin ( O r i e l  et a l . ,  1967), t he  only evaporite formation so 
res t r ic ted .  I t  gradationally overl ies  the B e l l  Canyon Formation (Brokaw 

et al., 1972). 

Lithologically, the C a s t i l e  is the least complex of the evaporite 

formations, being composed chiefly of anhydrite w i t h  a few in te rbeds  of 

r o c k  s a l t .  Limestone is present i n  secondary amounts; elastic materials 
( s i l t s tone ,  sha le ,  sandstone) are  notably absent. A lithologic summary 

by Jones (1972) lists 59 percent anhydrite and other su l fa tes ,  30 percent  

halite and other chlorides, 11 percent  limestone, dolamite, and 

magnesite, and no c l a s t i c  rock for  the Cas t i le  Formation, based on data 

from exploratory dr i l l ing.  The r o c k  is sparingly bitminous and yields a 

f e t i d  odor. It has a f a in t  to conspicuous lamination or banded s t ructure  

involving a color change, a difference i n  texture, or a r h y t h i c  

-. al ternat ion of bitminous calcite and anhydrite, bitunen and anhydrite, 

or anhydrite and ha l i t e  i n  layers a f rac t ion  of a millimeter to a f e w  

centimeters t h i c k .  The color of the r o c k  ranges from white  to  d a r k  gray, 

beaming darker w i t h  increasing *pth below the top of the formation 

(Jones, 1975). 

In  the  sbsu r face ,  the C a s t i l e  Formation, t o  use Jones' description, is 
readily divis ible  i n t o  three informal members by a sal t - r ich zone 200-400 

feet above the base: a lower member composed chief ly  of anhydrite, a 

middle member compcsed chiefly of r o c k  salt, and an upper m e m b e r  canposed 

chief ly  of anhydrite. The three members are discrete,  readily 

distinguished l i thologic  u n i t s  that are l a t e r a l l y  persistent over w i d e  

sections of the  Delaware Basin. Near the margin of the basin, however, 

they merge i n t o  a single wedgelike mass of anhydrite that rapidly th ins  

t o  a narrow tongue and extends across the bas in  margin for a few miles 

before thinning o u t  i n  the southern par t  of the Northwestern Shelf. 
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As described by Jones (1973). the  lower member of the C a s t i l e  Formation - 
is a well-stratif ied evaporite consisting of laminae of gray anhydrite 

and brownish-gray limestone i n  regular, rhythmic alternation. Sane beds 

of laminated dark-gray and bramish-gray limestones, a few inches to 

several  f e e t  t h i c k ,  are present a t  wide in te rva ls  i n  the lower and middle 

parts of the member, and there are a few th i cke r  beds of massive gray 

anhydrite a t  long intervals .  The member is 200-240 f e e t  thick south of 

the site, but it thickens northward and reaches a thickness of a t  l e a s t  

400 feet before merging w i t h  other members of t h e  Cas t i le  to  form a 

s ing le  unbroken mass of anhydrite adjacent t o  the Capitan reef mass. 

The middle member of the  Cas t i le  Formation, a salt-rich,  tabular zone 
that forms a widespread, l i tho logica l ly  d i s t i n c t  s t ra t igraphic  m a r k e r ,  is 

500-700 feet t h i c k  i n  the southern part  of the Carlsbad potash area, b u t  

thickens northward and attains thicknesses of 800-1000 feet along a broad 

2 to 3-mile-wide belt of deformation w i t h i n  the evaporite sequence 

para l le l ing  the margin of the Delaware Bas in  ( refer  to Section 4.3.2.7). 

The member is predominantly r o c k  salt, but it contains th in  t o  thick .-.. 
1 

layers  of interlaminated anhydrite-lilcestone r o c k .  The th ickes t  of these 
layers averages about 100 feet, and it divides the m e m b e r  i n t o  two almost 
equally thick salt beds. The upper bed includes several  interlaminated 

anhydrite-limestone layers ,  sane of which are 2-5 f e e t  th i ck ,  whereas the 

lower bed has none. This  m e m b e r  terminates northward by grading _ .  - 

l a t e r a l l y  in to ,  and intertonguing w i t h ,  anhydrite. 

The upper member of the Castile Formation exhibits greater lithologi 

complexity and is ccmposed chiefly of anhydrite interlaminated and 

interbedded w i t h  calcitic limestone and, t o  a lesser extent,  w i t h  massive 

anhydrite, r o c k  salt, and carbonate rock, including both magnesite and 

dolomite. I t  contains a northward-thinning tongue of magnesitic 

anhydrite t h a t  overlaps the  Capitan Limestone along the margin of the 

Delaware Bas in  and extends a few m i l e s  i n to  t h e  northwest shelf. 

600-700 feet t h i c k  sane distance south of the site, the upper member 
t h i n s  rapidly northward to as l i t t l e  as 170 f e e t  near the  margin of the 

basin.  The nature of t h i s  northward reduction i n  thickness is, a s  

Though 
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- subsurface s t u d i e s  i n  the Carlsbad potash area and elsewhere i n  the 

D e l a w a r e  Basin have shown, due both  t o  a lateral grada t ion  and t o  an 

inter tonguing,  or pinching o u t ,  of ind iv idua l  anhydri te  beds a t  the top  

of the Cas t i le  i n t o  the r o c k - s a l t  beds of the overlying Salado Formation, 

r e s u l t i n g  i n  a northward s t r a t i g r a p h i c  descent of i d e n t i f i a b l e  Cast i le  

anhydri te .  These r e l a t ionsh ips  demonstrate that the contac t  between t h e  

Cast i le  Formation and the overlying Salado Formation is conformable and 

grada t iona l ;  nevertheless ,  t he  contact a t  any p a r t i c u l a r  l oca t ion  is 

genera l ly  rather sharp ly  def inable  as the horizon a t  which dcminant 

anhydr i te  below gives  way t o  rock salt above. 

A sanewhat d i f f e r e n t  c l a s s i f i c a t i o n  scheme of t h e  Cast i le  Formation has 

been established by R.Y. Anderson and h i s  co-workers. 

c e n t r a l  and southern part of the basin w i t h  t h i n  sec t ions  of cores 

obtained through special d r i l l i n g  arrangements made w i t h  indus t ry  

operators, Anderson et al. (1972) divided the C a s t i l e  i n t o  three separate 

halite.members and four anhydr i te  members across the width of the  

Working i n  the 

.-. Delaware Basin. Furthermore, they  traced indiv idua l  laminae i n  the 

anhydr i te  members over d i s t ances  as g r e a t  as 113 km. Each 

anhydri te-calci te  couplet  is bel ieved to  represent  an annual varve, the 

na tu re  of the evapor i te  p r e c i p i t a t i o n  being con t ro l l ed  by changes i n  the 

p a r t i a l  p ressure  of carbon dioxide i n  t h e  Castile b r ine  sea as the growth 

of br ine  algae waxed and waned w i t h  the seasons. Sane 250,000 varve 

couple ts  are in fe r r ed ,  by r ep resen ta t ive  counts,  beginning below the 

Lamar l imestone i n  the Bell Canyon and ending i n  the laver part of the 

Salado (Anderson et al., 1972).  

.-, 

',,'. . A  i; 
, I  

. .  

Toward the  northern part of the Delaware Basin, t h e  upper halite and 

anhydri te  uni ts  appear to  converge and cannot be t raced  hasinwide as 
major uni t s .  I n  t h e  site area t w o  lower anhydrl te  members ( A I ,  A I I )  and 

two h a l i t e  members (HI, HII) are recognized as basinwide equiva len ts  of 

u n i t s  i d e n t i f i e d  elsewhere; a m o r e  heterogeneous upper u n i t ,  p r i n c i p a l l y  

anhydri te ,  corresponds to  the pos i t i on  of Anhydrite IV b u t  may not be 
s t r a t i g r a p h i c a l l y  equiva len t  t o  it (Anderson e t  al., 1972; Anderson and 

- Powers, 1978; Anderson, 1978). These anhydri te  and ha l i t e  members are 
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ident i f ied  on Figure 4.3-2. Thicknesses are  taken frcm isopach maps A 

which appear i n  Anderson et al. (1972) and Anderson, (1978). Thus, the 

lower anhydrite (Anhydrite-I) member is indicated t o  be nearly 250 feet 
thick i n  the v ic in i ty  of the WIPP site: H a l i t e - I ,  a b o u t  330 feet t h i c k :  

Anhydrite-11, 100 feet t h i c k ;  and Halite-11, 210 f e e t  thick.  The 

remainder of the total thickness of the formation is occupied by the 

upper anhydrite described by Jones (19731, as  quoted above. Jones' 
middle halite unit  is equivalent t o  Anderson's H a l i t e - I  p lus  Anhydrite-I1 

plus H a l i t e - I 1  sequence: Anderson has simply subdivided the sequence 
based on the presence of a middle anhydrite member (Anhydri teII)  t h a t  

Jones a l so  recognized (see above). Both Jones and Anderson recognize 

tha t  here the upper anhydrite u n i t  does not display the varved 

interlarainations comparable to those observed i n . t h e  lover anhydrite 

un i t s .  

The only major disagreement between Anderson and Jones appears to center 

around the nature of the Castile-Salado contact. Jones asserts t h a t  t h e  

contact is conformable and l a t e r a l l y  intertongues (see discussion above), 6 

'I 

whereas Anderson believes an unconformity exis ts .  Anderson (1978) cites 
as evidence for t h i s  the presence of sane dissolution breccia near the 

top of the Casti le,  suggesting a period of non-deposition or even 

subaerial erosion. Furthermore, H a l i t e 1 1 1  is missing over the northern 

pa r t  of the basin, which  could be explained by a local erosional episode 
there. Anderson also notes t h a t  the basal infra-Carden salt of the 

Salado Formation (see below) does not occur to  the  south and is t h i c k e s t  

wherever the H a l i t e - I 1 1  member  is absent. Th i s  controversy has not been 

resolved t o  date; whether or not  s ignif icant  dissolution t o o k  place 

during deposition of the Cas t i le  and Salado evaporite sequence could have 

important implications regarding models invoked to estimate past and 

present rates of salt dissolution i n  t h e  Delaware Basin.  

Because no d r i l l  hole within Zones 1-111 of the  WIPP site has made a 

complete penetration of the Cast i le ,  the thickness of the C a s t i l e  beneath 

the  repository m u s t  be estimated. Beneath t h e  site, the base of the 

Cas t i l e  is indicated by Structure contours i n  Figure 1 0  of Jones (1972) -. 
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to  be a t  an elevation of about minus  680 f e e t  ELSL a t  the center of the 

site: Sipes,  et al. (1976) show it a t  minus 650 f e e t  MSL. Since ERDA-9 

intersected the top of Cast i le  a t  elevation 579 feet above sea level ,  the  

C a s t i l e  is indicated t o  be a b u t  1,230-1,260 feet t h i c k  a t  the site, or 
approximately 1,250 f ee t  t h i c k .  D r i l l  hole AEC-8 encountered 1,333 feet 

of Cast i le  i n  section 11, about 4 miles northeast of ERDA-9 (Griswold, 

1977, Table 111). 

b) Salado Formation. The Salado Formation contains the  t h i c k  salt beds 

i n  which the contemplated WIPP repository would be constructed. I t  is 

one of the principal deposits of halite on the North American continent 

(Brokaw, et al., 1972, p. 211, and it contains the  Carlsbad potash 

enclave, t h e  principal producer of potash i n  t h e  United States.  

As of the date of t h i s  report, one core hole, ERDA No. 9, has been 

d r i l l e d  through the Salado a t  the location of the proposed repository. 

schematic section of that hole, including general lithology, location of 

m a r k e r  beds, position of halite zones i n  which t he  repository w i l l  be 

located, and w e l l  construction data, is given i n  Figure 4.3-3a. The 

detailed lithologic log is included as  Figure 4.3-3b of this report. 
Details of t h e  nmerous an-hole logs performed, mineralogical and 

geochemical determinations made, and rock mechanics tests conducted are 

not discussed here but are given i n  Chapters 7 and 9 of t h i s  report ,  t o  

which the reader is referred. 

A 

A t  the ERDA-9 location a t  the center of the si te,  the base of the Salado 

is 2824 feet and the top 848 feet below ground'surfaw (elevations 590 
and 2,566 feet above sea level, respectively),  for a total  thickness of 

1,976 feet .  The p r o p ~ ~ e d  contact handling (CE) zone h a l i t e  interval ,  

containing ha l i t e  of re la t ively high purity, i s  between elevations 1,250 
and 1,352 f ee t ,  and the remote handling (REI) zone, high-purity ha l i t e  

interval  between elevations 696 and 806 fee t .  (Ground surface elevation 

a t  the ERDA-9 hole location is given as  3414.70 f e e t  MSL). 

.- 
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- Varia t ions  i n  the th ickness  of t h e  Salado i n  the v i c i n i t y  of t h e  WIPP 

site are on the order  of 300 f e e t  (1,700 t o  2,000 feet), based on r e s u l t s  

of t h e  AEC and ERDA test holes  (Griswold, 1977, Table 111). Thicker 

s e c t i o n s  of the Salado (over 2,300 feet) are known where it may have been 

affected by deformation due to  salt flow. West of the s i t e  i n  t h e  Nash  

D r a w  area the thickness  of the formation l o c a l l y  and e r r a t i c a l l y  

decreases owing to  local s o l u t i o n  and removal of rock salt i n  the upper 

part of the formation (Vine, 1963; Jones, 1973). These v a r i a t i o n s  are 

9, 

i l l u s t r a t e d  by a subregional  isopach map of t h e  Salado Formation /-- .. . 
presented by Brokaw e t  al. (1972). 

As discussed by Brokaw e t  al. (1972), 

'In e%p=sures of the Salado Formation alona the w e s t  side of the  - - 
Carlsbad potash area (10 or more miles west of the  s i te) ,  a l l  the  
salt has been removed by s o l u t i o n  and the anhydr i te  and po lyha l i t e  
have been a l t e r e d  to gypsm. The a l t e r n a t i o n  of the evapor i te  rocks 
extends to depths ranging from 260 feet to  a l m o s t  1,600 f e e t  below 
t h e  su r face  and is respons ib le  f o r  a fou r fo ld  to  s i x f o l d  reduct ion 
i n  the thickness of tha t  part of the Salado and f o r  a change i n  
canposi t ion fran dominantly r o c k  salt i n  t h e  subsurface to 
dominantly gyps.m i n  the  outcrop. The contac t  between t h e  two 
highly d i s s imi l a r  parts of the formation, known l o c a l l y  as the 'base 
of leached zone' and also as the 'top of salt', i s  highly i r r e g u l a r ,  
w i t h  many closed depressions and i s o l a t e d  pinnacles.  The contac t  
dips genera l ly  eastward but rises i n  s t r a t i g r a p h i c  pos i t i on  from the 
base of the Salado near t he  west s i d e  of the potash area t o  the top 
of the formation near the Eddy-Lea County l i n e  a t  the east s i d e  of 
the area." 

- 
1, 

Figure  8 of  Brokaw, e t  al. (1972) shows the loca t ion  of the contac t  at  
the top of the Salado, or i n  other words the easternmost e x t e n t  of 

d i s s o l u t i o n  i n  the Salado, t o  be located about 1 mile from the east edge 
of Range 30 E.; that  is, about 2 miles west of the center  of t h e  WIPP. 

Additional d iscuss ion  of so lu t ion ing  i s  discussed i n  Sec t ion  6.3.7 of 

th i s  report. 

Broadly considered, the Salado is characterized by a predominance of r o c k  

salt compared to a predominance of anhydr i te  i n  the Cast i le  and by 

t y p i c a l l y  thinner  bedding or interbedding of lithologic uni ts .  Unlike 

t h e  C a s t i l e ,  t h e  Salado as w e l l  as t h e  over ly ing  Rust ler  extends over and 
beyond the confining Capi tan reef masses to  the nor th  and east, i n  effect -. 
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,- overf i l l ing  the ancient basin formed by the  reefs. The Salado sea was, 

i n  general, even more sa l ine  than the sea of Cast i le  time. 
shield of carbonate reefs,  it received, however, considerable f ine  

c las t ic  sediment. Consequently, its ha l i t e  deposits are generally less 
pure than  those of the Casti le (Brokaw et al., 19721, although t h i c k  

intervals  of highly pure ha l i te  are known i n  the lower half of the  Salado 

Format ion. 

Lacking a 

A detai led description of the overal l  lithology and member units has been 
provided by Jones (1973), w h o  studied data frau the numerous potash 

exploratory holes drilled i n  t h e  Los  Medanos area. The remainder of t h i s  

section incorporates Jones' description, modified where appropriate by 

discussion of more recent data fran ERDA-9. 

The Salado Formation is composed of r o c k  salt, anhydrite, and potassim 
rocks wi th  varying amounts of other evaporites and fine-grained r o c k s .  

Rock  salt const i tutes  about 65-90 percent of the formation except i n  t h e  

Western part of the area where percolating ground water has dissolved and 

removed sane of it. The next most abundant. r o c k  i n  the formation is 

anhydrite. The remainder of t h e  formation is chiefly polyhalite and 
other potass im and magnesium-bearing minerals wi th  minor amounts of 
sandstone, and claystone. 

I 

--- 

The r o c k  salt i n  the  Salado is canposed of ha l i t e  and clayey h a l i t e  i n  

discrete  layers  ranging from an inch to  several f e e t  i n  th ickness .  The 

two rock types di f fe r  primarily i n  that the ha l i t e  is f r ee  of d e t r i t a l  

debris and the clayey ha l i t e  charac te r i s t ica l ly  contains t h i s  debris i n  
s ign i f icant  but typical ly  smal l  amounts. The de t r i t u s  is chiefly quartz 

and clay, including i l l i te ,  ch lor i te ,  and a corrensite-type of swelling, 

regular mixed-layered clay mineral ( G r i m  et al.,  1960). I n  general, the 

detritus-bearing clayey h a l i t e  is mostly brown and tan: it is moderately 

c rys ta l l ine  but scmewhat porous w i t h  a scat ter ing of s m a l l  cavities or 
vugs f i l l e d  with clay and other de t r i t u s ,  and it e i ther  lies between 
seams of claystone or has a layer of halite below and a seam of claystone 

.- 
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above. 

amber, gray, and white. It is generally samewhat more coarsely 
c rys t a l l i ne  than  the clayey hal i te .  

The halite is typical ly  reddish orange b u t  its color grades t o  - 

CQW~M t o  both the h a l i t e  and the clayey halite i n  the r o c k  S a l t  Of the 

Salado are traces to very minor amounts of polyhalite and anhydrite. 
Locally, glauberite is present i n  small amounts, and there are several 

potassim and magnesium minerals, including sy lv i te ,  ca rna l l i t e ,  
k ieser i te ,  and several other exotic evaporite minerals tha t  occur  i n  
small to  large amounts i n  seams of r o c k  salt i n  the middle and upper 

parts of the formation. O t h e r  consti tuents of the halite and clayey 
h a l i t e  include tracks to very minor amounts of brine and gas t h a t  fill 
microscopic to very small cubic and rectangular cavi t ies  i n  grains of 
h a l i t e  and other evaporite minerals. Less caarmon, but more notable i n  

other respects, a re  much larger cavi t ies  or pockets that contain 
halite-saturated brine and nitrogenous gas confined under presure 
su f f i c i en t  to produce *blow-outs" when encountered during d r i l l i n g  
operations. 

The seams of anhydrite and polyhalite, which alternate w i t h  rock Salt  i n  
all sections of t h e  Salado, are very pers i s ten t  but highly variable i n  

composition (Jones, 1954; Jones, 1972). Lateral  replacement of anhydrite 
by polyhalite is camon, and nearly all seams show one or more stages of 

replacement between an i n i t i a l  s l i gh t  developent  of polyhalite i n  the 

lower and upper parts of the seam t o  complete replacement of anhydrite by 
polyhalite.  
glauberite,  and polyhalite i n  the middle and upper par t s  of the Salado iS  

replaced by hartsalz consisting of a coarsely c rys ta l l ine  mixture of 

anhydrite, kieserite, and carna l l i t e .  

Locally, anhydrite and p l y h a l i t e  give way l a t e r a l l y  to  

C l o s e  examination of the Salado i n  d r i l l  cores and geophysical logs of 

boreholes i n  t h e  Los MedanoS area and vic in i ty  reveals t h a t  rock 
sequences show a regular order of succession. A typical sequence, 
repeated many times between the base and top of the formation, involves a 

change frm claystone uplard through anhydrite or polyhalite and h a l i t e  ? 
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c to  clayey ha l i t e  capped by claystone. I n  other sequences the change i s  
f r m  hal i te  to  clayey hal i te  capped by claystone. 
ind iv idua l  members of a rock sequence are grada t iona l ,  but  those along 
the lower and upper sides of the  ind iv idua l  sequences are corrosion 
sur faces  that form sharp, clear-cut breaks i n  the  evapor i te  s ec t ion  but,  

never the less ,  are l a t e r a l l y  p e r s i s t e n t  and convergent northward. The 

rock sequences represent  a fundamental sedimentation unit or evapori te  

cycle, and they  are bel ieved to record discrete periods of inf lux  and 
subsequent p r e c i p i t a t i o n  of calcium s u l f a t e  and soldium chloride during 

evaporat ion of sea water or an i n i t i a l l y  d i l u t e  brine.  The ubiquitous 

c lays tone  is thought t o  be a residue concentrated during d i s so lu t ion  of 
clayey hal i te  by inflowing sea water or d i l u t e  br ine.  

Boundaries between 

The Salado Formation is divided in to  three members (Figure 4.3-3), b u t  

more s u b t l e  d iv i s ions  can be made, for the beds are very p e r s i s t e n t .  I n  
fact, the pe r s i s t ence  of individual  beds is the prime basis for the 

system of nunbering ind iv idua l  seams of anhydrite and polyhalite which 

-. was introduced by geo log i s t s  of the United States Geological Survey 

(USGS) , such as Jones (1960) and is widely used by mining canpanies i n  

the Carlsbad potash f ie ld .  The numbers used i n  the USGS system t o  

designate  sane seams of anhydri te  and po lyha l i t e  i n  selected p a r t s  Of t h e  

three members of the Salado are shown on Figure 4.3-3, and on Figures  4 

and 6 of Jones (1973). 

The threefold d iv i s ion  of the Salado used here in  includes: an unnamed 

lower member, a middle member known l o c a l l y  as the McNutt potash zone. 

and an unnamed upper member. The three members are about equal ly  rich i n  

r o c k  salt, anhydrite, po lyha l i t e ,  and fine-grained e l a s t i c  r o c k s ,  and 

they  are gene ra l ly  similar i n  all but one major respect. The lower and 

upper members are gene ra l ly  lacking or poor i n  s y l v i t e ,  c a r n a l l i t e .  and 

other potassim- and magnesium-bearing minerals ,  while the McNutt  potash 

zone is gene ra l ly  rich i n  these minerals  and accounts for the  l a rge  and 

ex tens ive  deposits i n  the potash f ie ld .  
. .  



4-34 

- 
Lower Member. Located below Marker Bed 126, t h e  lower Inember of the 

Salado is the rock unit  i n  which it is proposed t o  place both l e v e l s  

of the repository. As shown i n  Figure 4.3-3, t h e  CE-zone is defined 

a s  t h e  in te rva l  between M a r k e r  Beds  137 and 139 near t h e  middle of 

the lower member, 560 feet above the  base of t h e  Salado. The 

RE-zone is i n  a zone devoid of nearby polyhalite marker beds, 

beneath a prominent anhydrite bed known as the  "Cowden anhydrite." 

The top of the RE-zone is 344 feet below the base of the CH-zone; 

i ts  base is 106 feet above the base of the Salado. The choice of 

zone in te rva ls  was made on the basis of canbined purity,  depth,  

thickness, mutual separation, and depth below the potash zone 

(Griswold, 1977).  

The Cowden anhydrite ident i f ied above forms a dis t inct ive,  area 

extensive bed of anhydrite about  20 f e e t  t h i c k  below which is a salt  

bed of exceptional purity. This t h i c k  s a l t  bed lying below the 

Cowden and above the Castile-Salado contact is metimes referred to  _. 

as  the  "Infra-Cowden", a sub-member located a t  the base of the 

Salado a s  sham i n  Figure 4.3-3. I t  is 296 feQt t h i c k  a t  ERDA-9. 

Lithologic details of each of the three members i n  t h e  site area are 

provided by Jones (1973). 

is almost en t i re ly  made up of al ternating t h i c k  seams of r o c k  salt 

and thinner seams of anhydrite and polyhalite. Magnesite i n  t h i n  
bands, laminae, and ragged knots form a carbonate-rich zone i n  t h e  

lower part of most anhydrite and polyhalite seams. 

partings of claystone underlie the anhydrite and polyhalite seams, 
and claystone caps layers of clayey ha l i te  i n  the rock salt. 

are  also a f e w  beds of very-fine-grained halitic sandstone, a few 

inches to a foot or so t h i c k ,  near the base an8 top of the m a r .  
Insofar as has been determined by dr i l l i ng ,  t h e  member is completely 

free of ca rna l l l t e  and other hydrous potassium and magnesium 

evaporite minerals i n  a l l  par ts  of the Los Medanos area, but the 

upper paA contains traces t o  small amounts of these minerals 

several miles to the north of the area. 

The lower member of the Salado Formation 

Seams and 

There 

1, 
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The lower member is 1,195 feet thick as  recorded i n  ERDA-9. The 

member t h i n s  to 430 feet near the northeast corner of t h e  area: i n  

t h i s  instance the decrease of thickness seems to be due t o  beds 

missing a t  the corrosion surfaces that truncate individual r o c k  

sequences, as well as to thinning of all beds northeastward. 

Southward, the laver 240-300 f e e t  of the member (that is, the 

Infra-Cowden) grades, according t o  Jones (1973). by intertonguing 

in to  the upper part of the C a s t i l e  Formation, and the thickness of 

the member decreases t o  between 785 and 950. Anderson (1978) 

.disagrees w i t h  the concept of an intertonguing l i thofac ies  

relationship between t h e  Infra-Cowden salt and Cast i le  anhydrite. 

Be asser t s  t h a t  the Infra-Cowden wedges o u t  southward and tha t  the 

top of the  C a s t i l e  is unconformable w i t h  the  Salado because of 
dissolution a t  or near t h e  top of C a s t i l e  prior t o  Salado deposition 

(refer  to discussion above). Anderson (1978) presents an isopach 

map showing dis t r ibut ion of Infra-Cowden salt across the northern 

part  of the Delaware Basin. 
*,~--&. 

'I., 

)"b, ,,4. 

,i .,; i , li ;:'.> 
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McNutt Potash Zone. The M C N u t t  potash zone, located between t h e  ' 'i' j i  ': 
..d ;:;,, 

Vaca TriSte h a l i t i c  sandstone and the 126-marker bed, is another '. .:d' 

sal t - r ich member of the Salado Formation. However, u n l i k e  other 

members of t h e  Sillado, the  M c N u t t  may contain potassic r o c k s  r i c h  i n  

SylVite, langbeinite, and hydrous evaporite minerals. The potassic 

rocks occur a t  short  t o  long in te rva ls  i n  seams of rock salt 
scat tered through nearly a l l  par ts  of the M c N u t t  zone. They are  the 

obvious l i thologic  feature by which the  N c N u t t  is distinguished, yet 

they are absent locally and, a t  best, probably cmpr i se  only 3 t o  5 

percent of the member i n  the  most potassium-rich sections of t h e  Los 

Medanos area. 

Apart frm the potassic r o c k s ,  the MCNut t  presents v i r tua l ly  the 

same aspect as  other members of the Salado. T h i c k  seams of r o c k  

s a l t  a l te rna te  w i t h  thinner seams of anhydrite and polyhalite. 

There are partings of claystone beneath most anhydrite and 
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polyhalite seams and above layers of clayey ha l i te .  A bed Of A. 

very-fine-grained halitic sandstone, t h e  Vaca Triste, a foot or so 
t h i c k ,  occurs i n  clayey ha l i te  a t  t h e  top of the member. 

The M c N u t t  potash zone is 369 feet t h i c k  a t  ERDA-9, decreasing i n  

thickness t o  the northeast. This  decrease is similar i n  nature t o  

that observed for the lower member. As a rule, where the member is 

thinnest  it seems to be more thinly bedded and t o  have fewer beds. 

Upper member. The upper member of the Salado, located above the 
Vaca T r i s t e  marker, consists of r o c k  salt, minor anhydrite and 

polyhalite,  and two persis tent  beds of very-fine-grained halitic 

sandstone, which are, respectively, 30-40 feet and 110-115 feet 

below the top of the uni t .  Claystone underlies seams of anhydrite 

and polyhalite,  and m a t s  the upper surfaces of clayey h a l i t e  layers 

i n  the r o c k  s a l t .  Most parts of the upper member  are generally free 

of hydrous evaporite minerals, but ,  nevertheless, sane in te rva ls  of 

rock s a l t  and other rocks i n  the upper 130 to  180 feet of the uni t  - 
colmnonly contain traces t o  very mall amounts of ca rna l l i t e  and 
kieserite. 

Of par t icular  interest is the occurrence of carnallite a t  the top of 

the upper member. The ca rna l l i t e  forms a major deposit of potassic 
rock tha t  extends over a wide section i n  the northern part of the  

Los Medanos area and much of the region immediately to the north. 

The deposit is the only one known to occur i n  the upper member  of 

t h e  Salado, but  is not restricted t o  the unit. It extends 

i r regular ly  upward in to  sandstone of the overlying R u s t l e r  Formation. 

A t  the  WIPP site, the upper member of t h e  Salado Formation is 512 

f ee t  t h i c k  (=A-I)), becoming thinner (between 430 to  480 feet) ' 

far ther  north.  This  thinning northward seems t o  be par t ly  
depositional and par t ly  erosional, for the m e m b e r  is more thinly",  

bedded i n  the north and contains fewer beds. Many seams Of 

, .  
' ' 

, ,  

anhydrite, polyhalite,  and other e v a p r i t e s  are only about - 
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,- t h ree four ths  as t h i c k  as a t  the  south end of t h e  area. Beds Of 

h a l i t e  and clayey ha l i t e  are missing beneath many of the corrosion 

surfaces that separate r o c k  sequences i n  t h e  un i t .  

Several m i l e s  west of the site i n  the  Nash D r a w  area, variations i n  
thickness of t h e  upper member a re  f a i r l y  complex and large. The 

complexity and thickness of the member are  believed t o  reflect a 

combination of geologic fac tors  involving mostly (1) gradual 
thinning northward i n  response to  changes i n  deposition patterns 

during the Ochoan Epoch, and (2)  rapid thinning westward i n  response 

t o  change i n  dissolution patterns during the Pleistocene and ea r l i e r  

par ts  of the Cenozoic Era. In contrast  t o  the modest northward 

thinning, the westward thinning of the member toward Nash Draw 

involves as much as a fourfold reduction i n  thickness i n  a distance 

of 4 t o  6 m i l e s ,  and the m e m b e r  is as t h i n  as  150 t o  170 feet a t  

places along the w e s t  side of the area. This mall thickness is 

considered to include the residue or remnants of a t  least a 450- t o  
500-foot-thick section of r o c k  fran which soluble silts have been 

leached by percolating ground water. The section of r o c k  f ran which 

salts have been leached decreases i n  th ickness  eastward and feathers 

out i n  the area immediately east of Nash Draw. Insofar as  can be 

determined frcm dr i l l i ng  records, the feather-edge of t h e  r e s i d u a l  

mater ia ls  m a r k s  the easternmost extent of dissolut ion of the upper 

member of t h e  Salado Formation a t  any time. Apparently the regime 
here is highly s tab i l ized  and of long duration, w i t h  very l i t t le  or 

prac t ica l ly  no dissolution since the Pleistocene, or perhaps 

ea r l i e r .  Estimates prepared by Bachman and Johnson (1973) indicate 

t h a t  the r a t e  of salt removal during dissolution may amount to as 
much as 0.5 foot  per 1,000 years. This  rate suggests that roughly 1 ! 

million years would be required to reduce 450 t o  500 f e e t  of t h e  

upper member  to an insoluble residual debris, and that d i s so lu t ion  

i n  t h e  western par t  of Los Medanos area has a long history extending 

back a t  l ea s t  as far as mid-Pleistocene time. Other considerations, 

however, suggest that its his tory is even longer and may have begun 

by the  mid-Tertiary (Bachman, 1976). 

I 

_ .  

, '  s ,  
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In  all par t s  of the Los Medanos area, where the upper m e m b e r  of the - 
Salado is thinned by dissolution, the  section of r o c k  between the  

upper surface of salt and the upper surface of the formation is 

composed of clay w i t h  crudely interlayered seams of broken and 

shattered gypsum and fine-grained Sandstone. The clay is considered 

t o  be a subsurface residue concentrated through dissolution of 

clayey h a l i t e  and other clay-bearing evaporites by percolating 

ground water. 

anhydrite and polyhalite seams, fo r  it msmnonly contains ragged and 

embayed masses of anhydrite and polyhalite,  and also grades 

l a t e r a l l y  in to  anhydrite and polyhalite. The clay,  gypsum, and 

sandstone romprise a f a i r l y  d i s t inc t  residual un i t  t h a t  th ins  out 

eastward by grading into,  and intertonguing w i t h ,  r o c k  salt and the 

other precursory r o c k s  fran which it originated. The residual unit  

thickens westward and crops o u t  loca l ly  along the Pecos River w e s t  

of the  Los Medanas area. 

geologists mapping areas along the Pecos River to the lower m e m b e r  

The gypsum is clear ly  the hydrated remnant Of 

The unit is generally assigned by 

of t h e  R u s t l e r  Formation, but t h i s  pract ice  should be discontinued, - 
for the clayey residue is c lear ly  part of the Salado Formation. 

Isopach maps of in t e rva l s  i n  the upper m e m b e r  and i n  the  McNutt 

potash zone are sham i n  Figures 4.3-4 through 4.3-7 referenced t o  

the  marker beds indicated. The sane gradual northward decrease i n  

th i ckness  a t  the r a t e  of about  10  t o  15 feet  per m i l e  is exhibited 
by a l l  four in te rva ls  contoured. It is signif icant  t h a t  pronounced 

'j . westward thinning of the Salado, which would be re la ted t o  

, +  dissolution of salt f ran  the  Salado toward the Nash Draw area, i S  

evidenced only i n  the uppermost interval  ( f igure 4-3-71, and then 

only i n  Range 31 E., a m i l e  or.more west of the proposed WIPP 

repository boundary. The onset of westward thinning of the Salado 

Formation as defined by these isopach countours del imits  a 

"suberosion" front  a t  the  top of the Salado (Oriswold, 1977; Brokaw, 

et al., 1972; Jones, 1973) or the leading edge of a wedge of 

dissolution i n  the Salado progressing fran west t o  east. Th i s  

indicates  that, insofar as  can be detected by isopach pat terns ,  
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leaching of salt a t  the top of t h e  Salado Formation by dissolution 

ac t iv i ty  centered i n  the Nash Draw area has not Occurred closer than 

approximately 1 m i l e  west of t h e  proposed WIPP repository. 

I n  the Los Medanos area, the Salado Formation is overlain 

conformably by the  R u s t l e r  Formation. The contact between the two 

formations is rather sharply defined as the  horizon at  which 

domrnant rock salt below gives way to  a 35- to  55-foot-thick unit  Of 

fine-grained sandstone that is generally dolomitic in  the basal f e w  

feet. 

Rustler Formation. The Rustler Formation, the uppermost or l a s t  of t 

three Ochoan evaporite formations, contains the  l ea s t  quantity of r o c k  

S a l t  and the la rges t  proportion of c l a s t i c  material i n  t h i s  evaporite 

sequence. I t  w a s  deposited i n  the l a s t  stages of t h e  s a l ine  Permian sea 

that inundated the D e l a w a r e  Basin,  and is very largely coextensive w i t h  

the  Salado i n  t h i s  area (Brokaw e t  al., 1972). Jones (1972) lists 
l i tho logic  percentages i n  the Rus t l e r ,  presmably fran areas i n  the 

Delaware Basin where R u s t l e r  salt has not been leached, as follows: 43 

percent rock s a l t  and other halides, 30 percent anhydrite, polyhalite, 

gypsm, and other sulfates ,  17 percent c l a s t i c  r o c k s ,  and 1 0  percent 

do lmi t e ,  limestone, and magnesite. 

Shallowest of the evaporites to  be exposed i n  t h e  site area, the R u s t l e r  
Formation crops o u t  loca l ly  about  5 m i l e s  west of the center of the  site, 

beyond the Livingston Ridge escarpuent which forms the eas t  edge of Nash 

Draw (refer  to Figure 4.2-4, Surf ic ia l  Geologic Map) Generally it is 

covered by a l luv ia l  material, sand dunes, or collapse debris. 

The following descriptions of the Rustler are  given by Jones (1973). As 
typical ly  exposed i n  outcrop, the R u s t l e r  is a broken and sanewhat 

jumbled mass of gypsun w i t h  minor dolomite and a few crude seams of 

Virtually unconsolidated sands and clays. The outcrops i n  Nash Draw are 
decidedly poor for  any study tha t  requires precise information on the 

l i thology, thickness, or specific chemical or physical properties of t h e  
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formation, and, as previously noted by Vine (1963), it is impossible t o  - 
piece together a meaningful s t ra t igraphic  section from study or mapping 

of outcrops. Exposed rocks are porous, f r i ab le ,  and loose tex tured ,  and 

all are strongly jointed,  cavernous, and loca l ly  brecciated. 

S t r a t i f i ca t ion  is obscured or completely obl i terated,  and the a t t i t ude  of 
bedding can rarely be determined w i t h  any degreee of confidence. 

considerable deformation a t t e s t s  t o  the removal of much soluble material  

by percolating ground water and to  the a l te red  nature of t h e  debr i s  

exposed i n  outcrop. 

The 

Tvo areal ly  pers is tent  beds of dolomite i n  the R u s t l e r  serve as important 

marke r  beds. The lowermost of t he  two dolomite beds, normally 100-150 

feet above the base of the formation, is known a s  the Culebra Dolamite  

member. The upper bed, 200-250 feet above the base, is the  Magenta 

Dolomite member. They were named and described by Adams (1944). C la s t i c  

rocks, consisting of t h i n  to t h i c k  beds of sandstone and claystone, make 

up the remainder of the less soluble part of the formation. - 
In  the subsurface, proceeding eastward across t h e  WIPP site and i n t o  Lea 

County, a l l  the gypstna i n  the Rustler gives way to anhydrite and m i n o r  
polyhalite,  and the sands and clays grade i n t o  sandy and clayey r o c k  

s a l t .  I n  western Lea County a t  depths of 900-1,000 f ee t ,  the  R u s t l e r  is 

largely an al ternat ion of t h i c k  seams of cock salt and anydrite. 

persistent seam of polyhalite occurs near the middle of the formation, 

and, insofar as has been determined, it is the only hydrous evaporite 

rock of any great ex ten t  or major importance i n  t h e  stratigraphy of the *,.. .--. , 

A 

formation. 

W i t h  the  eastward, down-dip change i n  composition from gypsum t o  
L /' anhydrite and r o c k  salt, the  thickness of t h e  R u s t l e r  also changes rather 

s ignif icant ly .  

Nash Draw outcrop , but increases eastward t o  490 feet about  10 miles 

southeast of the si te and t o  385 feet a b o u t  1 0  miles t o  the northeast. 

The increase ranges i n  amount between 105 and 160 f e e t  and provides a 

The thickness ranges between 280 and 300 f e e t  near the 

crude measure of the min imm th ickness  of rock salt that is missing i n  - 
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- the area of outcrop. The difference i n  formation thickness between the 

southeast and northeast corners of the area is probably depositional i n  
origin,  fo r  the formation is more thickly bedded i n  the southeast where 
it is t h i c k e s t  (Jones, 1973). These relationships are  shown on a Rustler 

isopach map i n  Brokaw, e t  al. (1972). 

In  the immediate s i t e  area, the R u s t l e r  is l i thological ly  d iv i s ib l e  i n to  

a sandy lower par t  and an anhydritic upper pa r t  (Jones, 1975). The sandy 

lower part, 92 t o  125 f ee t  t h i c k ,  is dominantly very fine-grained, s i l t y  

sandstone, w i t h  less abundant anhydrite and r o c k  salt: t h e  sandstone is 
h a l i t i c  and l i g h t  to  d a r k  gray i n  its lower section and reddish brown and 
salt-free i n  its upper section. The anhydrit ic upper part of the 
formation, 200 t o  227 feet t h i c k ,  i s  largely gray anhydrite, w i t h  a f e w  

interbeds of reddish-brown c lay  and gray dolomite. The anhydrite is i n  
f a i r l y  massive beds which have gypsiferous rinds along their lower and 
upper sides. ,f <? 

.~,.-- 
- ., 

;. .iP, 
f I ' > , I '  . .  
I ! ~ ;  ,, 

' .  - A t  the proposed WIPP s i t e ,  ERDA-9 encountered 310 feet of Rus t l e r  . "  
c-encing a t  a depth  of 550 feet (refer to Figure 4.3-3). The Culebra . '  ~ . 

and Magenta members were both  encountered and measured a t  26 and 24 feet 
t h i c k ,  respectively. The thickness of the formation as a whole would 

indicate  tha t  much of the  halite or ig ina l ly  contained i n  the formation 
has been leached away, par t icu lar ly  i n  the upper part of t h e  formation. 
The detailed well record of ERDA-9 (Griswold, 1977) shows that clayey 
h a l i t e  was encountered i n  t h e  Rustler below the  Culebra dolomite, about 

100 f ee t  above the base of the formation. 

to the proposed upper leve l  Cii-storage zone, over 1300 f e e t  of 

undisturbed evaporite r o c k ,  primarily Salado rock salt, intervene. 

Between t h i s  posit ion downvard 

An isopach map of the R u s t l e r  Formation is shown i n  Figure 4.3-8. The 
closely spaced contours a t  the east edge of the  site are a measure of the 

increasing amount of salt remaining i n  the R u s t l e r  i n  the eastward 
direction. The formation increases i n  thickness eastward and 
southeastward by about 180 feet over a distance of about 2.7 m i l e s ,  Or 

over 65 feet per mile. As w i t h  the Salado Formation, these contours can 
be used to postulate a dissolution f ront  i n  t h e  R u s t l e r .  

4 
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The R u s t l e r  Formation is separated from the overlying Dewey Lake Redbeds A 

by a sharp l i tho logic  break, an abrupt change from gray anhydrite t o  

.reddish-bram mudstone. The anhydrite below the break is free Of sand 

and clay, and it ranges e r r a t i ca l ly  i n  thickness from 18 t o  32 fee t .  

There is no indication of northward thinning, such a s  t ha t  CollPIIon t o  

most, i f  not a l l ,  r o c k  units i n  the Rustler and underlying Salada 

Formations, and it would appear t h a t  t h e  contact between the  Rustler and 

Dewey Lake is an unconformity. The discordance and hiatus is probably 

not very great .  

Dewey Lake Redbeds. The Dewey Lake Redbeds are the uppermost of the Late 

Permian Ochoan Series of formations and represent as w e l l  t he  top of the 

Paleozoic i n  the Delaware Basin. The term "Dewey Lake" .is synonymous 

w i t h  the  term "Pierce Canyon" or iginal ly  proposed by Lang (1935) and 

applied to the redbeds i n  the Nash Draw area by Vine (1963). Actually 
the assignment of the  Dewey L a k e  t o  the Permian Ochoan sequence is 

somewhat arb i t ra ry ,  being based on cer ta in  lithologic d e t a i l s  and 

s t ra t igraphic  aspects, rather than any def ini te ly  demonstrable a f f in i ty .  - 
Like the underlying Ochoan evaporites, t he  Dewey Lake appears to  lack 

fossils despite its marine origin. Bachan ( i n  Jones, 19731, w h i l e  

acknowledging the customary age assignment of the formation, nevertheless 

f e e l s  "that t h e  Dewey L a k e  of southeastern New Mexico may actual ly  be 

Triass ic  i n  age.' Be does not state, however, w h e t h e r  he believes it . , 

might be of Early or Late Triassic age. 

, 

, I  . , ,  

The Dewey Lake crops out  i n  places along the  w e s t  edge of Nash Draw where 
p a r t i a l  thicknesses are exposed (refer t o  Surf ic ia l  Geologic Map, Figure 

4-2-41, but generally the formation is mantled by dune sand and caliche. 

Beneath the  s u r f i c i a l  cover, however, the Dewey Lake occupies a broad 

band between the center of the  WIPP site and Nash Draw. It i s  bounded on 

the w e s t  by gypsiferous residue of the uppermost anhydrite seam i n  the  

R u s t l e r  Formation and on the eas t  by coarsegrained c l a s t i c  r o c k s  of the 

Santa Rasa Sandstone of Late Tr iass ic  age. The l a t t e r  contact occurs 
approximately across the center of the WIPP site. 
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- The Dewey Lake is different ia ted fran other formations by its lithology, 
d is t inc t ive  reddish-orange to reddiskbrown color, and sedimentary 

structures. The formation cons i s t s  almost en t i r e ly  of an al ternat ion Of 
s i l t s tone  and very-fine-grained sandstone beds a few inches to several  

feet t h i c k ,  bu t  there are a few beds of claystone i n  its lower and upper 
parts. Individual beds are pers is tent ,  and the formation is readily 

separable on well log records in to  several sequences al ternately richer 

or poorer i n  sandstone. 

bedded, l i be ra l ly  sprinkled with greenish-gray spots, and i r regular ly  

intruded by horizontal and criss-crossing veins of fibrous seleni te .  

Some beds are structureless, whereas others are either horizontally 

laminated or cross-laminated. Many bedding surfaces carry shallow 

curren t  or oscillation ripple marks. S i l t - f i l l e d  mud cracks occur a t  the 

top of many mudstone layers,  and there are  small chips and f la t tened  

pellets of mudstone i n  the basal part  of laany siltstone and sandstone 

layers  (Jones, 1975). 

Surf ic ia l ly ,  most rock is evenly and th in ly  

According to  Vine (1963), the Dewey Lake Redbeds represent the beginning 

of continuous deposition of detrital sediment following the long period 

of predominantly evaporite deposition i n  t h e  Delaware Basin and adjacent 

she l f  areas of southeastern N e w  Mexico. However, t h e  abrupt change i n  
l i thology does not necessarily signify a sudden tectonic or eus t a t i c  

movement, but  only a gradual decrease i n  the s a l i n i t y  or depth of the  

water plus a new source for the d e t r i t a l  sediments which were deposited. 

Certain general features  of the Dewey Lake are especially noteworthy. 

The l i thology and mlor appear to be remar'kably uniform. 

distance of a few f ee t ;  t h e  s t r a t i f i ca t ion  nearly always appears to be 

parallel, even though small-scale cross-lamination may be seen on close 

inspection. 

primary sedimentary structures,  such as  cross-lamination i n  sets less 
than 1 an t h i c k  and osc i l la t ion  r ipple  marks less t h a n  1 inch fran c r e s t  

t o  c re s t ,  suggests that the silt w a s  deposited i n  extremely shallow water 

extending over a broad f l a t .  Lenses of medium-scale, cross-laminated, 

Viewed fran the  

The small grain size,  together w i t h  the  minute scale of 

- f ineg ra ined  sandstone or s i l t s tone  i n  the upper part Of the Dewey Lake 
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probably indicate a gradual change toward f luv ia l  deposition near the end 

of Dewey L a k e  time. The &posit  undoubtedly blanketed the Delaware Bas in  

and part of the shelf area to the north, but the source of the sediment 

is unknown. 

- 

The ERDA-9 w e l l  records a thickness of 487 feet of Dewey Lake s t r a t a .  

The thickness varies great ly  across the area, however, fran about 550 

f e e t  a few miles southeast of the si te  to  100 feet a f e w  miles to  the 

southwest (refer to isopach map, Figure 4.3-9). Normally i n  t h i s  area, 
the Dewey Lake  ranges betwen 500 and 560 feet i n  thickness, thinning t o  

t h e  northwest. T h i s  northwestward thinning is a t t r ibu ted  to pre-Late 

Tr iass ic  erosion after the redbeds had been t i l t e d  southeastward (Jones, 

1973, p. 25). Locally, however, where the Dewey Lake forms the  Surface 

Of either pre-late Tert iary t e r r a in  or Quaternary t e r r a in ,  erosion l a t e r  

than Triassic has c u t  through the Dewey Lake, producing the steepened 

isopach gradients. 

mile observable i n  t h e  eastern half of the  map r e f l e c t  pre-Late Tr iass ic  

In Figure 4.3-9 the gradients of 20 to  40 f e e t  per 

erosional thinning, while the steeper dips of u p  to  150 feet per m i l e  to - 
the  w e s t  represent later dissection, apparently re la ted  t o  the or igin and 

developaent of Nash Draw. 
Figure 3) i l l u s t r a t e s  the effect of t h i s  later dissection on the  Dewey 

A geologic section given by Jones (1973, 

Lake  surface. 

4.3.3 Mesozoic Erathem 

Triassic System. Triassic  rocks i n  the northern part of the  D e l a w a r e  

Basin are a l l  Late Triassic i n  age and are included i n  t h e  Dockmu Group. 

The Dockum is ent i re ly  of continental origin and consis ts  of the 

dominantly f i n e  sediments of broad flood plains and coarse a l luv ia l  

debris deposited over a very broad area extended beyond the borders of 
the Delaware Basin. It surfaces the pre-Tertiary terrane a t  and east of 

the WIPP site. Local subdivisions of the D o c k m  Group a r e  the Santa Rosa 

Sandstone (Darton, 1922) and t h e  Chinle FOrInetiOn. 
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1) Santa Rosa Sandstone 

The Santa Rosa Sandstone rests unconformably wi th  sharp lithologic 
contact  on the underlying Dewey L a k e  Redbeds. Vine (1963), based on 

outcrop observat ion,  c a l l e d  t h i s  contact  a disconformity ( t h a t  is, 
parallel beds on either side of t h e  contac t  represent ing  a t i m e - r o c k  

gap) ,  but  Jones (1973) considers  it "an angular unconformity of low 

angle." 

t h e  start of Late Triassic time, this unconformity represents a break i n  

deposi t ion perhaps longer than had previously occurred i n  the region 

s i n c e  Mississ ippian time or even earlier, a s s w i n g  the assignment of the  

Dewey Lake  Redbeds t o  t h e  Permian is va l id .  

Corresponding to an interval  between the end of Permian time and 

A t  the site, t h e  Santa Rosa occurs as an e ros iona l  wedge pinching o u t  

westward j u s t  beyond the center  of t h e  site; a th ickness  of only 9 feet 
of Santa R o s a  Sandstone was recorded at  ERDA-9. Eastward the  formation 

forms the  pre-Gatuna su r face  (See Figure 2 i n  Jones,  1973) b u t  is 

blanketed by such an extensive veneer of Upper T e r t i a r y  a l l u v i a l  deposits 

and caliche, and Recent  dune sand, that t h e  nearest ex tens ive  outcrops 
- - 

occur about 7 miles to the nor th  (Vine. 1963). 

The we*e of Santa Rosa th i ckens  r e l a t i v e l y  r ap id ly  eastward a t  t h e  ra t  
of up to  150 feet per mile, a t t a i n i n g  a m a x i m u m  thickness  of 250 feet 

over a d i s t ance  of only two or three miles, t h e r e a f t e r  maintaining a more 
uniform profile (refer to  isopach map of the Santa  Rosa, Figure 4.3-10). 

Sect ions compiled by Jones (1973) i n d i c a t e  a r e l a t i v e l y  uniform th ickness  

of the Santa  Rosa on the order  of 250 feet at least as far as several 
miles east of t h e  Lea County boundary. The steepened wedge effect of t h e  

Santa  Rosa across the si te area is undoubtedly due to  the post-Late 

Triassic, preGatuna erosion t h a t  c u t  downward i n t o  t h e  Dewey Lake  

sur face ,  which is discussed above (compare Figure  4.3-9). 

The Santa R o s a  Sandstone c o n s i s t s ,  for t h e  most part, of 
cross-stratified, medim- to  coarse-grained, gray  to y e l l a r b r w n  

x sandstone, but  includes both cong lmera t e  and reddish-brown mudstone. I n  
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outcrop it has been observed by Vine (1963) t o  consist of large-scale, - 
trough-type, cross-bedded, pale-red sandstone and conglomerate lenses, 3 

to 15 feet t h i c k ,  separated by th in  partings of moderate reddish-brown 

s i l t s t o n e  and s i l t y  claystone. The conglomerate lenses c o n t a i n  both 

s i l t y  dolomite pebbles and chert  or quartz pebbles. 

charac te r i s t ica l ly  poorly sorted. The formation d i f f e r s  f ran  the 

underlying Dewey Lake  Redbeds  by being coarser grained, less well sorted, 

and by having beds that are th icker  and more lenticular. Fossil  plant 

impressions, carbonaceous plant fragments, and fossil r e p t i l e  bones and 

teeth thought to  be f r m  phytosaurs characterize sane of the  beds. Clay 

is a r e l a t ive ly  minor const i tutent  i n  most of the  Santa Rosa Sandstone. 

The sandstone is 

. Secondary dolomite is the m o s t  abundant cement, and it probably 

const i tutes  a t  l e a s t  10 percent of the rock. 

The Santa Rosa Sandstone represents a change i n  the environment of 

deposition as compared w i t h  the  Dewey Lake  Redbeds. The large-scale 

trough-type crossbedding probably indicates a f luv ia l  environment. The 

l a c k  of sor t ing,  arkosic canposition, and angularity of the grains 

Suggests rapid deposition by streams descending from a predominantly 

c rys t a l l i ne  terrain (Vine, 1963). 

2) Chinle Formation 

The C h i n l e  Formation, though not present a t  the WIPP site i t s e l f ,  

a t  about  t h e  Lea County l i n e  5 miles to  t h e  east, where it forms the  

subcrop surface of pre-Tertiary r o c k ,  as shown by Jones (1973). L i k e  the 

Santa Rosa Sandstone a t  the site, i n  prof i le  the  C h i n l e  is seen to  wedge 

o u t  fran the east at the Lea County l i n e ,  beveled by preGatuna erosion. 

Farther east, t h e  C h i n l e  appears not t o  a t t a in  a thickness in  excess of 

100 feet as shown by Jones (1973). Northward, however, i t  achieves a 

thickness of about 800 f ee t  near t h e  E a t  Mesa gas f i e l d ,  about 1 1 m i l e s  

northeast of the s i t e ,  where the Chinle is blanketed by Late Tert iary 

Ogallala Formation (Jones, 1973). These relationships plus the areal  

d i s t r ibu t ion  of Ogallala remnants indicate that post-Chinle, pre-Ogallala 

erosion occurred subsequent to an eastward t o  northward t i l t i n g  of a t  
!, 
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l e a s t  the  northern part  of the  Delaware Basin, result ing i n  a greater 

amount of Chinle sediments removed progressively southward and eastward. 

Later, one or more erosional episodes beveled a westward-sloping surface 

on post-Ogallala terrain.  

I n  lithology, the C h i n l e  is dominantly reddish-brown shaly mudstone 

interspersed w i t h  sme greenish-gray mudstone and minor lenses of 

sandstone and conglanerate, deposited i n  a floodplain or a l luv ia l  

environment basically similar to  that of the  Santa Rosa. Its contact 

w i t h  the underlying Santa Rosa Sandstone is conformable and is a t  the 

change frm sandstone of t h e  Santa Rosa  t o  shaly mudstone of t h e  Chin le .  

I t  is overlain unconformably by the Ogallala Formation of Late Tertiary 

age. 

Post-Triassic Rocks  of Mesozoic Age. No Mesozoic rocks l a t e r  than the 

C h i n l e  s t r a t a  are k n m  t o  e x i s t  i n  t h e  WIPP site area. According t o  
Jones (1973), there are good reasons t o  in fe r  fran paleogeolcgy and other 

considerations that the Jurassic Period w a s  a time of erosion and removal 

of the Dockum. Some r o c k s  of Cretaceous age, though absent fran the  s i t e  
area, almost cer ta inly were deposited by Early Cretaceous seas which 

advanced northward across southeastern New Mexico. Small outliers, 

crevasse deposits, and other remnants of Lower Cretaceous rocks are found 

lying unconformably on the Capitan, T a n s i l l ,  and Cast i le  Formations near 

- 

Carlsbad Caverns (Hayes, 1964: Lang, 19371, on the Salado Formation near 
B l a c k  River Village, on the Rustler Formation a few m i l e s  northeast of 

Carlsbad, N e w  Mexico, and on t h e  C h i n l e  Formation a t  many places to t h e  

north and eas t  of the WIPP s i t e  area (Ash and Clebsch,  1961). _. 
. ., 

" '  (F '  
.:' q;: ,:,4 

4.3.4 Cenozoic Erathem .I ;, v, , , , 
8 , > /  .: . .  . .  

I i 3 
'8.. ., .. , . , .  

Tertiary Sy stem. No Early or Middle Tertiary sedimentary rocks are knohb-....- 

t o  be present i n  t h e  region. 

l a t e r  than Precambrian age known i n  the region, i s  observed t o  intrude 

the Salado Formation a t  the Kerr-McGee potash mine, about ten m i l e s  north 

A lamprophyre dike, the only igneous rock 

- of the center of the WIPP site (refer to Figure 3.5-2). Part of a 
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northeast-southwest dike trend of regional extent,  the closest approach - 
of which is a t  l ea s t  e ight  miles northwest of the center of t h e  site, the 

d i k e  is not exposed a t  t h e  surface east of the Pems River. A 

radiaaetric date of 30 mill ion years for the  lamprophyre has been i n  t h e  

record for Sane t i m e  (Urry, 1936): an Oligocene or mid-Tertiary age for 
emplacement is therefore indicated. Further discussion of t h i s  dike 

trend, including an account of more recent investigations conducted, i s  

included i n  Regional Geology, Section 3.5.1. I <  , ' *  

I n  Late Ter t ia ry  time extensive a l luv ia l  fans carr ied sandy and gravelly 

material eastward over a broad erosional plain t h a t  had developed i n  the 

region by Late Miocene time. The sediments accumulated during t h i s  

a l luviat ion,  which lasted u n t i l  Late Pliocene time, cons t i tu te  the  

Ogallala Formation. The youngest fauna present i n  the Ogallala Formation 

is of Kimball age. T h i s  fauna may be as old as 4.6 mil l ion years 

(Bachman, 1974). 

Only one area occupied by t h e  Ogallala is present within 10 miles of the - 
site, namely, a re la t ive ly  th in  erosional remnant capping The Divide 

located between 6 and 9 miles east-northeast of the  center of the s i t e  

(refer to  Figure 4.2-4, Sur f ic ia l  Geologic Map). A geologic map by 

Bachman ( i n  Jones, 1973) indicates that t h e  Ogallala a t  the Divide is 
re s t r i c t ed  t o  elevations above 3750 feet, where it is about 25 feet t h i c k  

and includes about 10 f e e t  of co5glameratic sandstone at  the base 

overlain by about 15 feet of caliche. 

cher t  as much as 1-1/2 inches i n  diameter are present i n  len t icu lar  beds 

(Bachan, 1974) .  

Pebbles of rounded quar tz i te  and 

Special a t tent ion has been given to  t h e  caliche developed on the Ogallala 

by B a c h a n  ( i n  Jones, 1973), w h o  suggests that  it may be d i s t i n c t  i n  
o r ig in  from caliche observed elsewhere i n  t h e  area. Based on f i e l d  

examination, he f inds tha t  
'Caliche Of the  Ogallala Formation is a d is t inc t ive  t raver t ine- l ike 
calcim carbonate. I t  is dense, l i g h t  gray to white, and composed 
of concentrically laminated fragments that range from less than 
one-half inch t o  more than 2 inches i n  diameter. Space between 
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.- these fraqments is f i l l e d  w i t h  s t ructureless  or, i n  places, 
laminated limestone. The weathered surface appears a lgal  or 
pisolitic i n  places. However, these concentric laminae probably are  
not the r e su l t  of organic ac t iv i ty  b u t  indicate repeated generations 
of inorganic solution and reprecipitation. The caliche is sandy and 
has been precipitated i n  porous spaces between sand grains; 
therefore, individual sand grains appear t o  f l o a t  i n  t h e  caliche. 
The Ogallala caliche probably formed as a part oE a soil p ro f i l e  
that developed on t h e  High Plains surface ei ther  during or after 
deposition of the Ogallala Formation." 

I n  the  High Plains t o  t h e  east of The Divide, longitudinal depressions i n  

the Ogallala caliche are interpreted t o  be interdunal swales caused by 
solution etching of Ogallala caliche where it was not protected by 
Pleistocene sand dunes (Bachman, 1976) .  

Quaternary System 

1) Ple i s tocene  Ser ies  

a )  Gatuna Formation - 

6 

' \  , * 
'/ , . 

The only Pleistocene deposit a t  the proposed WIPP s i t e  which  has been 

assigned a formal s t ra t igraphic  name is the Gatuna Formation. In the  

immediate area, the Gatuna forms a t h i n  blanket, loca l ly  absent, ranging 

i n  t h i c k n e s s  from zero t o  s l i gh t ly  more than 30 f e e t  ( refer  to  Figure 

4.3-11, Gatuna Isopach Map); a t  ERDA-9, 27 f ee t  of Gatuna were 

recognized. I n  s p i t e  of its shallow depth below the surface, however, 
the Gatuna crops out only rarely,  being for  the  most part obscured by a 

th in  but pers is tent  veneer of caliche and su r f i c i a l  sand. The nearest 

mapped outcrops occur along the  west-facing slope of Livingston Ridge a t  

the edge of Nash Draw (about four miles northwest of the center of the  

site; see Figure 4.2-4, Surf ic ia l  Geologic Map) where they were mapped by 

Vine (1963), and to the southeast of t h e  s i t e  a s  mapped by BachInan 

(1974) .  I n  Nash Draw itself the Gatuna local ly  exceeds 100 f e e t  i n  

t h i ckness  and fills sinkholes previously formed by dissolution of S a l t  

and other evaporites. It has alluviated most drainage valleys of an 
ancient Pecos system, of which  Nash Draw was a part. Though the Gatuna 

i s  predominantly a fine-grained, reddish or brownish f r i ab le  sandstone, 
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conglanerate lenses and blankets are common regionally. 

pebbles i n  the conglcmerate which have proved m o s t  useful i n  providing 

evidence relat ing t o  geologic history,  age, and provenance of t h e  

format ion. 

I t  1s the 

Bachman (1974) discusses age, l i thology, and paleoclimatic implications 
of t h e  Gatuna a t  some length. 

under pluvial  conditions. In some areas having fine-grained materials i n  

the lower pa r t  of t h i c k e r  sections,  t he  Gatuna f i r s t  f i l l ed  collapsed 

basins and extensive s i n k s ;  i n  other areas, s u c h  a s  i n  the  southern  part  

of Nash Draw, gypsum-rich clays and silts i n  the section suggest 

.deposition i n  areas then undergoing sinking and collapse. Based on 

examination of pebble Clasts i n  Gatuna gravels of the Pems River 
northwest of the s i t e  i n  Chaves and northern Eddy Counties (refer  to 

Regional Geology and Regional Geaaorphology sect ions for additional 
discussion of these gravels),  Bachman concludes that the Gatuna w a s  
deposited i n  a much wetter climate than present. 

that modern drainage is carrying c l a s t s  of the s i z e  and quantity 

preserved i n  Gatuna stream deposits. 

debris (i.e.. pebbles of Ogallala caprock caliche) i n  the Gatuna 

demonstrates that the Gatuna is Pleistocene rather than Pliocene i n  age. 
Futhermore, on the basis of the many stream and pond deposits i n  the 

Gatuna and the evidence for  widespread solution and collapse,  Gatuna time 
represents the m o s t  humid Pleistocene stage i n  southeastern New Mexico. 
Regional considerations lead Bachaan to assign a ten ta t ive  Kansan age t o  

the Gatuna, or approximately an age of 600,000 years (Bachman, 1974). 

Generally, the Gatuna was stream-laid 

There is no indication 

-.~ 

The discovery of Ogallala p i s o l i t i c  

n ,  , 
b) Mescalero Caliche 

Beneath an obscuring cover of wind-blown sand, much i f  not all of t h e  

site area,  excluding sane depressions and drainages such a s  Nash Draw, 

are covered by a hard, resistant caliche crust .  It is very extensive t o  

the north i n  Chaves County on t h e  Mescalero plain between the Pecos River 
and the Llano Estacado and is informally cal led the  Mescalero caliche. 

Tmugh generally less than 1 0  feet t h i c k  i n  the site area, i t s  resistance 
t o  weathering i n  t h e  dry climate has effect ively prevented natural  - 
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exposure of older s t r a t a  and has allowed it to form extensive surfaces 
that can themselves be mapped i n  def in i te  s t ra t igraphic  sequence w i t h  

other deposits. 

Vine (1963) provides a detailed account of caliche as  he observed i ts  

occurrence i n  t h e  Nash D r a w  quadrangle. H e  s t a t e s ,  

"Cal iche i s  a near-surface accumulation of calcareous and c l a s t i c  
material that forms a res i s tan t  mantle. I t  is characterized by a n  
excess of calcareous material over t ha t  required t o  cement the 
clastic g r a i n s ,  w i t h  the result tha t  t he  grains appear t o  f l o a t  i n  
the matrix. I n  many areas the caliche is charac te r i s t ica l ly  
brecciated and recemented. I n  addition t o  sand and calcareous 
material ,  pebbles are local ly  abundant, and s i l i c a  i n  the form of 
chalcedony or opal a l so  forms par t  of the cementing matrix. Other 
soluble minerals, i nc lud ing  gypsum, are  probably loca l ly  present. 
Where the top surface of caliche has long been exposed t o  
weathering, it almost invariably has a very hard dense limestone 
surface that c o u l d  eas i ly  be misinterpreted as an outcrop of massive 
limestone similar t o  those i n  some older formations. Close 
inspection, however, generally reveals sand grains,  chalcedony, and 
brecciation. Commonly the dense layer a t  the top i s  only 1 or 2 
f e e t  t h i c k ,  and t h e  r o c k  becmes more f r i ab le  and shows a greater 
proportion of sand grains t o  matrix w i t h i n  a f e w  feet of the 
surface. The less calcareous zone i n  turn grades downward within 5 
or 10 f e e t  i n to  t h e  underlying bedrock, which generally is broken 
i n t o  angular fragments recemented w i t h  calcareous material. (Note: 
f i ve  fee t  of caliche were encountered a t  ERDA-9.) 
caliche has concentric lamination or colloform structure  resembling 
calcareous algal structures.  The widespread mantle of caliche has 
much the same composition throughout t h e  area regardless of whether 
the underlying bedrock is red sandstone and s i l t s tone  from the 
Gatuna Formation, Santa Rosa Sandstone, and Pierce Canyon (=Dewey 
Lake) Redbeds, or gypsum frm the R u s t l e r  Formation." 

' I n  many areas 

Bactnnan (1974) shows a regional structure contour map of the Mescalero 

caliche. H e  confirms Vine's recognition of an upper dense zone over an  

earthy-t-firm nodular  calcareous deposit, and notes t h a t  it is the upper 

dense caprock tha t  is prominently laminated. The character of the 

laminae indicates that t h e  Mescalero caliche arose through successive 

cycles of dissolution and reprecipitation of the matrix, and that t h i s  

occurred during an interval  of tectonic s t a b i l i t y  t h a t  followed 

deposition of the Gatuna Formation--that is, i n  the semiarid environrne 

tha t  followed the moist conditions of Gatuna time. Based on regional 

geomorphic considerations, Bachman correlates  the  formation of t h e  
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Mescalero cal iche with the Yarmouthian in te rg lac ia l  stage, or 

mid-Pleistocene t i m e ,  about  500,000 years ago. Brown (1956) reached 

generally similar conclusions on the  origin of caliche he studied on the 

Llano Estacado of the Texas panhandle, where he found tha t  "the caliche,  

w i t h  interruptions,  apparently has been forming continuously since its 

inception i n  the Pl iocene ,  and i ts  multiple occurrence is a re f lec t ion  of 

climatic var ia t ions i n  the Pliocene and Pleistocene". Noting t h a t  t h e  

Mescalero caliche dips abruptly i n t o  Nash D r a w  along Livingston Ridge, 

Bacban (1974: also i n  Jones, 1973) concludes t h a t  N a s h  Draw was 

subjected t o  subsidence after the formation of the caliche,  presumably 

1, 

during the more pluvial  conditions of the subsequent I l l i n o i a n  or 

Wisconsin glaciations.  

2) Recent D e p o s i t s  

Deposits of Recent age i n  the v ic in i ty  of the WIPP site include windblown 

sand, a l l u v i m ,  and playa l a k e  deposits. 

The m o s t  prevalent deposit by f a r  is the windblown sand which covers I 

'I 
nearly a l l  of the area of the WIPP site i tself .  The sand, local ly  known 

as the Mescalero sand (Vine, 1963), occurs either as a sheet deposit 

res t ing  on caliche or as tracts of conspicuous dune f i e l d s  (Los 
Medanos). In  the former case, the sand is probably no more than  10  to 15 

f e e t  t h i c k  on the average: i n  the l a t t e r ,  the  sand may a t t a i n  100 feet i n  
thickness local ly .  A t  many places the sand consists of two parts: a 

compacted, s l i g h t l y  clayey moderate-bram eolian sand up t o  1-1/2 feet 

t h i c k ,  overlain by loose, windblown light-brown t o  l i g h t  yellowisbgray 

sand. The sand dunes appear t o  be re la t ive ly  inactive a t  present, pa r t ly  

s t ab i l i zed  by sparse plant cover. The widespread deposits of windblown 

sand are indicat ive of a large source of f i n e  sand as w e l l  as of t h e  

extreme f luctuat ions of climate that have occurred during Pleistocene 

time. There is very l i t t l e  evidence tha t  much sand has been derived fran 
the PeCoS River. Bachman (1974) suggests that m o s t  sand has been derived 

fran deposits of the  Ogallala Formation. 

Pleistocene t i m e  the sand has been eroded fran the Ogallala, and during 

During humid in te rva ls  i n  

arid in te rva ls  t h e  wind has moved t h i s  sand across the  Mescalero plain. I 

I 



4-53 

-. Deposits of a l l u v i m  are mapped by Vine (1963) genera l ly  i n  belts 1/4 to 

3/4 of a mile wide along the base of d e c l i v i t i e s  i n t o  Nash D r a w ,  as 21ong 

the base of Livingston Ridge, and l o c a l l y  i n  smaller depressions (refer 
to  Figure 4.2-4, S u r f i c i a l  Geologic Map). These deposits are similar to  

sheet wash or small a l l u v i a l  fans ,  and Vine considers  them analogous t o  

pediment or bolson deposits. 

Playa deposits occur i n  mudflats,  and c o n s i s t  of eo l i an  sand and alluvium 

reworked by s h a l l o w l a k e  waters. Vine (1963) shows these areas c l u s t e r e d  

mostly wi th in  Nash Draw, where the occasional runoff accumulates. The 

neares t  playas are mostly small, c i r c u l a r  areas about  5 miles w e s t  of t h e  

center  of the  site f i l l i n g  i n  the bottoms of sinkhole depressions 
ad jacent  t o  Nash Draw. 

4.4 SI'TE STRUCTURE AND TECTONICS 

. 4.4.1 Tectonic and S t r u c t u r a l  Se t t i ng  of Los Medanos S i t e  - 
Rela t ion  of S i t e  S t ruc tu re  to Regional Tectonics. The s i n g l e  dominating 

t e c t o n i c  f e a t u r e  i n  t h e  region around the proposed WIPP site is the 

Delaware Basin, the locus of unusualJy th i ck  and rapid sedimentation i n  

Permian time. Beneath the si te,  fo r  example, about 15,000 feet of 
Pennsylvanian and Permian elastics, limy clastics, and evapor i tes  

accumulated. 

southwest ( t he  Diablo Platform) which w a s  t ec ton ica l ly  a c t i v e  i n  Late 

Pennsylvanian and Permian time. The basin evolved by dormwarp of 

Precambrian basement t e r r ane  of t h e  Texas foreland,  a g r a n i t i c  craton.  

South of the  New Mexico border i n  Texas,  t h e  Delaware Basin i n  Late  

Pennsylvanian time was trough-like and received much of its sediment from 
a bordering mobile orogenic b e l t  (Marathon system), i n  t he  manner of a 
molasse trough or exogeosyncline; i n  New Mexico, however, t h e  northern 

par t  of t h e  Delaware Basin received sediment f r m  i n t r a c r a t o n i c  highs 
loca t ed  both  to  the  w e s t  (Huapache f lexure)  and to the  east (Central  

Basin Platform) and assumed more t h e  character of an i n t r a c r a t o n i c  bas in  

- i n  which subsidence w a s  accomplished mainly by downwarping of t h e  c ra ton  

The basin w a s  marginal to  an orogenic belt located farther 
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w i t h o u t  major marginal fau l t ing  and w i t h o u t  subsequent folding O r  
t, 

compressive tectonic deformation, although buried normal f a u l t s  of f a i r l y  

'large displacement are known a t  the margins of the  C e n t r a l  B a s i n  

Platform. The Central B a s i n  Platform, located approximately along the 

New Mexicc-Texas border eas t  of the site, may be viewed as a medial, 

arched horst, now deeply buried by l a t e r  sedimentary deposits, which 

separated and par t ly  isolated t h e  Delaware Basin from its eastern 

counterpart, t he  Midland Basin, during Late Pennsylvanian and Early 

Permian time; l a t e r  i n  Permian time these basins consti tuted part of the 

broad Permian Basin (refer to Sections 3.4 and 3.6: see Figure 1 of 

Baclnaan and Johnson (1973) for the extent of the Permian salt  basin).  

I n  the Delaware Basin toward the  close of Permian time, as much as 4,000 

feet of evaporite beds, dominantly rock salt, accumulated, during which 

time d i f f e ren t i a l  subsidence ceased and s tab le  cratonic conditions 

returned to the area. Later, Triassic redbeds mantled t h e  region. I n  

m i d  t o  la te  Tert iary time, r i f t i n g  and tensional fau l t ing  occurred i n  t h e  

Basin and Range region of New Mexico a s  far eas t  a s  the  Sacramento and 

Delaware Mountain an t i c l ina l  structures w e s t  of the Delaware Basin,  and 

southeast along the  Diablo.Plafform t o  the Big Bend area of Texas, but 

d id  not occur within the Delaware Basin i t s e l f .  The basin was, however, 

t i l t ed  gently one or more times between Late Tr iass ic  and Pliocene time, 

producing a general net eastward tilt of a b o u t  2 degrees. The L a t e  

Permian Ochoan r o c k s  and the  Triassic r o c k s  exposed i n  the b a s i n  today do 

not reflect basinwide warping; t h e  major s t ruc tua l  feature  of these 

deposits is merely the regional eastward slope produced a f t e r  Triassic 

time (Baclnaan and Johnson, 1973). 

4 

9 
' I  I , 

.I. 

Tectonic and Nontectonic Mechanisms a t  the Si te .  A t  the site, stresses 
associated w i t h  the origin and developnent of the Permian Delaware Basin 

have deformed t h e  p r e e x i s t i n g  r o c k s  or contemporaneous sediments i n  

d i f fe ren t  ways. Specifically,  these stresses included the nontectonic 

downward pressure imposed by t h e  weight of rapidly deposited sediment and 

the tectonic stress ar i s ing  from w i t h i n  t h e  ear th ' s  c r u s t  and transmitted 

through the basement r o c k s  to  the  sedimentary pile. The tectonic  Str.eSS -, 
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would have been most e f f e c t i v e l y  imposed upon those rocks of t h e  

sedimentary p i l e  that had already undergone l i t h i f i c a t i o n  and were 
the re fo re  mechanically coupled with t h e  basement r o c k s .  

by sedimentary loading would have been most e f f e c t i v e l y  absorbed by 

subjacent  ma te r i a l s  t h a t  were the least l i t h i f i e d  and therefore t h e  m O S t  

compressible and capable of ad jus t ing  to  d i f f e r e n t i a l  sediment loads.  

Each mechanism would have produced d i f f e r e n t  kinds of s t r u c t u r e s  and 

caused d i f fe ren t  types of f a u l t i n g  i n  the  rocks beneath the basin. The 

temperatures measured and heat f l o w  ca l cu la t ed  for AEC 8 (Mansure and 

Reiter,  1977) s h o w  evidence of normal geothermal grad ien ts .  

S t r e s s  imposed 

The presence of t h i c k  salt beds profoundly affects the type of 

deformation which occurs i n  the  salt i t s e l f  and which is imposed upon 

r o c k s  and sediment lying above the s a l t ,  inasmuch as t h i c k  s a l t  is known 

t o  deform p l a s t i c a l l y  and t o  behave as a viscous medium over extended 

periods of time. This behavior is prcmoted by high overburden pressures 

and increased temperatures. Under favorable  conditions, even s l i g h t  

t i l t i n g  of t h e  beds or lateral  d i f f e rences  i n  l i thostatic pressure  are 

s u f f i c i e n t  to  i n i t i a t e  long-term viscous flow of salt. 

is therefore q u i t e  d i f f e r e n t  i n  mechanism and mani fes ta t ion  than the  

deformation of the enclosing r o c k  materials. As a resu l t ,  deformational 

features exhib i ted  by r o c k s  and sediments l y ing  above t h i c k  s a l t  would 

normally be expected to have l i t t l e  or no mechanical r e l a t ionsh ip  to 
s t r u c t u r e s  i n  r o c k s  occurring beneath t h e  salt, because the intervening 

salt  e f f e c t i v e l y  decouples t h e  two r o c k  masses. 

would be expected to d isp lay  local s t r u c t u r e s  that are generated by mass 

f l o w  of salt.  I n  addi t ion ,  because shallow salt is suscep t ib l e  to 

d i s so lu t ion  by unsaturated ground water,  sediments above shallow salt 

where a c t i v e  solut ioning had occurred could be expected to  e x h i b i t  k a r s t  

and co l l apse  features, or to have i n t e r n a l  i r r e g u l a r i t y  and chaotic 

s t r u c t u r e  brought abou t  by uneven subsidence or upward s toping  following 

removal of s i g n i f i c a n t  thicknesses  of salt i n  the  subsurface. It should 

be emphasized, however, t h a t  at the  WIPP site, evapor i te  d i s so lu t ion  has 

been restricted to salt beds of t h e  Rus t le r  Formation. No evidence has 

been obtained to da te  to  i n d i c a t e  t ha t  t h i s  r e l a t i v e l y  small amount of 

d i s s o l u t i o n  of R u s t l e r  S a l t  has r e su l t ed  i n  s i g n i f i c a n t  d i f f e r e n t i a l  

s a t  deformation 

R o c k s  overlying salt 
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subsidence i n  t h e  site area. I n  c o n t r a s t ,  the p o t e n t i a l  f o r  subsidence _. 
I, 

S t r u c t u r e s  to occur has been r e a l i z e d  i n  areas such as Nash Draw, where 
par t ia l  d i s s o l u t i o n  of Salado evapor i t e  beds has t a k e n  place. 

It is concluded on the  b a s i s  of the  preceding d iscuss ion  that the na tu re  

of the o r i g i n  and developnent of poss ib l e  s t r u c t u r a l  features i n  the 

rocks which occur i n  the  Los Medanos area is s p a t i a l l y  related t o  the  

p o s i t i o n  of these r o c k s  i n  t h e  geologic  column r e l a t i v e  t o  the pos i t i on  

Of t h i c k  bedded salt .  Accordingly, the following desc r ip t ion  of geologic 

s t r u c t u r e  a t  the  WIPP site is organized i n t o  separate discussions of deep 

s t r u c t u r e  (i.e., s t r u c t u r e  i n  r o c k s  underlying Ochoan s a l t ) ,  salt 

deformation, and shallow structure .  

4.4.2 Deep S t r u c t u r e s  

Subregional S t r u c t u r e  of Pre-Evaporite Rocks .  A v a r i e t y  of s t r u c t u r e  

contour maps covering an a rea  wi th in  about a 25-mile rad ius  of t h e  WIPP 

S i t e  has been prepared, gene ra l ly  f r m  well data. Foster (1974) provides  - 
I, 

seven such subregional  maps f r m  top of Precambrian t o  top of B e l l  Canyon 

(base of Cas t i le ) ;  S i p s  et  al. (1976) show somewhat more s t r u c t u r a l  

d e t a i l  on top  of Devonian, Morrow, Atokan, Strawn, and Delaware s t ra ta  

(their e x h i b i t s  l l , l O ,  9, and 8, r e spec t ive ly ,  the f i r s t  two of which 

incorpora te  seismic r e f l e c t i o n  profile i n t e r p r e t a t i o n s ) .  Netherland, 

Sewell  and Associates (1974) present  general ized s t r u c t u r e  contour maps 

of a s l i g h t l y  d i f f e r e n t  area on eleven horizons,  from Ellenburger to  top 

of B e l l  Canyon ( their  F igures  0 6  through 6-16). 

S t r u c t u r e  contour maps express a hcmoclinal regional  d i p  toward t h e  

sou theas t  to east on al l  pre-Ochoan Paleozoic  strata, r e f l e c t i n g  the 

presence of the  Delaware Basin downwarp. Gradients  on a l l  pre-Permian 

horizons are similar i n  magnitude and d i r e c t i o n ,  decreasing from about 

150 feet per mile sou theas t e r ly  i n  t h e  lower Paleozoic to  about 100 feet 
per m i l e  a t  the top of the Pennsylvanian. The neares t  f a u l t  l a r g e  enough 

to  be i nd ica t ed  by subsurface w e l l  con t ro l  is a north-trending fau l t  

shown by Foster  (1974) about 15-20 miles east and southeas t  of the  WIPP -.. 
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I s i t e ,  and referred to as the 'Bell Lake  fault." It has a length of about 

15  miles and a displacement of about 500 feet. Located west of t h e  

cent ra l  axis  of the Delaware Basin, i t  nevertheless appears to be 

s t ruc tura l ly  related by orientation and displacement (upthrorm to  the 

east) t o  the west-bounding f a u l t  of the Central Basin Platform far ther  
east ,  as is shown on the regional s t ructure  contour map of Haigler and 
CUMingham (1972).  The f a u l t  is not indicated to of fse t  Permian s t r a t a  
(Foster, 19741, b u t  contours of Wolfcamp and Bone Springs s t r a t a  i n  the 

lmer part of the Permian sec t ion  are deflected i n  the area of the  

fau l t .  Permian s t r u c t u r e  contour maps indicate a difference i n  gradient 

and direct ion of horizons anpared  t o  earlier s t ra ta .  This  indicates 

s ignif icant  tectonic ac t iv i ty  i n  the basin i n  Late Pennsylvanian and 

Early Permian t i m e ,  which was the major period of s t ructural  adjustment 

i n  t h e  Delaware Basin (Foster, 1974). Permian s t r a t a  beneath the Ochoan 

Series  slope east-southeast a t  about 50 feet per m i l e  (Foster, 19741, 

markedly less than pre-Permian s t r a t a .  

- Site-Specific Interpretations.  In  the immediate site area seismic 
reflection data can be u t i l i zed  as an adjunct t o  well control i n  

preparing more detailed s t ructure  contour interpretations.  Figures 4.4-1 

t h r u  4.4-3 contour horizons a t ,  respectively, t h e  top of the Si lur ian 

(Silurc-Devonian carbonate, refer t o  Section 4.3.2), t op  of Morrow, and 

near the top of the  Delaware. Seismic prof i le  l i n e s  a re  indicated and 

w e l l  control points are shown. S t r d t u r a l  interpretation of seismic 
ref lec t ion  prof i les  has been furnished by G.J. Long and Associates, Inc. 

(1977). (Additional seismic profi l ing has been performed (G.J.  Long, 
1977b) or is presently being undertaken as  par t  of a continuing program 
by Sandia Laboratories to delineate subsurface s t ructures  a t  t he  WIPP 

site. These additional data w i l l  be presented and discussed when the 
',,,+--.. 

1 ,i, 
. ',",: analyses are completed.) ":<\ ;,' 

,,I ! , ' .  li 

q, ' ~ , * a  :. 
:. ' .  

' * .  
,~ . ' 

I n  general, Figures 4.4-1 through 4.4-3 reveal the existence of minor 

faul t ing and secondary warping (swells and saddles) i n  Paleozoic s t r a t a  

below the evaporite beds. Caaparing Figure 4.4-1 w i t h  4.4-2, a p a t t e r n  

- of generally north-northeast-trending f a u l t s  has been interpreted,  
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- or i en ted  roughly parallel t o  reg iona l  s t r i k e  and t y p i c a l l y  upthrown to 
the east. Small, subdued d o m e l i k e  f ea tu re s  and complementary saddles 
spaced seve ra l  miles apart and w i t h  crest-to-trough amplitude of s e v e r a l  

hundred feet are superimposed on the reg iona l  g rad ien t  and appear to 
persist i n  pos i t i on  through both horizons. 

several small arches of up to  300 feet of relief are aligned i n  an 
east-southeast  or west-northwest a n t i c l i n a l  t rend  passing j u s t  nor th  Of 

the Zone 11 exclusion area (Figure 4.4-1). 

east-west t rend i n  about the same l o c a t i o n  is defined by more subdued 

s t r u c t u r a l  g rad ien t s  and highs of lower amplitude (Figure 4.4-2). This  

t rend  is i d e n t i f i e d  as t h e  'Cabin Lake" trend by Netherland, Sewell  and 

Assoc. (1974); see also Figure 2-7 of t h i s  report. On both  horizons a 
domal f e a t u r e  is evident  beyond t h e  Southwest edge of t h e  site. 

f e a t u r e ,  which Netherland, Sewell (1974) i n d i c a t e  is at  the east edge of 
the "Los Medanos" t rend,  is p resmab ly  respons ib le  for the gas prodUctlOn 

of the Los Medanos f i e l d ,  the n e a r e s t  hydrocarbon f ie ld  to the site. 
Between these t*to a n t i c l i n a l  t r ends ,  a northwest-trending saddle is 
defined, located beneath the southwestern edge of the site. 

I n  the S i l u r i a n ,  f o r  example, 

I n  the Morrow a similar 

Th i s  

The north-northeast-trending f a u l t s  inferred i n  Figures  4.4-1 and 4.4-2 

are, as in t e rp re t ed  from seismic r e f l e c t i o n  records,  of g r e a t e r  i n t e n s i t y  

i n  t h e  Devonian, being traceable over d i s t ances  exceeding ten miles and 

having displacements of up t o  400 f e e t  (Figure 4.4-1). Fau l t ing  of the 

Morrow (Figure 4.4-2), same 2,500 f e e t  higher s t r a t i g r a p h i c a l l y ,  is 
roughly c o r r e l a t i v e  w i t h  the deeper displacements, but  seems to  dissipate 

i n t o  discontinuous segments of gene ra l ly  smaller displacement. 

Small-scale s t r u c t u r e s  i n t e r p r e t e d  on t h e  Delaware Mountain Group, , ( I  , 

roughly 9,500 feet above the  Morrow horizon, show l i t t l e  or no 

c o r r e l a t i o n  wi th  deeper features ( r e f e r  to  Figure  4.4-3). The 

north-northeast-trending f a u l t i n g  is no longer apparent;  i n s t ead ,  seismic 
r e f l e c t i o n  s t u d i e s  (G.J. Long. 1977a) i n d i c a t e  short (less than 5 m i l e s  
i n  length)  , discontinuous northwest-trending offsets Of small 
displacement (less than 50 feet) passing beneath t h e  nor theas t  half of 

the site; refer to Figure 4.4-3. The fact t h a t  t h e  f a u l t s  are no t  
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detected a t  g rea t e r  depths suggests  a shallow-seated o r ig in .  Warping i n  

the Delaware Mountain Group appears to  be much more subdued than i n  t h e  

Morrow; s t r u c t u r e  contours l a c k  c losure  around irregularities, and t rends  

i n  the Delaware Mountain Group appear to  be unrelated t o  Morrow and 

deeper t rends.  One feature of note shown (Figure 4.4-3) is a shallow, 

northwest-trending saddle of not more than 100 feet of s t r u c t u r a l  r e l i e f ,  

located beneath t h e  center  of t h e  s i te ;  the presence of such s t r U C t U K a 1  

lows is considered to  be a favorable  si te s e l e c t i o n  c r i t e r i o n  (refer t 
Sect ion 2). 

The con t r a s t ing  s t r u c t u r a l  characteristics between the  Delaware and 

pre-Permian horizons suggest d i f f e r e n t  origins. A l l  s t ra ta  f r a n  the 

Pennsylvanian on darn have been deformed i n  cont inui ty ,  w i t h  i n t e n s i t y  of 

def ormation increas ing  w i t h  depth. 

occurred i n  Late Pennsylvanian or Ear ly  Permian time and e s t ab l i shed  the 

local s t r u c t u r a l  elements of all pre-Permian rocks. The "rootless" 

character of a t  least sane of the normal f a u l t i n g  i n  the Permian suggests  

t h a t  these are shallow-seated features. Considering the unusually rapid 

r a t e  of accumulation of mater ia l  i n  Permian t i m e  (about 13,000 f e e t ) ,  it 

seems reasonable to presme a p red i spos i t i on  for the occurrence of 
contemporaneous sedimentary deformation brought about by such f a c t o r s  as 

g r a v i t y  creep, compaction during d iagenes is ,  d i f f e r e n t i a l  sedimentary 

loading and rates of dewatering, and different ia l  subsidence. Such 

deformation has been docunented along "growth faults. i n  t h e  Gulf C o a s t  

bas in  (Murray, 1961, p. 137; Fisher  and McGowen, 1967, Figure 3; B i shop ,  

1973: Bruce, 1973).  Contemporaneous f a u l t s  of t h i s  type may have been 

i n i t i a t e d  during depos i t ion  of th i ck  pre-Ochoan clastic sequences. 

Conceivably, f u r t h e r  movement might have been promoted by mass movement 

of salt subsequent to  evapor i te  deposi t ion,  which s h i f t e d  overburden 

loads over possibly s t i l l  compressible sedimentary ma te r i a l .  

Tectonic  deformation apparent ly  

Figures  4.4-4 and 4.4-5 show southwest-northeast and northwest-southeast 

s ec t ions ,  respec t ive ly ,  across  the proposed WIPP s i te  area, adapted from 
Griswold (1977). The overwhelming th ickness  of Permian p r e e v a p o r i t e  

s t ra ta  r e l a t i v e  to  earlier depos i t ion  is g raph ica l ly  displayed. F a u l t s  
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ar is ing i n  the basement o f f s e t  Pennsylvanian strata but do not propagate - 
1, 

through the lowest Permian series, the Wolfcampian. The regional dip of 

the  Delaware Basin is most evident i n  Figure 4.4-5. 

4.4.3 S a l t  Deformation 

For the purpose of t h i s  discussion, detailed description of &formational 

features within the salt beneath t h e  site and i n  the northern par t  of the  

Delaware B a s i n  is res t r ic ted  t o  consideration of s t r u c t u r e  displayed by 

the  C a s t i l e  and Salado Formations even though the  R u s t l e r  is normally 

considered part of the evaporite sequence. A t  the si te and i n  the 

v ic in i ty  of the site, the R u s t l e r  has been leached of much of its salt 

wi th  the result that m o s t  of its structure is surficial i n  or ig in  and is 

included i n  the discussion of site su r f i c i a l  structure, Section 4.4.4. 

Of previous studies available i n  the l i t e r a t u r e  on the northern part of 

the  Delaware Basin, the papers by Brokaw et  al. (1972), Anderson et  al. 

(1972), Jones (1973) and Anderson (1978) are mwt relevant t o  salt - 
1, 

deformation i n  the area of t h e  proposed WIPP site. 

Subregional Structure of Rraporite Beds. Throughout the northern ; 1 
Delaware Basin, the.general  uniformity i n  direction and amount of th: ~, 

gent le  southeastward hcmoclinal dip is prac t ica l ly  t h e  only s t ruc tura l  

fea ture  that is common to a l l  le&ls of t h e  evaporite section (Jones, 
1973). 

features  variably developed r e l a t ive  t o  both a rea l  location and 

s t ra t igraphic  position, fea tures  a t t r ibu tab le  to  mass migration of salt. 

Superimposed on t h i s  haPocline is a rather complex system of f l o w  

Features that are of subregional significance, and tha t  appear t o  have a 

fundamental role i n  the developnent of salt deformation, inc lude  the 

Capitan reef front .  It formed a steep, subnarine prminence or w a l l  

1,000 t o  1,500 feet high i so la t ing  the deep water of the ear ly  Castile 

brine sea fran the rest of t h e  Permian inland sea (refer to  Sections 
4.3.2 and 3.6). Figure 1 0  of Jones (19731, a s t r u c t u r e  contour map on 

the base of the  Cas t i le  Formation, graphically depicts the s t ructural  
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I r e l a t i o n s h i p  of reef  and basin i n  t h e  site area. Immediately basinward 
of these buried reef masses, which are located 8 miles north of the  WIPP 
s i te ,  is a northwest-southeast-trending s t r u c t u r a l  trough p a r a l l e l i n g  t h e  

base of the reef and descending i n  e leva t ion ,  or plunging, 

southeastward. The most in t ense  deformation i n  t h e  evapor i te  sequence 

seems to be s p a t i a l l y  related to  t h i s  trough; not only is the trough 

expressed wi th in  the salt l aye r s ,  but  t h e  top of the clastic Delaware 

Mountain Group ( B e l l  Canyon Formation) is also depressed. Subregional 

geologic sections constructed by Jones across Nash Draw and Livingston 

Ridge (Brokaw, e t  al., 1972, Jones,  1973,) i l l u s t r a t e  the  general  

conf igura t ion  of reef, trough, and deformation wi th in  the  evapor i t e  

sequence i n  the s i t e  area. Jones' (1973) assessment of these particular 

f e a t u r e s  is per t inent :  

" A t  in termediate  and other l e v e l s  i n  the  (evapori te)  
s e c t i o n ,  t h e  s t r u c t u r e  is genera l ly  more uneven than a t  
the base of the Cas t i l e  Formation, and minor folds are 
sanewhat more prominent. S a l t  and anhydr i te  i n  t h e  middle 
member of the  Cas t i le  are crumpled i n  sharp 
intraformational  f o l d s  t h a t  appear to d i e  o u t  
northwestward up the dip and to become more pronounced 
southeastward down. the dip. S p a t i a l l y  the 
in t ra format iona l  fo ld ing  of the  salt and anhydri te  appears 
to  be confined to  a s i n g l e  long northwestwardly-trending 
belt, about 3-4 miles w i d e ,  that more or less coincides  i n  
t rend and e x t e n t  w i t h  the prominent southeastwardly 
plunging trough a t  the base of the C a s t i l e .  The fo ld ing  
has resulted i n  sane buckling and downwarping of rocks i n  
the Salado Formation, and it has u p l i f t e d  the Salado and 
other  rocks as young as t h e  C h i n l e  Formation i n  a f a i r l y  
broad arch tha t  t rends northwestward across the area.  The 
exact age of the deformation is unknown; it can be dated 
only  very broadly as post-Late Triassic to  pre-Pliocene. 
Specific cons idera t ions  concerning minimm thickness  of 
overburden required to  i n i t i a t e  salt movement suggest that 
the deformation may have occurred during or s h o r t l y  after 
the period of regional  t i l t i n g  that followed the 
depos i t ion  of Cretaceous rocks. The deformation almost 
c e r t a i n l y  had to  occur before any g r e a t  thickness  of 
Cretaceous rocks w a s  removed by erosion." 

- 1  ~ . ~ .  .- .. 
y - ~  . .  . "f' . . c ! r l ,  

'.,<., 
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i .~ , . , .  

Subsequent s t u d i e s  by Anderson (1978) and Anaerson and Powers (1978) have 

supplied sane detail on the character of the salt deformation recognized 

- by Jones.  Apparently the only part of the Cast i le  that has not been 
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involved i n  s i g n i f i c a n t  plastic flow deformation is the lower or basal 

anhydri te ,  Anhydrite I ( r e fe r  to site s t r a t ig raphy ,  s e c t i o n  4.3.2 for 
d iscuss ion  of Casti le s t r a t ig raphy) .  On the other hand, t h e  lowest t h i c k  

Cas t i le  salt member, H a l i t e  I, has undergone seve ra l fo ld  inc reases  i n  

th i ckness  i n  sane areas. Anderson (1978) p re sen t s  a basinwide isopach 

map of t h e  lower Cas t i le  Halite-I u n i t  which shows an increase of 
thickness frcm a n o r m a l  value of about 300-350 feet, as occurs  i n  the 

area of the proposed WIPP si te,  to a value of 1,200 feet a t  t h e  ERDA-6 
l o c a t i o n  5 miles north-northeast of the site. The isopach l i n e s  a t  t h i s  

l oca t ion  def ine  an elongate ,  sha rp ly  thickened bulge of the  Halite-I 

un i t ,  t he  long axis of which is about 12 miles long and is o r i en ted  

parallel to, and on the basin s i d e  of, the  buried Capitan reef  f r o n t .  

Anderson's isopach map also shows numerous similar. s l i g h t l y  smaller 
elongate  bulges,  t h e i r  long axes a l l  about 3-1/2 times t h e  length of 

the i r  shorter ones, contained wi th in  a belt about 5 m i l e s  wide 

p a r a l l e l i n g  the bas in  side of the reef f r o n t .  Since t h e  anhydr i te  u n i t  

(Anhydrite I) underlying t h i s  deformed salt is not s i g n i f i c a n t l y  deformed 

and does not  i t se l f  rest on deformed rocks (Jones, 1973) ,  t h e  tops Of 

these l a r g e  salt mounds or bulges def ine  w h a t  may be termed salt 
a n t i c l i n e s .  These are not a n t i c l i n e s  i n  t h e  usual s ense  of t h e  term 

because the top and base of the u n i t  have t o t a l l y  d i s s i m i l a r  p r o f i l e s ;  

piercement assoc ia ted  w i t h  the  term salt a n t i c l i n e  is not gene ra l ly  

present .  This  belt of salt a n t i c l i n e s ,  then, i s  the  northwestward- 

t rending b e l t  of intraformational  salt deformation recognized by Jones a5 

occurr ing wi th in  the  C a s t i l e  and a f f e c t i n g  strata above t h e  C a s t i l e .  

S t r u c t u r a l  detail  wi th in  the l a r g e  salt a n t i c l i n e  loca t ed  a b o u t  5 miles 
nor theas t  of the center  of the proposed WIPP site has been provided by 

cores recovered frcm t h e  ERDA-6 hole d r i l l e d  near the center  of the 

a n t i c l i n e  (Anderson and Powers, 1978). S t r a t i g r a p h i c  i n t e r p r e t a t i o n  made 

by Anderson and Powers from study of the core i n d i c a t e s  t h a t  the middle 

anhydr i te  bed which o v e r l i e s  the salt has indeed been pushed up by the  

r i s i n g  salt but has apparent ly  acted as a semir ig id  confining b l a n k e t  

that was stretched upward l i k e  a f l ex ib l e  sheath; whether t h e  anhydr i te  

bed everywhere remained i n t a c t  or w a s  i n  places f u l l y  ruptured and 
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detached by extension is not  known. 

t h a t  mOSt of the  anhydri te ,  which a c t u a l l y  c o n s i s t s  of f i n e l y  

inter laminated calcite and anhydri te ,  was stretched by ex tens iona l  

microf rac tur ing  of the  c a l c i t e  laminae and i n - f i l l i n g  of the f r a c t u r e s  by 

mobilized calcium s u l f a t e ,  which presumably was der ived by d i f fus ion  or 

creep from adjacent anhydrite laminate. The process seems c l o s e l y  

analogous to boudinage i n  metamorphic rocks, and could be viewed as a 

microbudinage  s t r u c t u r e  brought about  by the properties of f i n e l y  

laminated c a l c i t e  and anhydri te  when subjected to  high shear stress under 

s u f f i c i e n t  confining pressure.  

What is d isp layed  i n  the core is - 

Anderson and Powers (1978) f i n d  that Halite-I salt, together  w i t h  

streched Anhydrite I1 or middle anhydri te ,  have i n  their  upward migrat ion 

pushed aside b o t h  the overlying upper sa l t  (Halite 11) and upper 

anhydri te  (Anhydrite 111) beds i n  t h e  manner of an in t rus ion ,  s i n c e  t h e  

s t r a t i g r a p h y  i n  the ERLIA-6 hole passes d i r e c t l y  from Infra-Cowden salt to 

Anhydrite 11. The authors show t h a t  the overlying Salado beds, though 

not  breached by the in t rus ion ,  are arched over it. It is the re fo re  

evident  t h a t  the arching effect i n  beds of the Salado and even younger 

r o c k s  referred to  by Jones (1973) along the belt of deformation is i n  a t  

least some cases due t o  the presence beneath these a n t i c l i n e s  of a s a l t  

core which arose from the lower part of the C a s t i l e  and p a r t l y  intruded. '  

t h e  overlying rocks. 

- 

1n .add i t ion  to reveal ing the cores of many of the salt a n t i c l i n e s  i n  the 

northwest-southeast b e l t  of deformation described above, t h e  subregional  

H a l i t e - I  isopach map (Anderson, 1978) shows numerous, sharp ly  def ined 

localized depressions a t  loca t ions  where the Halite-I salt is e n t i r e l y  

missing from the  sect ion.  I n  the c e n t r a l  part of the  basin,  these 

"deepseated sinks",  as Anderson calls them, do not have obvious su r face  

expression,  and are not c l e a r l y  related to  shallower d i s so lu t ion  

features--such as col lapsed and uncollapsed domes, d i s so lu t ion  f r o n t s ,  
castiles, and collapsed outliers--which have been described and 
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documented elsewhere i n  the  Delaware Basin region. 

isopachous depressions, sane of which are defined by a s ingle  data point, 

may possibly be at t r ibuted t o  "deep dissolution" processes (Anderson. 

1978), presumably acting from near, or perhaps below, the base of the 

salt section. A few appear, however, to originate w i t h i n  the Cast i le  i n  
s a l t  zones above the lower hal i te .  Anderson (1978) has proposed that  

sane of them may have propagated ver t ica l ly  upward i n  the evaporite 

sect ion t o  f o r m  known cylinders or chimneys of dissolved and collapsed 

debris. Alternatively, h a l i t e  flow fran adjacent regions i n t o  an t ic l ines  

may account for these paired features  as  i l l u s t r a t ed  i n  Anderson and 

Powers (1978). (For description of these features  i n  the Delaware Basin 

Many of these , 

subregion and a discussion of the i r  or igin and developnent, re fe r  t o  
-.-I.. 

regional geomorphology, regional s t ructure ,  and subsurface hydrology, 

Sections 3.2, 3.4, and 6.3). 

U n l i k e  the  belt of salt ant ic l ines  having cores of H a l i t e 1  salt, the 

d is t r ibu t ion  of the localized pockets  of miss ing ,  or great ly  reduced 

th i ckness  of, B a l i t e  I and higher Cast i le  or Infra-Cowden hali te that 

Anderson c l a s s i f i e s  as "deep sinks" is not confined to  a be l t  above or 

adjacent t o  the Capitan reef but includes mid-basin areas as well, as  

i l l u s t r a t ed  by Figure 16 of Anderson (1978). The nearest of these deep 

mid-basin features t o  the proposed WIPP site as  disclosed by the various 

h a l i t e  isopach maps of Anderson (1978) occurs about 5 miles southeast of 
the s i t e  a t  the  Eddy-Lea County l ine .  This  par t icular  feature is mt 

indicated to or iginate  within the  H a l i t e 1  zone of the  Casti le;  ra ther ,  

it appears to be a feature i n  the infra-Cowden salt (Anderson, 1978, 
Figure 7); compare t h i s  report, Figure 4.4-7, and re fer  to the section 
immediately following for additonal detail on the near-site structure.  

\-----*/- 

- 

It is not yet  clear whether a l l  or even sane of these deeply buried 

mid-basin "sinks" ident i f ied by Anderson have a hydrologic or ig in  

subsequent t o  diagenesis and salt deformation. If they do, they may w e l l  

be re la ted to other collapse features i n  the Delaware B a s i n  region as 

simply one manifestation of the same general process being seen a t  

d i f fe ren t  leve ls  of exhumation by erosion (Anderson, 1978, p. 58-59). 
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- 
The concept t h a t  these d iverse  s o l u t i o n  s t r u c t u r e s  a r e  being exhumed by 

present-day erosion suggests  that the  condi t ions of the i r  formation i n  

the geologic p a s t  may not be.present  today i n  kind or t o  t h e  same degree. 

The nature  of the deformation i n  the middle and upper part of the  sa l t  

sequence above t h e  Hal i te - I  zone is recorded by t h e  subregional  ha l i t e  

isopach and s t r u c t u r e  contour maps of Anderson (1978) and Brokaw et al. 

(1972). The salt isopachs of Anderson (1978, Figures  4 through 10) 

Clear ly  S h D W  t h a t  no other salt member of the evapor i te  sequence has 

experienced local f l o w  deformation as severe as the  H a l i t e 1  zone, nor 

a r e  the  "deep sinks" apparent ly  a s  prevalent  i n  t h e  middle and upper part 

as they are near the  base of the  Casti le.  The Halite-I1 member of t h e  

Cas t i l e  mirrors the same thickness  t rends  exhibited by the H a l i t e - I  bed, 

but  i n  a much muted manner. The infra-Cowden salt is the h ighes t  salt of 
t h e  Casti le-Salad0 sequence to e x h i b i t  marked thickening along the  t rend 

of the buried Capitan reef; it is also t h e  lowest, or f i r s t ,  major s a l t  

bed to  overtop and extend beyond the confines  of the reef margin i n  t h i s  

part of the basin. Even though no appreciable  thickening of Salado s a l t  

above the infra-Cowden is apparent over the Capitan reef margin 

(Anderson, 1978). structure contours a t  the base of the  Salado Formation 

(= t op  of C a s t i l e )  (Jones, 1973) and on the 124-marker bed wi th in  the 

MCNutt potash zone (Anderson, 1978) document tha t  t h e  Salado i s  indeed . '  

I 

: . 
. ,  , ,  ..$ 
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arched along t h e  basinward edge of the reef and confirm that the  salt 

deformation which occurs a t  depth around t h i s  margin had imposed an . .I 
, ,  , , '  

- _  . 
a n t i c l i n a l  s t r u c t u r e  on overlying strata, much as Jones (1973) descr ibed 

(also compare Brokaw e t  al., 1972 w i t h  Jones,  1973).  

The evidence presented i n  t h i s  s e c t i o n  regarding the subsurface s t r u c t u r e  

of Cast i le  and Salado ha l i te  beds and t h e  s p a t i a l  r e l a t i o n s h i p  of 

deformation s t r u c t u r e s  w i t h  the bounding Capitan reef margin suggests  

t h a t  viscous f low of salt w a s  i n i t i a t e d  by post-deposi t ional  reg iona l  
t i l t i n g  and t h a t  the C a p i t a n  reef acted as a dam or abutment obs t ruc t ing  
the eastward subsurface viscous f l o w  of the lower p a r t  of t h e  S a l t  

- s e c t i o n  which impinged aga ins t  it. The salt p i l ed  up s l i g h t l y ,  a s  a rug 

might when gent ly  pushed aga ins t  a wal l ,  u n t i l  l i t h o s t a t i c  equi l ibr ium 
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T, was at ta ined with the superjacent rock mass. That  l a rger ,  more dramatic 

s a l t  plumes were not formed i n  the Delaware Basin, as they are  known t o  

occur i n  the  Gulf  Coast basin, for  example, may be a t t r ibu ted  to Several 

factors.  Two of these factors  are the gentleness of the regional tilt 

and perhaps a re la t ive ly  shallow depth  of burial  of s a l t .  T h i s  would 

have resulted i n  lower l i t h o s t a t i c  pressures and re la t ive ly  higher 

viscosity of salt and hence greater resistance t o  migration. Evidence ' 
from structures  nearer the s i t e  (e.g., WIPP 11, a s  discussed i n  the next 
section) indicates  t h a t  the redbeds overlying t h e  Salado are  not always 

involved i n  the structure. Th i s  implies t h a t  sane of the  s t r u c t u r e s  may 

be Permian i n  age. 

NO conclusive evidence establ ishing t h e  exact t i m e  of regional t i l t i n g  of 

the Delaware Basin has yet been found, except t h a t  it occurred after 

C h i n l e  deposition (Late Tr iass ic  time) and before Ogallala t i m e  

(uppermost Miocene). King (1948) has proposed tha t  regional t i l t i n g  t c o k  

place i n  ear ly  t o  miZ-Tertiary, concomitant w i t h  known B a s i n  and Range 

faul t ing tha t  occurred i n  the region w e s t  of t h e  Delaware Basin, w i t h  

re la t ive  upthrow of the Guadalupe and Delaware Mountains. Certain 

re lat ions of Cretaceous s t r a t a ,  as described and discussed i n  section 4.5 

on geologic history,  and the long time span between Triassic and Late 

Cenozoic, suggest that there may have been ea r l i e r  episodes of moderate 

KegiOnal t i l t i n g ,  of which the present eastward tilt is merely t h e  

resul tant  vector s m a t i o n .  

Geologic S t r u c t u r e  of S a l t  a t  t h e  Site.  W i t h i n  the context of t h e  

subregional relationships of deformation i n  t h e  Castile-Salado evaporite 

sequence described and discussed i n  the previous subsec t ion ,  geologic 

s t ruc tura l  features  i n  t h e  salt lying beneath the WIPP s i t e  may now be 

reviewed. Figures 4.4-6 through 4.4-10 show, respectively, s t ruc ture  

contours on top of Cas t i le ,  on the 124-marker bed of t h e  Salado ( w i t h i n  

the MCNutt potash zone i n  t he  middle part of the Salado), on top of the 

Vaca Triste member ( top of N C N u t t ) ,  on the 103-marker bed, and on top Of 

the Salado. Geological sections across the  site area a re  shown on 

Figures 4.4-4 and 4.4-5. Gross s t r u c t u r e  of a l l  evaporite horizons 
I. 
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reflects t h e  regional  e a s t e r l y  hmoc l ina l  d i p  of 50 t o  100 f e e t  per 

mile. S a l t  deformation has modified t h i s  hanocline to  a va r i ab le  ex ten t ,  

gene ra l ly  more so i n  the  Casti le than  i n  t h e  Salado, inasmuch as the 

lower halite beds of the Cas t i le  appear t o  have been the most mobile 
(refer to  subsec t ion  4.3.3). 

Seismic r e f l e c t i o n  surveys performed a t  the site (G.J.  Long, 1977a, 

1977b) were designed i n  part to record t h e  r e l a t i v e l y  shallow Cas t i le  

horizons (for desc r ip t ion  of the seismic survey programs r e f e r  t o  Sec t ion  

2.4); survey l i n e s  are shown on Figure 4.4-6 along w i t h  the  w e l l  c o n t r o l  

po in ts .  A r e f l e c t i n g  horizon t e n t a t i v e l y  i d e n t i f i e d  on the  seismic 

records as t h e  top of Cas t i le  ( loca ted  about 100 f e e t  below the base of 

t h e  RH-zone) is contoured on Figure 4.4-6, which also shows prel iminary 

s t r u c t u r a l  i n t e r p r e t a t i o n s  made f r a n  t h e  seismic records. The contours 

of Figure 4.4-6 i n d i c a t e  that the e a s t e r l y  regional  dip of the Cas t i l e  is 
modified by a broad, northwesterly-trending r idge  and saddle 

configurat ion.  w i t h  c r e s t - t e t r o u g h  separa t ion  of .2  t o  3 miles and total 

s t r u c t u r a l  relief of up to  400 feet. According to  t h i s  i n t e r p r e t a t i o n ,  

the normal g rad ien t  of bedding i n  t h i s  part of the Delaware Basin (about 

100 feet per m i l e  or 1 to 2 degrees t o  the east/southeast) may be 

s i g n i f i c a n t l y  g rea t e r  and d i f f e r e n t  i n  d i r e c t i o n  l o c a l l y  a t  the t o p  of 

Cast i le ,  d i r e c t l y  beneath the proposed WIPP underground F a c i l i t y .  

S+c i f i ca l ly ,  Figure 4.4-6, G.J. Long's preliminary i n t e r p r e t a t i o n  of 

s t r u c t u r e  on the presmed top of Cast i le  about 100 feet beneath t h e  

proposed RH-Zone l e v e l ,  i n d i c a t e s  as drawn that local gradien ts  may be as 
g r e a t  as 400 feet per m i l e  (about  4 1/2 degrees) t o  t h e  sou th  and 

southwest. 

Northeast of the site, G.J. Long (December,  1977) shows a domal f ea tu r  

i n  s e c t i o n  36, T. 31 S., R. 22 E of about 500 f e e t  of s t r u c t u r a l  relief 

(Figure 4.4-6). ERDA-6, which was d r i l l e d  i n  sec t ion  35 j u s t  west of the 

crest of t h i s  f e a t u r e ,  encountered a geopressured ( a r t e s i an )  br ine  
r e s e r v o i r  i n  the Cast i le .  Studies  of the ERDA-6 core establish t h a t  t h e  

doming i n  t h i s  a rea  is due to a salt a n t i c l i n e  w i t h  a core of mobilized 

E a l i t e - I  salt (Anderson and Powers, 1978); refer to  Figure 4.4-4. Th i s  
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dome is located within the belt of salt deformation flanking the Capitan 

reef (refer to Section 4.4.3.1 and Chapter  2, Pigure 2-4) where such 

occurrences are to be expected. Artesian brine f l aw w a s  a l so  encountered 

by B e l c o  No. 1 Hudson-Pederal over a similar danal feature southwest of 

the si te i n  the Los Medanos gas f i e l d  area (Section 1, T. 23 S., R. 30 

E)., although no salt-cored an t ic l ine  of t h e  type encountered a t  ERDA-6 

is knwn to  occur there. 

The or ig in  of the inferred northwest-trending s t r u c t u r a l  ridge a t  t h e  top 

of t h e  C a s t i l e  a t  the northeast edge of the Zone-I1 exclusion area has 

not yet been determined; it may be a depositional s t ructure ,  or i t  may 

r e f l ec t  possible past  deformation by salt i n  underlying ha l i te  units.  

The steepness of the southward gradient suggests possible o f f se t  of one 

or more anhydrite beds a s  G.J. Long (1977b) has proposed. By contrast, a 

deep seismic reflection prof i le  running southwest-northeast across the 

center of the si te (Sandia Line 2, G.J. Long, 1977a; caupare Figure 

4.4-4) detected no anomalies a t  and below the lower part of the Cas t i le  

across the trend of the  ridge, whereas a s ignif icant  ananaly is apparent 

i n  the same prof i le  a t  the lower C a s t i l e u p p e r  Delaware l eve l s  across the  

Los Medanos gas f i e l d  southwest of t h e  site (refer to  Figure 4.4-4). 

- 

The more recent seismic investigation (G.J. Long, 197713) a l s o  defined an 

area of poor data qual i ty  t o  the north of the site. Frau the ERDA-6 

anomaly westward i n t o  Range 30 E. and southward i n t o  section 1 7  a t  the 

north edge of the  the s i t e ,  the qua l i ty  and continuity of data as viewed 

on the seismic records deteriorate.  This suggests the poss ib i l i ty  of 

increased s t r u c t u r a l  disturbance i n  t h i s  area, presmably caused, i f  

r ea l ,  by saue form of previous salt deformation. Deterioration of the 

seismic record can also be brought about  by ananalous or i r regular  

transmission character is t ics  of the overlying medim. For example, 

near-surface s t r u c t u r a l  disturbance, such a s  might be caused by 

d i s s o l u t i o n  i n  the Rustler, or the presence of an anomalously r i g i d  

near-surface layer such as caliche could change the qual i ty  of the  

seismic record (Dobrin, et al., 1954). A s a l t  an t ic l ine  a t  t h e  northwest 

corner of Section 9, TZZS, R31E, was suspected on t h e  basis of Seismic 

re f lec t ion  data; d r i l l i n g  (WIPP 11) confirmed the s t ruc ture  was present 

- 
!, 



4-69 

i n  the Castile. WIPP 11 d i d  not show any b r ine  or gas though d r i l l e d  t o  

the lower anhydri te  of t h e  Cas t i le  Formation. This  confirms t h a t  

a n t i c l i n a l  structures within the evapor i tes  are not always assoc ia ted  

w i t h  br ine  and gas. The apparent non-involvement of the redbeds i n  the 

s t r u c t u r e  may be i n t e rp re t ed ,  as noted i n  t he  previous section, as 
ind ica t ing  a Permian age for t h i s  s t r u c t u r e .  

A t  the  present  time, while these seismic r e f l e c t i o n  records are 

undergoing fur ther  study and review, addi t iona l  seismic r e f l e c t i o n  

surveys are being undertaken i n  conjunction w i t h  exploratory d r i l l i n g  a t  

critical loca t ions .  The results of these f u r t h e r  i nves t iga t ions  are t o  

be reported a t  a later date. 

Figure 4.4-7 presents  10-foot s t r u c t u r a l  contours on the base of the 

124-marker bed of t h e  Salado, which is the  deepest and most c o n s i s t e n t l y  

reported horizon i n  the p t a s h  explora t ion  gr id .  Figure 4.3-3 provides a 
stratigraphic o r i e n t a t i o n  for the 124 bed, which is i n  t h e  lower part of 
the McNutt, or middle Salado; a t  ERDA-9, the 124  m a r k e r  is 470 and 1,020 

feet, respec t ive ly ,  above the  a- and RE-level mining horizons s e l e c t e d  

f o r  waste disposal. A uniform, g e n t l e  eastward reg iona l  g rad ien t  of 80 

to  100 feet per mile across the r epos i to ry  is evident ;  there is no 

suggest ion of a northwest-southeast ridge for the Cas t i le  (Figure 

4.4-6). Two a n t i c l i n e s ,  or dmal structures, are present ,  one centered  

near the ERDA-6 l o c a l i t y  and the other a t  the  Los Medanos gas f i e l d .  A t  

both s t r u c t u r e s ,  and only a t  these s t r u c t u r e s  i n  the map area, 
explora tory  d r i l l i n g  encountered a r t e s i a n  b r ine  reservoirs i n  the 

Castile.  No such s t r u c t u r e s  are indica ted  by the  124-marker bed contours 

to  be present  wi th in  the s i t e  exclusion area.  

-, 

- .~ , 
. ,  

I 
. ,  

1 
,' .>,  

I , . ,  
The comparison of Figures  4.4-6 through 4.4-8 to each other i n d i c a t e s  

that s t r u c t u r a l  dis turbance is present  within the Cas t i le  t h a t  i s  not ''* 

reflected upward to  any grea t  ex ten t .  

beds is a f r a c t i o n  of that of the C a s t i l e .  The i n f e r r e d  f a u l t i n g  a t  
depth has not been confirmed by d r i l l i n g ,  seismic data and d r i l l i n g  i n  

t h e  area i n d i c a t e s  salt remains i n  t h e  C a s t i l e  rather than disappearing 

as any consequence of t h e  f a u l t i n g .  

.i' ' 
? 

.I, .I 
S t r u c t u r a l  r e l i e f  on the upper 

- 
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A 
Two depressions i n  t h e  124-marker bed are indica ted  t o  occur near t h e  

Site (Figure 4.4-7). 

map there is a depression w i t h  probably less than 100 f e e t  of c losure ;  

t h i s  is the same f e a t u r e  i d e n t i f i e d  by Anderson (1978) as a poss ib l e  
"deep s ink" ,  and apparent ly  is r e l a t e d  to  a g r e a t l y  reduced or missing 

s e c t i o n  of the Infra-Cowden (Anderson, 1978, Figure 7) .  It is near ly  4 

miles from the edge of the Zone-I1 exclusion area. A second depression 

Of the 124-marker bed horizon is centered  about a m i l e  nor th  of Zone11 

exc lus ion  area, a t  t h e  southwest corner of s e c t i o n  9. A single-hole 

anomaly w i t h  50 f e e t  structural c losure ,  i t  is not reflected by any 

isopach a n m a l i e s  i n  t h e  Salado (Figures  4.3-4 through 4-3-71. nor does 

it correspond to  any ev ident  s t r u c t u r a l  f e a t u r e  higher i n  the Salado 

(compare f i g u r e s  4.4-8 t h r u  4-4-10). S a l t  isopach m a p s  o f  Anderson 

(1978) i n d i c a t e  no anomaly a t  t h i s  l oca t ion ,  nor does the recent  seismic 
r e f l e c t i o n  work  by Long (1977b) show subsurface d is turbance  of horizons 

near t h i s  point .  These nega t ive  ind ica t ions  suggest the  f e a t u r e  might 

have developed contemporaneously w i t h  depostion and is not  s i g n i f i c a n t  to  

the WIPP site. Nevertheless,  results obtained frm exploratory d r i l l i n g  

w i l l  be noted and appl ied  if re levant .  Bigher l e v e l s  within t h e  Salado 

are contoured i n  F igures  4.4-8 and 4.4-9 (refer to  Figure 4.3-3 for 
l o c a t i o n  i n  s e c t i o n ) .  

1s sonewhat less than the area covered by Figures  4.4-7 and 4.4-10, t h e  

two maps are v i r t u a l l y  i d e n t i c a l  i n  conf igura t ion  and gradien t  and 

e x h i b i t  no s i g n i f i c a n t  structural f ea tu res  other than the reg iona l  " 

I n  Lea County i n  s e c t i o n  31 a t  the east edge of the 

- 
1, 

Within the area contoured on these Figures ,  which 

. 
grad ien t .  I ,  

,, , 

S t r u c t u r e  contours on t op  of the Salado, or at the contac t  between the  

Salado and t h e  R u s t l e r ,  are displayed i n  Figure 4.4-10. It should be 

r e c a l l e d  (Sect ion 4.1) t h a t  there is less data con t ro l  for the top of the  

Salado than for deeper horizons i n  t h e  Salado, because potash indus t ry  

explora t ion  p r a c t i c e  normally inc ludes  coring and geophysical w i re l ine  

logging only  for horizons below the top of the  Salado. 

for top of the Salado is therefore provided mainly by those potash 

explora tory  holes commissioned by WE. 
4.4-10, the same domal f e a t u r e  a s soc ia t ed  w i t h  the salt-cored a n t i c l i n e  

Reliable con t ro l  

Outlined by contours on Figure 
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1 
and b r ine  r e se rvo i r  encountered by ERDA-6 is still i n  evidence. The 

change from regular  contours i n  Range 31 E. t o  a more i r r e g u l a r  

conf igura t ion  i n  Range 30 E. is due to d i s so lu t ion  a t  the top of Salado. 

and is also r e f l e c t e d  i n  the  upper Salado isopach map (Figure 4.3-7). 

(Refer t o  Sec t ion  6.3 for a d iscuss ion  of d i s so lu t ion  processes i n  the 

s i t e  area.). A 70-foot depression is apparent ly  recorded by an 

i n d u s t r i a l  potash hole (Hole F-91) a m i l e  nor theas t  of the Zone-I1 

exclusion boundary; two s imi l a r  but smaller f ea tu res  occur a couple of 

miles f a r t h e r  northwest. Since there is no geophysical or core record 

ava i l ab le  fo r  hole F-91 a t  the top  of the  Salado, it may w e l l  be that the 

f irst  encounter of Salado salt is simply not recognizable i n  the  record 
for t h i s  p a r t i c u l a r  hole. 

Assming the record is accurate ,  however, i t  is not known a t  t h i s  t i m e  

whether the apparent  depression is a f e a t u r e  of sedimentary o r ig in ,  

a l though the horizon is a contac t  zone between two formations, or whether 

t h e  f e a t u r e  is related to  post-depositional solution processes. I t  

should be noted t h a t  t h i s  apparent depression is about a m i l e  east of, 

and s t r u c t u r a l l y  a b u t  700 f e e t  higher than, a similar depression 
contoured on the 124-marker bed (Figure 4.4-7, discussed above). 

However, no such a n m a l i e s  have been de tec ted  on intervening horizons i n  

the Salado (Figures  4.4-8 and 4.4-9). Furthermore, a l i n e  connecting the 

two apparent depressions would have a maximm s lope  of less than 8 

degrees. The ava i l ab le  evidence therefore ind ica t e s  that it is unl ike ly  

t h a t  there is a phys ica l  cont inuat ion of t h i s  assumed depression a t  the 

t o p  of the Salado to horizons lower i n  the evapor i te  sequence. On the 

other hand, there is an approximate spatial  coincidence of t h i s  

depression w i t h  a shallow (less than 30 feet of relief)  topographic 

depression a t  ground sur face  containing mapped playa deposits (Figure 

4.2-4).  R e s i s t i v i t y  profiles ( E l l i o t ,  1977) i n d i c a t e  only minor 

s u r f i c i a l  d i s turbance  a t t r i b u t a b l e  to  Shallow basin f i l l  w i t h  no 

ind ica t ion  of probable subsurface collapse s t ruc tu re .  
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Prel iminary i n t e r p r e t a t i o n  of seismic r e f l e c t i o n  data (Long, 1977b) near ---. 
t h e  top of t h e  Salado indica ted  the p o s s i b i l i t y  of f a u l t i n g ,  w i t h  a ! 
poss ib l e  displacement of 100-250 feet, less than one m i l e  nor th  of 

ERDA 9. Consequently four holes (WIPP 18, 19,  21, 22) were d r i l l e d  

bracket ing the poss ib l e  loca t ion  of the f a u l t i n g  (see Figure 2-10) t o  
v a l i d a t e  the i n t e r p r e t a t i o n .  The r e s u l t i n g  borehole data shows no 

apparent f a u l t i n g  i n  t h i s  region. 

r e f l e c t i o n  f o r  that p a r t i c u l a r  se i smic  program are not  apparent ly  use fu l  
for primary i n t e r p r e t a t i o n  of the s t r a t i g r a p h y  a t  the  top of the Salado. 

Revision of f i e l d  parameters i n  f u t u r e  surveys may permit more secure  

i n t e r p r e t a t i o n  of data f o r  such shallow reflectors. 

The data collected by seismic 

.. ,“i .~.,- 

A prel iminary assessment of the proposed WIPP site r e l a t i v e  to s t r u c t u r a  

f e a t u r e s  p re sen t ly  ind ica ted  i n  the Salado and Cas t i le  salt formation 

enclosing the s e l e c t e d  CH- and RB-storage l e v e l s  can naw be s t a t e d .  

S t r u c t u r e  w n t o u r  maps of various horizons i n  the  Salado Formation 

i n d i c a t e  a uniform e a s t e r l y  regional  s t r u c t u r a l  g rad ien t  of about 80 t o  

100 feet per m i l e  across the l i m i t s  of the  proposed storage f a c i l i t y ,  

w i t h  l i t t l e  ind ica t ion  of the presence of any s i g n i f i c a n t  s t r u c t u r a l  

anomalies. P l a s t i c  deformation and buckling a s soc ia t ed  w i t h  salt 

migrat ion or flowage has apparent ly  not occurred i n  t h e  Salado i n  t h e  

geologic past to the ex ten t  t ha t  it has i n  the lower levels of the 

underlying Cast i le  Formation. Areas i n  the  region i n  which a r t e s i a n  

brine reservoirs have been encountered are associated w i t h  thickened salt  
s e c t i o n s  and salt-cored a n t i c l i n e s  i n  the C a s t i l e .  However, a thickened 

salt  sec t ion  and salt w e e d  a n t i c l i n e  w a s  d r i l l e d  i n  WIPP 11 (Sec. 9, T. 

22 S. R. 31 E.) without encountering f lu ids .  Further, t h e  occurrence of 
these reservoirs appears to be c o r r e l a t i v e  w i t h  cons i s t en t  s t r u c t u r a l  

highs, del imited by s t r u c t u r e  contours  of successive horizons i n  t h e  

over ly ing  Salado Formation. No such s t r u c t u r a l  f e a t u r e s  are recognizable  

wi th in  t h e  l i m i t s  of t h e  WIPP storage fac i l i ty  on any of t h e  Salado 

horizons contoured; i n  f a c t ,  the si te,  i f  anything, appears to  be i n  a 

s l i g h t  s t r u c t u r a l  saddle.  
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Among aspec ts  needing f u r t h e r  i nves t iga t ion ,  perhaps the  most s i g n i f i c a n t  

is a determination of the ex ten t  to which the upper levels of the C a s t i l e  

closest to t h e  r epos i to ry  l e v e l s  have been deformed by any salt 

deformation that may have taken place i n  the lower halite u n i t s  of the  
Cast i le .  There is no suggestion here of deformation of the type 

associated w i t h  a r t e s i a n  br ine reservoirs. Seismic r e f l e c t i o n  techniques 

suggest ,  however, t h a t  a c e r t a i n  amount of f l e x u r e  occurs  i n  t h e  upper 

l e v e l s  of the Castile beneath the proposed limits of .the repos i tory ,  

which could poss ib ly  affect local s t r u c t u r a l  g r a d i e n t s  i n  the  lower part 

of the Salado. Faul t ing  on the Cast i le  reflector has also t een  

infer red .  Inves t iga t ions  are i n  progress  t o  fu r the r  def ine  and delimit 

s t r u c t u r a l  conf igura t ions  near the  top  of the  C a s t i l e  and the ex ten t  to  
which  t h e s e  s t r u c t u r e s  may be r e f l e c t e d  within the lower part of the 

Salado where excavation of the RE- and C H - l e v e l s  is present ly  planned. 

T h i s  knowledge w i l l  permit a more detailed assessment r e l a t i v e  tot the 

loca t ion ,  design and cons t ruc t ion  of the storage f a c i l i t y  but  is not 
bel ieved n e c e s s x y  for a general  q u a l i f i c a t i o n  of t h e  s i te  area. - .- 

' >  ,', 

I .  * 
. ,  ( 1  , 4.4.4 Shallow S t ruc tu re  

-.. 
A s  discussed i n  Sec t ion  4.4.1, i n  the Los Medanos area a d i s t i n c t i o n  may 

conveniently be m a d e  between s t r u c t u r a l  f e a t u r e s  exhib i ted  by r o c k s  

occur r ing  above unleached salt beds and s t r u c t u r a l  f ea tu re s  of a l l  other 

strata. The d i s t i n c t i o n  may be made because rocks above the  Salado a t  
t h e  si te have a t  one time or another i n  the geologic past been s u b j e c t  to  

weathering processes and hence might d i sp lay  secondary s t r u c t u r e s  r e l a t e d  

t o  surficial d i s so lu t ion  and subsidence that would not have been imposed 

upon deeper strata. Accordingly, shallow s t r u c t u r e s  a t  the WIPP site have 

a p o t e n t i a l  for greater i r r e g u l a r i t y  and complexity than those which 

occur a t  depth. "Shallow s t ruc tu re"  is here def ined t o  inc lude  t h e  

Rus t le r  Formation which extends to a d e p t h  of about 850 feet beneath the 

center  of the  site (refer t o  Figure 4.3-3). Figures  4.4-11 through 
4.4-15 are s t r u c t u r e  contour maps on Rus t le r  and higher strata,  
cons t ruc ted  f rm the data obtained f rm wire l ine  geophysical logging Of 

holes d r i l l e d  a t  the WIPP s i t e  to  assess potash reserve  po ten t i a l .  - 
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Shallow Subsurface S t ruc ture .  S t r u c t u r e  contours on top of the Culebra - 
Dolomite member of t h e  Rustler Formation are shown on Figure 4.4-11 I 

(refer to Figure 4.3-3 f o r  l oca t ion  i n  site geologic  colmn). 

Culebra is the most product ive aqu i f e r  i n  the  Rus t le r  Formation. The 

c lose ly  spaced contours i n  the  southwestern quadrant of the map def ine  a 

slope of a b o u t  80 feet per mile eastward (compare Figure 4.4-9). The 

wider spacing of contours i n  the e a s t e r n  half of the map is anomalous 

w i t h  respect to  regional s t r u c t u r e  and marks  t h e  increas ing  amount of 
ha l i t e  preserved progress ive ly  eastward i n  t h e  Rustler below the Culebra 

member. A s i m i l a r  conf igura t ion  is evident  on top of the R u s t l e r ,  Figure 

4.4-12: aga in  the  reg iona l  g rad ien t  appears i n  the southwestern 

quadrant ,  while an anomalously gentle eastward gradien t ,  i n  sane places 

even reversed, signifies thickening due to  an increas ing  content  of sa l t  

preserved fran d i s s o l u t i o n  (see Figure 6.3-7). V i r t u a l l y  t h e  same 
p a t t e r n  is observed w i t h  respect t o  the s t r u c t u r e  contours of the-Magenta 

D o l o m i t e  member (Griswold, 1977). Isopachs of t h e  R u s t l e r  (Figure 4.3-8) 

s h o w  the g rad ien t  and amount of eastward thickening. A broad, shallow 

depression w i t h  30 t o  40 feet of closure near hole  P-11 appears near the 

nor theas t  corner of the si te on both the Magenta and the  top  of R u s t l e r  

l e v e l s ,  but not on the  Culebra. Poss ib ly  it represents  an area of 
g rea t e r  d i s s o l u t i o n  i n  the upper part of the Rus t l e r ,  s i n c e  Rus t le r  

isopachs show the  Rus t le r  is not thickening eastward a t  t h i s  particular 

The 

-21 
I 

. .  
. 1  , '  location (Figure 4.3-8) I 

The area i n  F igures  4.4-11 and 4.4.-12 wherein the reg iona l  g rad ien t  is 

r e f l e c t e d  by t h e  Rus t le r  s t r u c t u r e  contours  i den t i f i e s  the area where t h e  

Rus t le r  has been leached of most of its salt, and hence presumably where 

maximun se t t l emen t  of overlying r o c k s  has occurred,  assuming, of course,  
that no d i s s o l u t i o n  t o o k  place prior to depos i t ion  of overlying Dewey 

L a k e  strata. Jones (1973) supp l i e s  a subregional  s t r u c t u r e  contour map 

of the Dewey LakeRus t l e r  contact and recognizes that the unevenness it 

shows is due t o  the added complexities of subsidence (Jones,  1973). A 

l o w  r e so lu t ion  seismic r e f l e c t i o n  survey conducted at  the si te (C.B. 

Reynolds, 1976) suggests  the presence i n  the  Rus t le r  of more loca l i zed  

and higher amplitude i r r e g u l a r i t i e s  than would necessa r i ly  be defined by 
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data  p o i n t s  i n  Figure 4.4-12. However, the k n m  top-of-Rustler data 

po in t s  frm potash explora t ion  shown on Figure 4.4-12 are i n  near ly  

complete disagreement w i t h  e l eva t ions  of t h i s  horizon i n t e r p r e t e d  fran 
t h e  shallow seismic da ta  (Reynolds, 1976). I t  would appear that the  

r e f l e c t i o n s  of horizons i n  t h e  Rust ler  obtained by t h i s  shallow survey 

method are not of s u f f i c i e n t  q u a l i t y  to provide a b a s i s  for making 

s t r u c t u r a l  i n t e r p r e t a t i o n s .  The subsurface data collected to date 

i n d i c a t e  t h a t  the  d i s so lu t ion  of salt i n  the R u s t l e r  has not been 

accompanied by the developnent of highly i r r e g u l a r  subsidence structures 

i n  the overlying strata a t  t h e  WIPP si te.  

Proceeding higher i n  the s e c t i o n ,  the top  of Dewey L a k e  Redbeds (Figure 

4-4-13] i s  the f i rs t  horizon that does not reveal the eastward gradien t  

of the  Delaware Basin that a l l  lower horizons show. The Dewey L a k e  

su r f ace  across the s i t e  area is undulatory, poss ib ly  r e f l e c t i n g  to  sane 

ex ten t  o r i g i n a l  undulations i n  the uncomEormable Dewey Lake-Santa Rosa 

con tac t  mentioned by Jones (1973). A broad depression near hole P-11 

w i t h  a b o u t  50 feet of c losure  is i n  t h e  same loca t ion  as a similar 

depression on the underlying Rus t le r  sur face  (Figure 4.4-12). 

Subregional s t r u c t u r e  contours of Jones (1973) i n d i c a t e  considerable  

i r r e g u l a r i t y  of the Dewey Lake  sur face  as is also suggested by Figure 

4.4-13, but o v e r a l l  t h e  su r face  slopes northeastward. Isopachs of t h e  

Dewey L a k e  Redbeds (Figure 4.3-9) disclose t h a t  the west-trending slope 

of t h e  Dewey L a k e  sur face  a t  t h e  w e s t  edge of Figure 4.4-13 is the result 
of the Late T e r t i a r y  e ros ion  which is associated w i t h  t h e  developnent of 

Nash D r a w  and which completely t runca te s  the Dewey Lake  i n  Nash Draw 

itself (Brokaw, e t  al . ,  1972). Continuation of t h i s  e ros ion  surface t o  

the east across higher s t r a t a  is q u i t e  obvious i n  Figure 4.4-14, 

contoured on the surface of the Santa  Rosa Sandstone. S t ruc tu re  contours 

of t h e  Gatuna sur face  (below Mescalero caliche) ( r e f e r  t o  Figure 4-4-15] 

show v i r t u a l l y  the same conf igura t ion  as does the Santa  Rosa surface on 

the east and the  Dewey L a k e  sur face  on t h e  w e s t ,  i nd ica t ing  t h a t  t h e  t h i n  

Gatuna veneer w a s  deposited over these sur faces  after e ros ion  occurred. 

... .. 
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S u r f i c i a l  S t ruc tures .  Extensive s u r f i c i a l  deposits of dense sand a l l  but  
preclude the observat ion of sur face  geologic s t r u c t u r e  a t  the WIPP s i t e  
(F igure  4.2-4: refer t o  maps by Bachan  i n  Jones, 1973, and by Vine, 
1963).  The neares t  measurements of bedding o r i e n t a t i o n  appearing on 
Bactman's map are a t  the edge of The Divide, some 6 miles nor theas t  of 
the center  of the proposed WIPP site. The Nash D r a w  geologic quadrangle 
map by Vine (1963) shows no such measurements, f o r  Vine recognized t h a t  
d i s s o l u t i o n  of sa l t  i n  r o c k s  beneath Nash D r a w  had caused widespread 
slumping of the su r face  rocks. Thus, they are not i n d i c a t i v e  of o r i g i n a l  
S t ruc tures .  H e  documents places where not only salt but  considerable  
gypsum has been dissolved.  I n  Nash Draw the Magenta and C u l e b r a  dolomite 
members of the Rus t le r  are observed i n  contac t ,  whereas normally, when 
leached of salt only ,  they are separated by 120 f e e t  of gypsum (Vine, 
1963).  

-, 

I n  mapping the overlying Dewey Lake Redbeds, he noted that, 
"exposures of the redbeds are coxmuonly t i l t e d  or draped i n t o  simple 
s t r u c t u r e s  a s  a r e s u l t  of the collapse and swel l ing  that accompanies 
s o l u t i o n  and hydration of the underlying evapor i te  rocks. Sane 
exposures...along the margin of Nash Draw s h o w  a downwarping i n t o  
t h e  topographic depression t h a t  is presumably the result of removal 
of so lub le  rocks .  For t h i s  reason, s t r i k e  and d i p  readings,  even on 
t h e  very apparent parallel s t r a t i f i c a t i o n  of the redbeds, do not  
necessa r i ly  r e f l e c t  the s t r u c t u r e  of older rocks" (Vine, 1963). 

Jones (1973) a f f i rms  t h a t  "it is impossible to piece together  a 

meaningful s t r a t i g r a p h i c  sec t ion  fran study or mapping of outcrops" i n  - 
Nash Draw. "The (exposed) r o c k s  are porous, f r i a b l e ,  and loose-textured, !I 

and a l l  are s t rongly  jo in t ed ,  cavernous, and l o c a l l y  brecciated. 

S t r a t i f i c a t i o n  is obscured or completely obliterated, and the  a t t i t u d e  of 

bedding can r a r e l y  be determined w i t h  any degree of confidence" (Jones,  

1973, refer also to  d iscuss ion  of Rust ler  s t r a t ig raphy ,  Sect ion 4.3.2). 

I t  should be emphasized that t h i s  sur face  evidence of jumbled s t r u c t u r e  - - 

is r e s t r i c t e d  t o  Nash  Draw and has not been descr ibed f o r  t he  area 

between Livingston Ridge and the WIPP site. I 
i 
I 

N o  s u r f a c e  faul ts  have been mapped w i t h i n  5 miles of the center  of t h e  < ~ 

WIPP site: f a u l t s  that are mapped a t  the sur face  are d i s t a n t  and are 
p l a i n l y  related to collapse fea tu res .  Bachman's (1976) mapping east of 

t h e  WIPP si te  shows no su r face  f a u l t s .  The nea res t  faults mapped by Vine 

(1963) involve Rus t le r  offsets i n  Nash D r a w  a b u t  9 miles southwest of 

the  si te i n  sec t ion  18, T. 23 S., R. 30 E. Although he recognized these 

faults as being produced by k a r s t  processes, involving areas of c i r c u l a r  

or semic i rcu lar  r o c k  defonnat ian up t o  a few thousand f e e t  i n  diameter, 

he was unsure of how to account f o r  the fact t h a t  sane were p o s i t i v e  
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topographic f e a t u r e s  or dmes (Vine, 1960; Vine, 1963). Anderson (1978) 

be l i eves  that they may be the eroded remnants of former caverns i n  salt 

whose roofs  had collapsed; the  collapsed debr i s  then remained as t h e  

upper part of the  surrounding s a l t  w a s  p a r t i a l l y  dissolved and c a r r i e d  

away (refer to  regional  geanorphology, Sect ion 3.2).  

Livingston Ridge, 4 m i l e s  northwest of the site, m a r k s  the  edge of Nash 

Draw,  a broad swale developed by a combination of e ros iona l  and 

d i s s o l u t i o n  processes. Bachman (1974) mapped occurrences of caliche i n  

the  region around t h e  WIPP site, and noted the s t r u c t u r a l  r e l a t i o n s h i p  of 

the c a l i c h e  to depressions such as Nash Draw (refer to  s t r u c t u r e  mntour  

map of the Mescalero caliche i n  Bachan ,  1976).  Be concludes t h a t ,  

"major so lu t ion  and collapse preceded and followed the accumulation 
of the Mescalero caliche i n  Nash Draw..." (Bachman,l976). "The 
Mescalero caliche probably formed on an undulatory stable surface.  ... Along Livingston, Quehada, and Nimenim Ridges ... t h e  caliche dips  
abrupt ly  i n t o  the  adjacent  depressions.  The crowding of contours,  
the  presence of fractures, and t h e  uniform th ickness  of t h e  caliche 
along these ridges i n d i c a t e  tha t  Nash D r a w  Draw and Clayton Basin 
were subjec ted  to  collapse after the formation of t h e  Mescalero 
caliche. On the  other hand... the  uniform spacing of the contours i n  
the area of t h e  Divide between Livingston and Antelope Ridges suggest  
that t h i s  surface. .  .approaches its o r i g i n a l  slope" (Bachman, 1974). 

Thus, 'surface mapping and s t r u c t u r a l  i n t e r p r e t a t i o n s  have found no 

evidence of any anomalous s t r u c t u r e  i n  the v i c i n i t y  of the WIPP s i te  e a s t  

of Nash D r a w  t h a t  might be ind ica t ive  of s i g n i f i c a n t  d i f f e r e n t i a l  

subsidence of underlying s t r a t a .  Such surface f e a t u r e s  and s t r u c t u r a l  
r e l a t i o n s h i p s  tha t  are exposed i n  the area reveal  no i n d i c a t i o n  of any ,?!,  

s u r f a c e  f a u l t i n g  a t  the WIPP site. 
ki' @ > 

1 t ? : :  c:::;: 
4; , r , !  j' ! h I 6,; 

3 ;  I... 

?2 

I n  suamary, surface and shallow subsurface s t r u c t u r e  i n  the v i c i n i t y  of 
the WIPP site has presunably been modified t o  sane ex ten t  by loss from 

d i s s o l u t i o n  of 100-200 f e e t  of salt o r i g i n a l l y  present  i n  the Rus t le r  

Formation. The r e s u l t i n g  subsidence and se t t lement  would not be expected 

to have progressed i n  a p e r f e c t l y  constant  and uniform manner over an 

area  of seve ra l  square m i l e s .  On the other hand, there is no ind ica t ion  

of the  presence of the types of chaot ic  s t r u c t u r e  encountered i n  the 

x Rust le r  i n  Nash Draw,  as described by Jones (1973) and by Vine (1963). 
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I n  t h e  Nash Draw area, the widespread collapse structures observed are - 
I due t o  extensive dissolution i n  the Salado rather than i n  the Rustler 

alone. Further, the successive erosional s t r ipping of Santa Rosa, Dewey, 

and R u s t l e r  s t r a t a  westward i n t o  Nash Draw, coupled w i t h  the general 
eastward regional dip of the evaporite s t r a t a ,  indicates  t h a t  the amount 
of overburden above the level of dissolution actual ly  w a s  much less i n  

Nash Draw than it presently is eas t  of Livingston Ridge. Thus the 

potent ia l  for s ignif icant  d i f fe ren t ia l  subsidence t o  have occurred 
beneath the Los Medanos site s e a  to have been minimized by the 

restriction of salt dissolution t o  beds w i t h i n  the Rustler and by the 

re la t ive ly  high overburden pressure which would have tended to provide 

more uniform settlement as sal t  was being removed. Strat igraphic  data 

from potash holes dril led i n  the  site area indicate no major 
i r r egu la r i t i e s  i n  b r i z o n s  above the Salado (Figures 4.4-10 through 

4.4-15). 

4.4.5 Summary and Conclusions 

Jones (1973) concludes that: 

"The structure of the Los Medanos area is basical ly  simple and the 
rocks are,  for  the  most pa r t ,  only s l igh t ly  deformed. Nevertheless. 
the rocks have been t i l t ed ,  warped, eroded, and subroded (i.e., 
subjected t o  subsurface s o l u t i o n ) ,  and d iscre te  s t r u c t u r a l  features  
can be recognized. These include: (1) s t ruc tu ra l  features of 
regional extent re la ted t o  Permian sedimentation, (2 )  int ra-  
formational folds of l imited extent re la ted to "down-the-dip" 
movement of salt under the influence of gravity and weight of 
overburden, and (3) subsidence folds  related t o  warping and s e t t l i n g  
of rocks to  comform wi th  the general shape and topography of the 
surface of salt i n  areas of subrosion... 

"On the basis of available geological information, the salt deposits 
of ( the)  Los Medanos area s e e m  i n  many ways to c o n s t i t u t e  a sui table  
receptacle for use i n  a pilot-plant repository for radioactive 
wastes. The deposits have thick seams of rock salt a t  moderate 
depths, they have escaped almost cmple te ly  undamaged from long 
periods of erosion. The deposits are only s l igh t ly  s t ruc tura l ly  
deformed, and they are located i n  an area t h a t  has had a long 
history of tectonic s tab i l i ty . "  

Information t h a t  has  been developed i n  the succeeding f i v e  years Of 

investigations has l i t t le  altered that assessment re la t ive  t o  the 
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st ructural  and t ec ton ic  condi t ions present  a t  the WIPP site. Based on 
explora t ion  accomplished to date, a series of s t r u c t u r e  contour and 

isopach maps is presented fo r  r o c k s  ranging i n  age f r a n  Devonian to  

Pleis tocene.  Th i s  and other information ind ica t e s  t h a t  t e c t o n i c  f a u l t i n g  

and warping of rocks i n  the s i t e  v i c i n i t y  seems to be restricted t o  

Pennsylvanian and older rocks and t o  have predated Permian evapor i te  

deposi t ion;  c e r t a i n  minor f a u l t i n g  wi th in  the t h i c k  Permian s e c t i o n  

appears to have occurred contemporaneously w i t h  sedimentation. 
Deformation r e l a t e d  to  salt flowage has occurred pr imar i ly  i n  the Cas t i le  

Formation beneath t h e  Salado, and has perhaps modified t h e  reg iona l  

e a s t e r l y  g rad ien t  to  80 t o  100 feet  per m i l e  to sane ex ten t  a t  the l e v e l  

of the s to rage  horizons near the base of t h e  Salado. Areas i n  the 

v i c i n i t y  of the site i n  which a r t e s i a n  b r ine  reservoirs have been 

encountered are assoc ia ted  w i t h  thickened salt sec t ions  and sal t -cored 

a n t i c l i n e s  i n  the C a s t i l e ,  but  no such structural f ea tu res  are 
recognizable wi th in  t h e  limits of the WIPP storage f a c i l i t y  on any of the 

Salado horizons contoured. The s i te ,  if anything, appears to  be i n  a 
s l i g h t  s t r u c t u r a l  saddle ,  a condi t ion considered t o  be a favorable  

c r i t e r i o n  f o r  s i t e  se l ec t ion .  Disso lu t ion  of bedded salt beneath the 

site has been r e s t i c t e d  to horizons wi th in  t h e  R u s t l e r  Formation: there 

is no evidence that  the r e s u l t i n g  se t t lement  produced any s i g n i f i c a n t  

s t r u c t u r a l  i r r e g u l a r i t i e s  or co l l apse  f e a t u r e s  i n  t h e  overlying strata 

wi th in  the area of the WIPP site. Inves t iga t ions  are cont inuing to  

fu r the r  de f ine  the e x t e n t  to  which salt deformation i n  the  C a s t i l e  may 
have affected the s t ruc tura l  conf igura t ion  wi th in  the lower p a r t  of the 

Salado where excavation of t h e  RE- and CB- l e v e l s  is p resen t ly  planned. 

These inves t iga t ions  w i l l  p e r m i t  a more d e t a i l e d  assessment of the  

optimum l o c a t i o n ,  design, and cons t ruc t ion  method of t h e  s to rage  f a c i l i t y .  

4.5 S i t e  Geologic History 

Three main phases characterize the geologic h i s to ry  of the WIPP si te 

subsequent to  t h e  o r i g i n a l  e s t a b l i s h e n t  of a g r a n i t i c  basement i n t r u s i v e  

complex between a b i l l i o n  and a ha l f -b i l l i on  years ago, forming the  

- c ra ton ic  c rus t  beneath the s i t e .  The f irst  phase, of a t  least 500 
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million years' duration, w a s  a time of up l i f t  and erosion of all .-. 
I 

p r e e x i s t i n g  Precambrian sedimentary and metamorphic r o c k s  which may have 

'once been deposited or formed i n  the s i t e  area, eventually exposing the 

deep-seated igneous rocks .  The second phase w a s  characterized by an 

almost continuous marine sutmergence las t ing  about 225 m i l l i o n  years, 

wherein shelf and shallow bas in  sediments slowly accmulated. This 

depositional phase culminated i n  a comparatively rapid accumulation Of 

over 13,000 feet of sediment w i t h i n  a re la t ive ly  brief period l a s t ing  50 

to 75 mill ion years, toward the end of which time t h i c k  evaporite beds, 

mainly rock sa l t ,  were deposited. Uplif t  and subaerial conditions next 

returned t o  the site i n  the th i rd  and f i n a l  phase, and have persisted 

some 225 mill ion years t o  the present, w i t h  the exception of a brief 

mar ine  inundation i n  the middle of tha t  span of time. Periods of 

terrestrial deposition al ternated w i t h  erosional episodes, so that a 

series of nomar ine  deposits separated by unconformities blanket the  

evaporite beds at the site. 

Since the f i r s t  phase mentioned above rea l ly  r e f l ec t s  the absence of any - 
evidence i n  the geologic record a t  the site for  specific events which may 

have occurred during the latter part of Precambrian t i m e ,  the following 

review of s i t e  geologic history considers only post-Precambrian events. 

Additional discussion of geologic history i n  a regional context is 
contained i n  Section 3.6. The reader is referred t o  Figure 4.3-2 for 
s t ra t igraphic  orientation. 

The Precambrian basement terrane, exhmed during the vast  erosional 
regime of la te  Precambrian time, was f i r s t  suhmerged a t  the s t a r t  of 

Ordovician time, w i t h  deposition of the basal B l i s s  Sandstone. FrOm 

Ordovician time through Pennsylvanian time i n  t h e  southeastern par t  Of 

New Mexico where the site is located, marine sediments accumulated slowly 

but continuously. Shelf and shallow basin deposition progressed 

marginally t o  or within broad, nearly f l a t  subsiding bas in  areas of the  

Tobosa Basin t h a t  formed northern arms of t h e  Ouachita trough (Brokaw e t  
al., 1972). 
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The dominantly carbonate section (dolomite and l imestone) from Ordovician 
through Mississ ippian time (a span of roughly 180 mi l l i on  years)  

i nd ica t e s  s t a b l e  shelf and gen t ly  subsiding shallow basin environments. 

A sandy elastic sequence i n  mid-Ordovician time (Simpson Group) may 

perhaps s i g n i f y  mild u p l i f t  of a landmass a n c e s t r a l  to  t h e  Cent ra l  Basin 

Platform. 

recognized elsewhere i n  t h e  region (refer to  Sect ion 3.51, none is 

evident  i n  the s i te  area. The f i r s t  s i g n i f i c a n t  post-Cambrian emergence 

or marine regress ion  occurred during t h e  Early and Middle Devonian, but  

the area apparent ly  was a broad p l a i n  never e leva ted  much above sea  

l eve l .  Marine waters reinvaded the area i n  L a t e  Devonian t i m e ,  
accompanied by unconformable depos i t ion  of d i s t i n c t i v e  black shale 

(Woodford Sha le ) ,  followed by a r e t u r n  to  carbonate accumulation i n  Ear ly  

Mississ ippian t i m e .  Continued subsidence of t he  area was accompanied by 

Although an Ordovician-Silurian unconformity has been 

deep-water deposition of dark, s i l t y  shale (Barne t t ) .  n 

The end of Miss i ss ip ian  t i m e  heralded s i g n i f i c a n t  regional  warping an 
t ec ton ic  a c t i v i t y .  Major f a u l t i n g  accompanied upwarp of p o s i t i v e  

t e c t o n i c  elements i n  the region,  including the  Cent ra l  Basin Platform 

area (refer to Sect ion 3.6). These p o s i t i v e  land  masses provided a more 

abundant supply of elastic d e t r i t u s  which was c a r r i e d  i n t o  adjacent  

marine basins  and deposited on moderately warped, t i l t ed  sur faces .  A t  

about t h i s  t i m e ,  the  t e c t o n i c  framework of the Delaware Basin began 

developnent. The site area received>sandy Lower Pennsylvanian Morrowan 
sediment and more or less amt inuous ly  accumulated sediment over the  

remainder of the period as repeated basin margin f a u l t i n g  caused 

periodic, s t rong  u p l i f t  of the bordering platforms and sane warping 

within the basin.  By the end of Pennsylvanian time, d i f f e r e n t i a l  

t e c t o n i c  upwarp had ceased (refer to  Sec t ion  3.6). 

A t  the  WIPP site, sedimentation w a s  continuous from Pennsylvanian i n t o  

Early Permian time. I n  c o n t r a s t  to Pennsylvanian deposi t ion,  however, 

t h e  Delaware Basin subsided a t  a g r e a t l y  accelerated pace during Permian 

t i m e ,  p a r t l y  by downwarp and p a r t l y  by downfaulting along p r e e x i s t i n g  

basin margin f a u l t s .  Perhaps the previous Pennsylvanian t e c t o n i c  
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a c t i v i t y  had predisposed the  Delaware Basin to  more rap id  downwarping; a t  
any rate, a th ickness  of about 9,000 f e e t  of Wolfcampian, Leonardian, and - 
Guadalupian sediment w a s  deposi ted over l i t t l e  more time than  had been 

required for about 2,500 feet of Pennsylvanian s t ra ta  to  accumulate. 

sequence tended to progress  f r a n  shale t o  bas in  l imestone t o  sand, 

poss ib ly  r e l a t e d  t o  encroachment of the basin margin reef deposits, as 
the c e n t r a l  part of the basin continued to  subside more r a p i d l y  than  the 

shelf areas .  Although basin margin reef buildup was a c t i v e  i n  both  

Leonardian (Bone Springs)  and Guadalupian (Delaware Mountain) time, i t  

was mt u n t i l  the  l a t t e r  part of Guadalupian time that mnt inuous ,  

massive r ee f s ,  accre t ing  r ap id ly  to  k e e p  pace w i t h  continued bas in  

subsidence,  v i r t u a l l y  enc i rc led  the basin. T h i s  process culminated wi th  

the formation of the  massive Capitan reef limestone, which approaches t o  

wi th in  9 miles of the s i te  and del imited the Delaware Basin a t  that 

time. Although for many mi l l i ons  of years  previous t o  t h i s  t i m e ,  var ious  

lesser reef deposits had been encroaching inward upon the basin,  t h e  

Capi tan reef def ined a more restricted area of the Delaware Basin than 

was ever the case previously.  A t  t h e  WIPP s i te ,  t h e  basin f a c i e s  

equiva len t  t o  t h e  Capitan reef  is t h e  B e l l  Canyon Formation, mostly 

siliceous sandstone i n  lithology. When the Capitan reef  eventua l ly  

enc i r c l ed  the basin a t  the  clwe of Guadalupian time, the top of B e l l  

Canyon w a s  1,000 to  1,500 f e e t  lower i n  e l eva t ion  than its facies 

equiva len t  high on top of the reef only a f e w  m i l e s  away. A t  t h i s  t i m e  

t h e  r ee f  had closed o f f  free access of the  open sea to  the  Delaware 
Basin,  s e t t i n g  t h e  s t age  for t h e  ensuing p r e c i p i t a t i o n  of t he  Ochoan 

1, 

The 

-, 

I, 

evapor i tes .  

As the seawater i n  t h e  salt basin of Casti le time evaporated t o  bri 

precipitation of anhydri te  and l imestone, followed by anhydr i te  and 

f i n a l l y  salt ( h a l i t e )  occurred. Several  major incursions of seawater 

must have r e f i l l e d  the basin,  for there are a number of t h i c k ,  laminated 

anhydr i te -ca lc i te  beds separated by t h i c k  salt members. 

salt bas in  w a s  sh ie lded  fran clastic sediment depos i t ion  by high bounding 

reefs, the C a s t i l e  evapor i tes  tend to  be the most chemically pure of the 

Ochoan evaporites. 

Because t h i s  

Eventually t h e  Cast i le  evapor i tes  f i l l e d  the  bas in  
4 

h 
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enclave t o  t h e  l e v e l  of t h e  top of t h e  s h e l t e r i n g  reef masses. The 

Salado sa l t  then extended over the top  of the still subsiding reefs, 
burying them and extending outward i n t o  t h e  Permian Basin. Although the 

region continued to  subside,  reef organisms could n o t  surv ive  i n  the 

br iny environment, and bu r i a l  of t h e  r e e f s  by t h e  Salado resulted i n  t h e  

f i n a l  disappearance of the Delaware Basin as a paleogeomorphic e n t i t y .  

The Salado, inasmuch as it formed i n  a broad, reg iona l ly  ex tens ive  b r ine  

bas in  not  bounded by pro tec t ive  reefs, was more s u s c e p t i b l e  t o  clastic 

i n f l u x ,  and therefore its ha l i te  deposits are gene ra l ly  sanewhat less 

pure than those of the  Casti le.  Nearly 2 , 0 0 0  feet of mostly r o c k  salt 
accumulated before an increase  of clastic i n f l u x  accompanied by a 

decrease i n  s a l i n i t y  caused deposition of Rus t le r  lithologies to  occur 
(anhydri te  more dominant w i t h  s i g n i f i c a n t  th'icknesses of clastic rocks). 
F i n a l l y  i n  a shallowing sea or on marginal mudflats,  the Dewey Lake  

Redbeds were deposited as subsidence gradual ly  ended, covering the salt 

beds with a t h i c k  clastic blanket. This  w a s  the  f i n a l  episode, about 225 

mil l ion  years  ago, of a remarkable accumulation of marine deposits which r- I 

had been f i r s t  l a i d  down i n  Ordovician t i m e .  , "% 
; ' , 5 
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N o  Lower T r i a s s i c  strata occur a t  t h e  WIPP site, nor are they known i n  ,' .?" A , . "  
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-i;~ - the region ( r e f e r  to  Sec t ion  3.6.4). It w a s  a t i m e  of general  regional  

epeirogenic  u p l i f t  and erosion;  only a s l i g h t  angular unconformity is 
present  between Dewey L a k e  s t r a t a  and overlying s t r a t a  (Jones, 1973). 
According to Bachan  (1974), "it is poss ib l e  t h a t  sane d i s so lu t ion  of 

Permian so luble  rocks  occurred i n  the periods of u p l i f t  during T r i a s s i c  

time", but direct evidence of t h i s  has not been found i n  southeas te rn  N e w  

Mexico. Isopachs of the Dewey Lake where it is covered by Upper T r i a s s i c  

r o c k s  i nd ica t e  a t h i c k n e s s  of about 500 f e e t .  Furthermore, Jones (1973) 

i n d i c a t e s  the pre-Upper Triassic Dewey Lake  th ickness  decreases 

northwestward. Although the  actual o r i g i n a l  p ro t ec t ive  th ickness  of the  

Dewey Lake westward across N a s h  Draw and over t o  the Pecos is now 

indeterminate due to  l a t e r  removal by erosion,  it is i n t e r e s t i n g  t o  

speculate whether some d i s so lu t ion  f ea tu res  and processes present ly  
observed there may not have had the i r  beginning i n  Early T r i a s s i c  time, 

over 200 mil l ion  years  ago. 
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I n  Late T r i a s s i c  time in land  basin streams l a i d  down f loodpla in  depos i t s  - of t h e  Santa  Rosa  and Chinle  Formations, the  f i rs t  record of non-marine !, 

depos i t ion  i n  the area. The total  o r i g i n a l  th ickness  of La te  Triassic 

deposition is not k n m ,  because of an e ios iona l  su r f ace  on t h e  T r i a s s i c  

of the region. The first eros ion  to have ac ted  upon the T r i a s s i c  r o c k s  

l a s t e d  from the clc6e of T r i a s s i c  time t o  Late  Ea r ly  Cretaceous,  a per iod 

which may have l a s t e d  as long as 90 m i l l i o n  years. In  l a t e s t  Ea r ly  

Cretaceous time (Washita, about 100 m.y.b.p), a shallow sea t ransgressed  

across the s i te  area and deposited an unknown th ickness  of marine 

sediments. L a t e r  erosion removed a l l  but  slumped or sunken r e s i d u a l  

fragments of a presumably once ex tens ive  Cretaceous cover. 

These Late  Triassic-Early Cretaceous r e l a t i o n s h i p s  hold important 

implicat ions for. the h i s t o r y  of both salt d i s s o l u t i o n  and salt 

deformation i n  the  D e l a w a r e  Basin. As Bachan  (19741, has s t a t e d ,  

" In  c e n t r a l  and southeas te rn  N e w  Mexico where T r i a s s i c  r o c k s  are 
preserved they are overstepped by r o c k s  of Cretaceous age. I n  
genera l ,  these Cretaceous r o c k s  rest on progress ive ly  o lde r  rocks 
toward t h e  south and southwest. After c u t t i n g  across the wedge edge 

s t r a t a  a t  many places i n  southern New Mexico." 
- of Triassic rocks, t h e  Cretaceous r o c k s  rest on Permian or older I ,  

By p l o t t i n g  l o c a t i o n s  of these small Cretaceous o u t l i e r s  and not ing the 

age of rocks on which they occur ,  Baclman (1976) reconstructed an 

approximation of the J u r a s s i c  e ros ion  su r face ,  shar ing  where Permian 

rocks were unprotected by T r i a s s i c  cover and exposed to  eros ion  scmetime 

during the Jurassic-Early Cretaceous e ros iona l  in te rva l .  The s k e t c h  

shows t h a t  Permian r o c k s  along the  western edge of t h e  Delaware Basin 

were exposed t o  the atmosphere and presumably eroded during Jurassic 
time. 

the western part of the Delaware Basin a t  t h i s  time" (Bachman, 1976). TO 

the extent  that "deep d isso lu t ion"  features are recognized today i n  S a l t  

a t  depths of s eve ra l  thousand feet below the su r face  (Anderson, 1978) ,  it 

~'. 

"Probably sane d i s s o l u t i o n  of Permian salt and gypsm occurred i n  

seems q u i t e  l i k e l y  that similar f e a t u r e s  would have been present  and 

developing a t  comparable depths during the J u r a s s i c  e ros ion  100-190 

mi l l i on  years  ago. Further, considerable  d i s so lu t ion  effects could have 

been i n i t i a t e d  or acce lera ted  during the Cretaceous a t  times preceding or 
-. 

I 
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subsequent to Washitan sutmergence, p a r t i c u l a r l y  i n  view of the humid or 
even tropical condi t ions known to  have characterized the Cretaceous i n  

N o r t h  America. 

A second aspect of the above-described Triassic-Early Cretaceous 

r e l a t ionsh ips  relates to the h i s t o r y  of salt deformation a t  the WIPP 

si te.  Pr ior  t o  Cretaceous suhnergence, Jurassic erosion had bevel led the  

blanket of Upper T r i a s s i c  D o c k m  sediments t o  a wedge that pinched O u t  

westward across the Delaware Basin. Evidently,  eastward regional  t i l t i n g  

had occurred, a t  least by the end of Jurassic erosion. Since t h i s  tilt 

would have involved the  underlying salt beds, sane salt flow and 

deformation may have occurred a t  t h i s  time. Deformation may even have 

continued during the  time i n  which the reg ion  w a s  suheerged by the 

Cretaceous marine incursion and was later covered by an unknown thickness  

of marine s t ra ta .  

@ Although the dura t ion  of the Cretaceous ep icont inenta l  marine 

t ransgress ion  is not p rec i se ly  known for t h i s  area, probably e a r l y  i n  

l a te  Cretaceous time the  sea w i t h d r e w ;  dur ing t h e  remainder of Late  

Cretaceous time the area w a s  probably of low relief and only  s l i g h t l y ,  

above sea level (Hayes, 1964). No e a r l y  or middle T e r t i a r y  deposits are 

known i n  t h e  site area, so that geologic  events  near the s i t e  over t h e  60 

mil l ion  years after the end of Cretaceous time and the beginning Of  

Pl iocene time are poorly known. Major u p l i f t  probably t o o k  place 
concurrent w i t h  the  Laramide orogeny that occurred farther north and 

West. "Probably la te  i n  the Cretaceous Period or very e a r l y  i n  t h e  

T e r t i a r y  Period the e n t i r e  reg ion  w a s  e leva ted  by broad epirogenic  u p l i f t  

and was t i l t e d  s l i g h t l y  to  t h e  northeast"  (Hayes, 1964). The Cretaceous 

rocks were eroded t o  expose Triassic r o c k s  i n  the eas t e rn  ha l f  of the 

Delaware Basin and Permian r o c k s  i n  t h e  western ha l f  of the basin.  This  

e ros ion  again subjected Permian salt to  f u r t h e r  d i s so lu t ion  (Bachman, 

1974) ,  and produced a second eros iona l  t runca t ion  of L a t e  Triassic Dockum 

sediments (Jones,  1973). I n  Oligocene t i m e  (35 m.y.b.p.), lamprophyre 
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(basa l t ic )  dikes were intruded i n  the  subsurface along a northeast- A 

southwest dike trend which occurs about 8 miles northwest of the site; 
t h i s  is the  only post-Precambrian igneous r o c k  known i n  the  N e w  Mexico n 
part of the Delaware basin.  

By Late Miocene time conditions became less a r i d  and eastward-flowing 

a l luv ia l  d i s t r ibu tor ies  began t o  deposit sandy and gravelly sediment ove>- 

an i r regular  erosion surface. Deposi t ion of these sediments, referred to 

as  t h e  Ogallala Formation, began as  early as 12 m i l l i o n  years ago and 

ended before the close of Pliocene t i m e ,  perhaps as early as 4 mill ion 

years ago (BaChnan and Johnson, 1973). The nearest Ogallala occurrence 

is a t  The Divide, 6 or more miles northeast of the s i te ,  where i ts  
maximum thickness is only 27 feet, which is considered t o  represent an 

or ig ina l ,  or depositional, thickness (Bachman, 1974). 

I t  is not knam whether any Ogallala sediments were ever deposited a t  or 

west Of the s i t e ,  or to w h a t  extent dissolution subsidence features  were 

gecmorphically expressed i n  Nash D r a w  and southwestward w i t h i n  the 

Delaware B a s i n  by the t i m e  the erosional p la in  associated w i t h  Ogallala 

deposition had developed. Bachnan (1976) states t h a t ,  "by the end of 

Ogallala time the High Plains surface w a s  probably continuous westward 

across the present Pecos River drainage t o  the backslope of the 

Sacramento Mountainsn i n  the region north of the  Delaware Basin but that 

"the Ogallala Formation may not have been deposited i n  the Pecos 

depression southward frm Carlsbad.. . . 
drainage may have been present i n  the v ic in i ty  of the  modern Pecos River 

during pre-Ogallala time, (Bachman's) work does not support an 
in te rpre ta t ion  of t h i c k  Ogallala f i l l  southwest of The Divide" (Bacban. 

1974). Nevertheless, Bachman (1976) believes "much of the lowering of 

the Pecos R i v e r  Valley has occurred as  a result of dissolution Of 

evaporites i n  the underlying Permian rocks s ince Ogallala t i m e . "  

- 

Although sane form of major 

When Ogallala deposition ceased i n  Late Pliocene time, the region around 

t h e  s i t e  was tectonically s tab le  and the climate was a r id  t o  semiarid: 

during t h i s  t i m e  a caliche caprock developed on the  Ogallala surface. -. 
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Renewed erosion t o o k  place during e a r l y  P le i s tocene  time following 

Basin-and-Range t ec ton ic  a c t i v i t y  and rejuvenat ion of the  Rocky 

Mountains. A t  the  si te t h e  effect of t h i s  u p l i f t  and increased r a i n f a l l  

w a s  to  cause a renewal of e ros iona l  and d i s so lu t iona l  a c t i v i t y .  Active 

stream eros ion  i n  t h e  site area caused a t h i r d  e ros iona l  surface to  be 
i n c i s e d  i n t o  the Late T r i a s s i c  sediments; i n  Nash Draw, t h i s  erosion c u t  

deep i n t o  t h e  Dewey Lake  Redbeds a t  t h e  same time t h a t  Nash Draw w a s  

a c t i v e l y  co l laps ing  due t o  subsurface d i s so lu t ion .  Eventually these 
channels and s inks  were f i l l e d  w i t h  t h e  Gatuna Formation, which w a s  

der ived from reworked Ogal la la  and older sediments, and a veneer of 

Gatuna ma te r i a l  was deposited across  t h e  Los Medanos Mid-Pleistocene 

sur face .  Bachman considers  that t h i s  erosion and depos i t ion  occurred 

"during t h e  most humid c l ima t i c  condi t ions t h a t  have existed i n  the area 

Since Ogal la la  time" (Bachman, 19741, and t e n t a t i v e l y  correlates the 

Gatuna depos i t ion  w i t h  Kansan time, which ended approximately 600,000 

years  ago. 

, '  .* ,i 
, I  

\ .  
- 

After depos i t ion  of the Gatuna Formation, a caliche (Mescalero caliche) 
caprock formed on the Gatuna sur face  i n  a semiarid environment during an 

i n t e r v a l  of climatic and t e c t o n i c  s t a b i l i t y  (Bachman, 1974). R e g i o n a l  

climatic cons idera t ions  lead Bacl'nnan to  ass ign  a mid-Pleistocene age f o r  

the Mescalero caliche, which he t e n t a t i v e l y  correlates w i t h  the Yarmouth 

i n t e r g l a c i a l  s t age ,  or about 600,000 years  before the  present  (refer to  
Sec t ion  4.3.2). 

___ /. 

.- 

Since the formation of the Mescalero caliche sane hal f  a mi l l i on  years  

ago, l i t t l e  geological  a c t i v i t y  has occurred a t  t h e  WIPP site. I n  the 

Pecos Valley a number of P le i s tocene  sur faces  can be i d e n t i f i e d  which 

provide sane c l u e  t o  the evolu t ion  of t h e  regional  drainage system (refer  

t o  Regional Gemorphology, section 3.2.2.1). A t  t h e  edge of Nash D r a w  

along Livingston R i d g e ,  the  Mescalero caliche is f rac tu red  and draped 

i n t o  the draw, ind ica t ing  t h a t  Nash Draw w a s  subjected to  some 

d i s so lu t ion  and subsidence i n  the half  mi l l ion  years  subsequent t o  

formation of the caliche, presumably during the  more p luv ia l  periods of 

I l l i n o i a n  or Wisconsinan g l ac i a t ions .  Similar evidence ex is t s  along 
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- 
other  slopes and i n  s inks  wi th in  and adjacent  to Nash Draw, but is not  

observed away from Nash Draw i n  the d i r e c t i o n  of the s i te .  

most obvious a c t i v i t y  a t  t h e  s i t e  has been the formation of a near ly  

continuous cover of windblown sand and sand dunes i n  Late P le i s tocene  and 

Recent time, bel ieved to have been suppl ied  fraa t h e  east rather than 

from the Pecos area to the west. The sand apparent ly  w a s  eroded from the  

Ogal la la  i n  w e t  climatic i n t e r v a l s  and was blown westward across the area 

during dry i n t e r v a l s .  I .  

Perhaps the  

-~ .. 
.-, 

, ,  
' , .  . 

4.6 SUMM?aRY 

Inves t iga t ions  of the si te geology for the WIPP def ine  the geology as it 

is p resen t ly  known for determination of the genera l  s u i t a b i l i t y  of the 

s i te .  Many of the f a c t o r s  i n  Chapter 2 are addressed here i n  Chapter 4. 

The u l t imate  accep tab i l i t y  of the s i t e  f o r  a r epos i to ry  may only cane 
after the detailed geology of the s i t e  is known from underground w r k i n g s .  

The site physiography and geanorphology shows the site to have been 

r e l a t i v e l y  s t a b l e  through the las t  500,000 yea r s  or more. The 

developnent of the Mescalero caliche, and the l a c k  of developed drainage 

are indicative. Localized s inks  or basins  are s u r f i c i a l .  

S i t e  s t r a t ig raphy  and l i t ho logy  including the evapor i t e s  shows con t inu i ty  

from the reg iona l  s e t t i n g .  The evapor i tes  a t  the si te are about 3500' 

t h i c k ,  and include the C a s t i l e  Formation, Salado Formation and R u s t l e r  

Formation from bottom to top. The subsurface s t r u c t u r e  a t  the  WIPP s i t e  

wi th in  the evaporites is salt deformation three miles nor th  of the site 

center  and poss ib ly  also one mile nor.th. The s t r u c t u r e  three miles nor th  

involves  deformation of t h e  C a s t i l e  and lower Salado; d r i l l i ng  (WIPP 11) 

showed the deformation to be upward bulging of salt,  but  no severe  

displacements and no br ine  or gas were encountered. The s t r u c t u r e  one 

m i l e  nor th  appears to be snaller, and is of concern mainly for design of 

underground workings. It is being inves t iga t ed  f u r t h e r  f o r  t h i s  

purpose. Within the si te s t r u c t u r e  contours on evapor i t e  horizons s h o w  

areas w i t h  s l i g h t  c losure ;  the range of p r e c i s i o n  of data f r a n  indus t ry  
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.- sources  and na tu ra l  v a r i a b i l i t y  can probably account for these f e a t u r e s  
though s l i g h t  deformation or d i s s o l u t i o n  could also be invoked. No 

s u r f i c i a l  f a u l t s  are known a t  the WIPP site. 

The p o t e n t i a l  repos i tory  zones are located i n  the Salado Formation a t  

depths frm 2730' to  2620' (remote handling) and 2176' to 2074' (contac t  

handling).  These beds are chosen on the cmbined  basis of p u r i t y ,  depth, 

t h i ckness ,  mutual separa t ion ,  and depth below the potash zone. 

The geological  h i s to ry  of the s i t e  i s  encompassed i n  the geological 

h i s to ry  of the region. 
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3191 
3110 
3338 
3337 
3313 
33B8 
3316 
3358 
3311 
3288 
3158 
3118 
3258 
N I A  

3110 
N l A  
3131 
3308 
N l A  
3471 
3404 
3376 
3363 
3w 
3381 
3420 
3411 
3480 

3553 
3510 
3471 
3345 
3.06 
3415 
3410 
3381 
3490 
3510 
3 x 6  
3546 
3595 
3508 
3479 
3460 
3418 

3541 

P-ERDA POTASH HOLE 
V-U.S. POTASH CO. lM1SS1SSIWI WTASHb 

~ ... 
D DTS .DUVALCORP. 
I -INTERNATIONAL MINERALS 
PP-PERMIAN POTASH 
F-FC +ERR McCEE 
N/A-NOT AVAILABLE 

1181 
1743 
1719 
1510 

m45 

1731 
mM 
1111 
mo9 
mE0 
1669 
2641 
1673 

X54 

1103 
1619 

mi5 

mm 

mi6 

mi1 

mi1 
mi 
2647 
1748 
7748 

N l A  
N I A  
1lW 
N I A  
2811 
1.01 
N I A  
1551 

Xda 

law 
1411 
1470 
1481 
1390 
2W8 
1450 
1467 
1515 

1595 
2555 
x70 
15% 
1476 
1451 
1448 
1419 
1.06 
2411 
1391 
1480 
1470 

m x  

16m 

mi1 

mi4 

BOREHOLE INFORMATION F O R  THE VICINITY OF THE WlPP SITE 

TABLE 4. 1 - 1  
BASE 124 

ELEVATlOh 

1381 
3046 
1 9 9 7  
I 8 8 1  
1910 
I861 

1998 
,871 
1954 
1133  
2108 
1101 
m 4 5  

1991 
1930 
1937 
1981 
1883 
1867 
1939 
1965 
M 3 9  
2069 
lmn 
m 3  
N I A  
l W 3  
N I A  
-7 
2031 
M I A  
1791 
I818 
1961 

1867 
1181 
1688 
1781 
1155 
1801 
1661 
1705 
1167 
1874 
1886 
I165 
1819 
1803 
,110 
!867 
1673 
t 6 l 9  
15% 

1590 
1883 
1883 

1961 

m i 4  

t 888 

ism 

TOTAL 
D E R H  

1880 
N I A  
1483 
1644 
I813 
1000 
1561 
1115 
3918 

I3950 
1110 
1113 
1135 
1 166 

14913 
I3950 
1 5 m  
1514 
7443 
15% 
1598 
I545 
1443 

1345 
1301 
1l86 
1111 
NIL 
1230 
N I A  
1195 

17555 
N I A  

1135 
1880 

1 .OM 
1563 
I603  
1681 
1818 
1767 
1788 
4910 
1995 
1915 
1830 
1576 
I613 

1702 
1616 
1816 
1975 
19)O 
1ooo 
4766 
xx)9 

1993 
1885 
1895 

mm 

HOLE 
NO 

V 4  
P l  
Pb 
I 3 7 4  
P 15 
P 9  
I 3 7 5  
D 113 
G I  
JEN Y 

8 6  I 
FED 1 
8 1  
I 3 8 3  
JR 3 
D I  
D 31 
D 119 
D 3 7 6  
D 111 
D 197 
D 111 
D 18 
I 3 7 8  
I 3 1 3 1  
1 4 1 1  

1443 
1415 
D TSS 
PP (9 
I 310  
1 4 4 6  
1411 
1453 
6 385 
,441 
I c u  
I454 
D 19 
1 4 4 0  

A A  3 
I459 
I458 

P ( 7  
P I  
P I" 

p a  

- 
CB I 
JR 7 
I?S4 
1449 
n7 

PI I7 

1L89 
1- 

wa 

w m  

,450 
F E D 5  

T/R/S 

13131118 
121311l9 
12131130 
11131130 
1113113l 
12131133 
11131133 
11131134 
1113 I134 
12131118 
12132119 
1113z31 
1313011 
1313011 
1313011 
1313012 
1313011 
1313011 
1313013 
1313013 
1313013 
1313013 
13130110 
3313OllO 
13130110 
11130110 
73130111 
1313Olll 
13130113 
13130113 
1313c113 
13130113 
23!301l3 
13130113 
1313011. 
13130114 
13/301%4 
13130114 
23130115 
131M)lS 
13/31/2 
13 '3 I13 
1313114 
1313l14 
1313114 

1313115 
1313 1 I5 

1313111 
1313111 
7313111 I 
13131114 
13131115 
331311l5 
1313l118 
1313lIl8 
13131118 
1313211 

13n115 

1 3 m m  

3 4 4 1  
3446 
3554 
3340 
3310 
YOB 
3390 
3431 
MY) 
396 

3611 
3 m  
3171 

3141 
1144 
3244 
3191 
3151 
31.1 

3146 
3190 

3140 

3185 
3135 
3110 
N I A  

qi10 
IW 
31.0 
3185 
3170 
3130 
3170 
31.9 
N I A  
3453 
3.18 
3385 
3336 
3 y o  
3331 
3373 

3319 
3m 
3310 
3485 
3405 
l a l o  

3 m  

3yI)  
3538 

n m  

3m 

31m 

3 m  

v m  

33x1 

w m  
3790 

1511  

m 
1735  
1168 
3538 
moo 
14u 
1495 
1.7, 
3378 
1294 

1831 
3*)6 
3- 
rill 
3% 

1141 

2095 

mi5 

m i  

mi 
m a  
YmI 
27e.n 
3185 
1153 
1770 
7m5 
l S 3 C  
N I A  
1740 
1130 
174 1 

1 7 3 0  
1770 
1755 
17.5 
1735 
1117 
N I A  
7383 
1483 
2 y 9  
7631 

1701 
2 6 7 7  
mE1 
3713 
1 7 9 0  
I00 
1375  
1.05 
1488 
1489 
1715 

m 0  
NIL. 

mz5 

msx 

I3ASE 124 
ELEVATION 

IW 
I850 
1891 
1931 
1957 
1714 
I788 
1 M 4  
I IOB 
1664 
1518 
,441 

1115 
l W l  
3 0 1 1  
3011 
M38 
1m1 

m 
?I10  
N I A  
m40 

M36 
m41 
1028 
I S 3 8  
1848 
N I A  
lWd 
1976 
1Wl 
1963 
m 4 5  
x a 7  
m3 
1ooo 
Is51 
Nlr\ 
1583 
I819 

1791 
1W5 
1071 
1853 
I845 

,964 
1- 

1593 
I594 
1m 
1880 

1900 
1854 
N11 

mi* 

m 3 5  

!mi 

tom 

1n7 i  

REFERENCE' 

Adopted from 
G r i s w o l d ,  1977 

T O l A L  
DEPTH 

I857 
1591 
I513 
I538 
146s 
9 7% 
I146 
111110 
4416 
4m8 
uy)1 
4717 

14311 
1301 

1310 
1314 
I350 
1113 
,1118 
1 I36 
1073 

1117 
1241 
1m 
l170 
1385 
l4B5 
N I A  
I 3 4 1  
I34K 
1400 
I 4 0 6  

I115 
1140 
1300 
13w 
N I A  
5180  
I855 
1750 
1080 
1080 
I515 
1505 
4 m  

14590 
1438 
1515 

imei 

I m5 

I la5 

m33 
3079 
ism 
1910 
1538 
1510 
1570 
471)  
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5.1 INTRODUCTION 

The study of the Los Medanos site region's seismicity is of interest for 

two reasons. First, it forms the primary basis for the analysis and 

selection of reasonably expected vibratory ground motion for use in 
aseismic design: second, when considered along with the geology and 

tectonic history of the region, it provides some indication of current 

and long-term tectonic stability. In this chapter both aspects of the 

regional seismicity aze discussed. 

In Section 5.2 the temporal and geographic distribution of observed 

earthquakes in the site region are discussed. The regional seismicity 1s 

considered in two separate time intervals suggested by the type and 

quality of information available during each interval. These incervals 

are: before 1962, and from 1962 to the present. In the post-1962 

period, several specialized instrumental studies are considered in 

addition to a more general regional instrumental survey. 0 Using the information developed on regional seismicity, and some 

additional simple assumptions about regional tectonism, a preliminary 

analysis of probabilistic vibratory ground motion at the ground surface 

is derived in Section 5.3 in a way that is useful for seismic design 

characterization at the site during its active phase of developnent and 

use. This analysis shows that short-term accelerations during the 

operational phase are likely to be very modest. 

higher acceleration levels occur depend almost exclusively on the 
assumptions made about the seismic capabilities of the immediate Site 

Probabilities at which 

area. 

Finally, in Section 5.4, regional seismicity is considered as an 

indicator of long-term tectonic processes. Regional Stress patterns, as 

implied by focal mechanism solutions for regional earthquakes and in-situ 

stress measurements, and regional tectonism, as implied by earthquake 
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- 
recurrence statistics, a r e  both considered. Several  t e n t a t i v e  
conclusions are reached as a r e s u l t  of t h i s  s tudy and are ou t l ined  a t  the 

conclusion of t h i s  chapter. 

5.2 SEISMICITY 

I n  t h i s  s ec t ion  the temporal and geographic d i s t r i b u t i o n  characteristics 

of observed earthquakes i n  the site region are discussed. Detailed 

d iscuss ion  is restricted t o  earthquakes within 300 kilometers (about 186 

miles) of t he  Los Medanos site i n  view of historical ana lys i s  by Sanford 

and Toppozada (1974). 

As always, i n  studying any s i n g l e  earthquake or. group of earthquakes, it 

is important to note the date of occurrence i n  r e l a t i o n  to the s ta te  of 
the  art of seismology a t  the t i m e .  The c e r t a i n t y  w i t h  which fundamental 

p r o p e r t i e s  of earthquakes, such as size and location, can be determined 

l a r g e l y  depends on the a v a i l a b i l i t y  and q u a l i t y  of i n s t r m e n t a l  data. 

P r io r  to 1960, near ly  a l l  information on t h e  s t r eng ths  and d i s t r i b u t i o n  

of earthquakes i n  New Mexico was determined without the  a id  of 

i n s t r m e n t s  (Sanford, 1965). Therefore,  in ferences  which may be drawn 

from pre-1960 se i smic i ty  s t u d i e s  are fundamentally d i f f e r e n t  and more 
specu la t ive  than i n s t r u n e n t a l l y  der ived parameters. 

,,. 

i , ”  ’ 

.~. 
Ins t rumenta l  s t u d i e s  of earthquakes i n  New Mexico began i n  June 1960 when 

high magnif icat ion SeisMIgraphs were placed i n  opera t ion  by t h e  New 

Mexico I n s t i t u t e  of Mines and Technology a t  SOCOKKO, and by the  A t o m i c  

Energy Commission a t  Sandia Base near Albuquerque (Sanford e t  al.,  

1972). These two stations provided Sane information on locations and 

s t r e n g t h s  of earthquakes i n  c e n t r a l  New Mexico, b u t  accurate information 

about l o c a t i o n s  throughout the  state was not ava i l ab le  u n t i l  the 

beginning of 1962, when addi t iona l  high-gain s t a t i o n s  went i n t o  Operation 

i n  New Mexico and bordering s t a t e s  (Las Cruces, N.M.; Payson, Arizona; 

t. S i l l ,  Oklahoma). Also a t  t h i s  time the United S t a t e s  Coast and 
o d e t i c  Survey (U.S.C.G.S.) e s t ab l i shed  a regular  repor t ing  s t a t i o n  a t  

buquerque. Instrumental  seismology f o r  the s t a t e  of New Mexico as a 
i 4 

whole d a t e s  from this time. 
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I n  t h i s  discussion t h e  format of a previous study by Sanford and 
Toppozada (1974) is followed. Regional s e i smic i ty  of t h e  Los Medanos 

site area is considered i n  two d i s t i n c t  time frames i n  accordance w i t h  

the types of da ta  ava i lab le .  Preinstrumental  da ta ,  roughly t h a t  before 

1962 i n  t h e  s i te  area,  is t r ea t ed  f i r s t ;  a sepa ra t e  s tudy of the l a t e r  

period for which seismograph records exis t  follows i n  seve ra l  separate 

subsect ions.  

Two very recent  i nves t iga t ions  of se i smic i ty  on a much more local s c a l e  

affect t h e  Los Medanos site. One involves recordings made on a 

continuously operat ing,  v e r t i c a l  component, high frequency system 
i n s t a l l e d  and operated a t  the  s i te  itself by personnel from the N e w  

Mexico I n s t i t u t e  of Mining and Technology a t  Socorro. The p r inc ipa l  

o b j e c t i v e  of t h i s  s t a t i o n ,  which has gathered da ta  f o r  most of t h e  

i n t e r v a l  Apri l  5 ,  1974, to October 29, 1977, and which cont inues to 

func t ion ,  has been to determine i f  seismic a c t i v i t y  is occurr ing a t  or 

near the proposed nuclear waste repos i tory  a t  such a l o w  l e v e l  t h a t  it 

might not  be adequately detected by more s tandard instrumental  da t a  

surveys (Sanford et al., 1976a). The other recent  study is one designed 

to i n v e s t i g a t e  i n  d e t a i l  local small magnitude se i smic i ty  i n  and near the 

Cen t ra l  Basin Platform of west Texas. To t h i s  end, a seismic a r r a y  

centered  near K e r m i t ,  Texas, has been i n s t a l l e d .  I n i t i a l  opera t ion  Of 

t h i s  acray began i n  e a r l y  November 1975, and some preliminary conclusions 

have been reached a t  t h i s  time (Hays, 1977; Rogers and M a l k i e l ,  1978). 

Both of these recent  study efforts w i l l  be discussed i n  sepa ra t e  

subsec t ions  of t h i s  report. 

- 

I n  a f i n a l  subsection, two small  ear thquakes  important to  the  quest ion of 
background se i smic i ty  l e v e l  i n  t he  immediate site area are discussed. , 

. ,  -. , 
, -  I 

L j I 

I ,  . . I  

. ,  
5.2.1 Preinstrumental  Data - Regional 

, , ( ,  
L, , .  

Most historic earthquakes i n  New Mexico cataloged before seismic 

instrumentat ion occur i n  the  R i o  Grande Valley area between Albuquerque 

and Socorro. A b O U t  half t h e  earthquakes of Modified Mercalli I n t e n s i t y  V 

- 
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or greater i n  N e w  Mexico between 1868 and 1973 are i n  t h i s  region. I n  

conformity w i t h  previous s t u d i e s  (Sanford and Toppozada, 1974; Sanford e t  

al.,  1978) these events  are not considered to  be of immediate concern 

for t h i s  study and w i l l  not be discussed fu r the r .  A s  w i l l  be seen,  t h e  

area wi th in  roughly 200 kilaneters of t h e  s i te  has experienced 'only l o w  

i n t e n s i t y  ear thquakes p r io r  t o  t h e  f i r s t  a v a i l a b i l i t y  of se i saag raph ic  

d a t a  i n  1961; there have been a f e w  modestly damaging earthquakes dur ing  

t h e  same i n t e r v a l  between 200 and 300 kilometers from t h e  site. The a rea  

up t o  300 kilometers from t h e  site is def ined  as the s i t e  region i n  the 

fol lowing discussions.  

. .  
I ,  

j .  

' 8  

/ /  

Figure 5.2-1 shows loca t ions  of earthquakes occurr ing  before 1961 t h a t  ': 
have been assigned ep icen te r s  w i th in  300 kilaneters of t h e  site. Table ~ 

5.2-1 lists the events shown on Figure 5.2-1. I n t e n s i t i e s  appearing i n  

t h i s  table,  and anywhere i n  t h i s  s e c t i o n ,  are Modified Mercalli 

i n t e n s i t i e s  (Wood and Neumann, 1931).  

. 

- 
The primary s o u r c e  used w a s  Sanford and Toppczada (1974),  although sane 
supplemental d e s c r i p t i v e  material w a s  obtained from Nemann and Bodle 

(1932), Neumann (1932, 1938, and 1940) ,  Murphy and U l r i c h  (1951), Murphy 

and Cloud (1954 and 1957). Northrop and Sanford (1972), and Coffman and 
Von Hake (1973). An abridged vers ion  of the Modified M e r c a l l i ' I n t e n s i t y  

Sca le  of 1931 may be found i n  Table  5.2-2. I n  t h e  desc r ip t ions  below, 

i n t e n s i t i e s  i n  parentheses  were assigned by Sanford and Toppozada (1974) 

based only on the i r  personal eva lua t ion  of t h e  data.  

1923, Mar. 7 El Paso, Texas V Fe l t  i n  S i e r r a  Blanca (166 

kilometers t o  SE) , Columbus (130 kilometers to  W ) ,  Alamogordo (135 

kilometers t o  N ) .  Newspaper accounts sugges t  ep icen te r  i n  nor thern  

Chihuahua. (Sanford and Toppozada, 1974). 

1926, Ju ly  1 7  Hope and Lake Arthur,  N.M. I11 Ear th  sounds heard 

i n  NE direction a t  Hope: windows rattled a t  Lake Arthur. (Sanford 

and Toppozada, 1974) .  
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1930, Oct. 4 Duran ,  N.M. I V  A moderate s h o c k  fe l t  by many. 
Rol l ing motion, rumbling sound, r a t t l e d  windows. No damage. 

(Nemann and Bod le ,  1932). 

1931, Aug. 16 Valentine,  Texas VIII A t  Valentine,  t he  po in t  of 

maximm destruction, a l l  types of bui ld ings ,  e spec ia l ly  adobe, were 

heavi ly  damaged: many chimneys fe l l .  There were some cracks i n  t h e  

ground, and tombstones ro t a t ed  both clockwise and counterc lockwise .  

While people were panic-stricken, there were no fa ta l i t i es  and only 

a f e w  minor casualties. There were cracked walls and damaged 

chimneys i n  severa l  towns i n  Brewster, Jeff Davis, Culberson, and 

P r e s i d i o  Counties. Some r o c k s l i d e s  occurred i n ' t h e  mountains. 

There were rumbling and roar ing  sounds. T h i s  earthquake would have 

been severe i n  a densely populated region. (Coffman and Von H a k e ,  

1973). 

- 1931, Aug. 16 'Valent ine,  Texas (V) Strong aftershock of i n t e n s i t y  

V I I I  event. 

1931 Aug. 18 West Texas V a t  Alpine, Pecos, L o b ,  and Valentine; 

I V  a t  Carlsbad, N. Mex. T h i s  w a s  preceded by a l i g h t e r  s h o c k  on the  

same day. Recorded a t  Tucson. (Neumann, 1932).  

1931, Aug. 1 9  Valentine,  Texas (V) Strong aftershock of i n t e n s i t y  

V I I I  event. 

' .  .~ ., 

, '  
1931. Oct. 2 El Paso, Texas I11 mTo-day", El Paso, Texas. 

Feeble. (Nemann, 1932).  , ,  . , .  

1931, Nov. 3 Valentine,  Texas (V) West Texas. F e l t  a t  

Valentine. Aftershock of August 1 6  earthquake. Recorded a t  Tucson. 

1935, Dec.  20 Clovis,  New Mexico 111-V Two Shocks. A t i l e  wall  

i n  a creamery was cracked. Another report of w a l l  paper being s p l i t  

(AP news item). (Northrop and Sanford, 1972). 
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1936, Jan. 8 Carlsbad, N.M.? ( I V )  F e l t  by f ew:  press reports saae 

proper ty  damage (Neumann, 1938). Newspaper account i nd ica t e s  t h i s  

earthquake w a s  probably centered  near Ruidoso, N.M. (Sanford and 

Toppozada, 1974).  

1936, Aug. 8 El  Paso, Texas (111) Weak s h o c k  not f e l t  elsewhere 

(Neumann, 1938).  

1936, Oct. 15  El Paso, Texas (111) "Earth tremor" shortly before  

noon. N o  d e t a i l s .  (Nemann, 1938). 

1937, Mar. 31 El  Paso, Texas (Vl S l igh t .  F e l t  by many. 

(Nemann, 1940).  

1937, Sept.  30 Ft. Stanton, N.M. V S l i g h t .  Awakened many. 

(Neumann, 1940) .  

1943, Dec. 27 Tularosa, N.M. IV Rat t led  windows. (Sanford and 

Toppozada, 1974).  

1949, Feb. 2 Carlsbad, N.M. I V  Press  reported two d i s t i n c t  s h o c k s  

which were f e l t  by several. A few people were f r igh tened .  Windows, 

doors, and dishes rattled: houses seemed t o  shudder momentarily. 

(Murphy and Ulrich,  1951). 

1949, May 23 East Vaughn, N.M. VI F e l t  over an area of only 

about  1300 square miles. " R e s u l t s  of a ques t ionnai re  coverage 
ind ica t ed  the  f e l t  area to be a 20-mile s t r i p  connecting Pas tura  

wi th  Vaughn and Eas t  Vaughn. Maximum i n t e n s i t y  VI a t  the last named 

place where a f e u  things f e l l  f r m  shelves ,  loose objects r a t t l e d  

and bui ld ings  creaked. D e e p  rumbling and gr inding sounds were heard 

before and during shock"  (Murphy and U l r i c h ,  1951). Many people 

were awakened and many were fr ightened.  One person f e l t  the shock 

whi le  d r iv ing  a car 20 miles southeas t  of Vaughn on the highway t o  - 
Roswell .  (Northrup and Sanford, 1972). 
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1952, May 22 
Car l sbad) .  I V  F e l t  by two i n  ranch house. Windows, doors,  and 

d ishes  r a t t l e d :  house creaked. (Murphy and Cloud, 1954). 

Dog Canyon, New Mexico (about  70 miles northwest of 

1955, J an  27 Valentine,  Texas I V  F e l t  by many. Houses shook 

(Murphy and Cloud,  1957). 

AS can be seen from the above data, there have &en no earthquakes of 

e p i c e n t r a l  i n t e n s i t y  V or g r e a t e r  recorded as occurr ing  wi th in  a b u t  200 

kilometers of the Los Medanos s i t e  when noninstrumental da t a  a lone is 

considered. The s t ronges t  earthquake repor ted  to  occur wi th in  300 

k i l o m e t e r s  of the site was the Valent ine,  Texas event of A u g u s t  16,  

1931. 

Modified Mercalli scale (Table 5.2-2). Reports of ear thquake  i n t e n s i t y  

for a wide area have been compiled i n t o  seve ra l  isoseismal maps (Neuman , 
1932: Se l l a rds ,  1933). I n t e n s i t i e s  i n  these maps are based on the 

Rossi-Fore1 scale which was subsequent ly  abandoned for t h e  Modified 

Mercalli Sca le  of 1931. Sanford and ToppoZada (1974) have assigned 

Modified Mercalli i n t e n s i t i e s  on t h e  basis of desc r ip t ions  of the 

earthquake effects for t h i s  event  and plotted the  isoseismal map shown i n  

F igure  5.2-2. 

probably no g rea t e r  than V. This  is the l a r g e s t  known historical s i te  

i n t e n s i t y .  

The reported maximum i n t e n s i t y  for t h i s  shock was VIII on the 

@ 
According to  ' th i s  map the  i n t e n s i t y  a t  the site was 

C l o s e  to  the source, the  isoseismals are elongated northwest-southeast 

conforming to t h e  s t r u c t u r a l  grain of the region. Further  fran t h e  

ep icen te r ,  t he  earthquake had higher i n t e n s i t i e s  to t h e  east than w e s t  

due to  lower topographic relief to t h e  east (Sanford and Toppozada, 

1974),  d i f f e rences  i n  a t t enua t ion ,  or sane other reason. The data to  t h e  

southwest, i n  Mexico, are p a r t i c u l a r l y  sparse .  

Two inst rumental  l o c a t i o n s  have been published for t h i s  earthquake. The 

U.S.C.G.S. (Neumann, 1932) places the epicenter  a t  2 9 . 9 9  and 104.2Ow 

- w i t h  an o r i g i n  time of 11:40:15 GMT. Byerly (19341, w h o  made a detailed 

ins t rumenta l  i nves t iga t ion  of t h i s  earthquake, found the ep icenter  to  be 
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a t  30.9ON and 104.2OW w i t h  an o r i g i n  time of 11:40:21 GMT. 

e p i c e n t e r ,  110 kilaneters north of the  U.S.C.G.S. e p i c e n t e r  is closer t o  

the  region of highest  reported i n t e n s i t i e s  and may for t h i s  reason be 

considered the more accurate  of the two. Although n e i t h e r  is 

p a r t i c u l a r l y  clwe to Valent ine,  Texas, t h e  USCGS and 6ye r ly  ep icen te r s  

bracke t  t h i s  area of max reported i n t e n s i t y  f a i r l y  w e l l .  For t h e  

purposes of F igure  5.2-1 and Table 5.2-1, Valent ine,  Texas, has been 

adopted for the l o c a t i o n  of the main earthquake and its a f t e r shocks  i n  

agreement w i t h  the work of Sanford and Toppozada (1974). 

Byer ly ' s  

The area over which an earthquake is percep t ib l e  can be used to estimate 
its magnitude (SleImnons et a l . ,  1965; Wiegel, 197U), a l though t h i s  

r e l a t i o n s h i p  is an empir ical  one different  for d i f f e r e n t  reg ions  of the 

United S ta t e s .  

10 km ) a s  reported by the U.S.C.G.S. (Neumann, 1932) and a 
magnitude-felt  a r ea  formula for the c e n t r a l  United S t a t e s  and Rocky 

Mountain region is used W i e g e l ,  19701, a magnitude of about 6.4 i s  

calculated for the  Valent ine,  Texas, earthquake. This  result appears 

reasonable  and is compatible w i t h  the maximum i n t e n s i t y  r epor t ed  for t h e  

shock  (Sanford and Toppozada, 1974).  It is also i n  good agreement w i t h  

the estimate of magnitude for t h i s  event ca l cu la t ed  a t  Pasadena 

(Gutenberg and Richter ,  1954). 

If a f e l t  area of 4.5 x l o 5  m i 2  is accepted (1.15 x 
6 2  

Other  ear thquakes wi th in  300 kilaneters of the s i t e  were probably not 

perceptible or resulted i n  l o w  i n t e n s i t i e s  i n  the s i t e  area.  

5.2.2 Instrumental  Data--Regional 

A s  mentioned above inStfumenta1 s t u d i e s  of earthquakes i n  New Mexico 

began i n  June 1960 when high-magnification seismographs were placed i n  
ope ra t ion  on the campus of t he  New Mexico I n s t i t u t e  of Mining and 

Technology a t  Socorro and by t h e  A t o m i c  Energy Commission a t  Sandia Base 

near Albuquerque (Sanford et al., 1972). Most of the  e a r l y  seismic 

research a t  Socorro was concentrated on near shocks (Sanford and Holmes, 

1961, 1962; Sanford, 1963) because of t h i s  i n i t i a l  s t a t i o n  d i s t r i b u t i o n  

- 
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and because information from other s t a t i o n s  located i n  New Mexico and 

ad jacent  s t a t e s  was not ava i l ab le  i n  s u f f i c i e n t  q u a n t i t y  for a s tudy  of 
t h e  s e i smic i ty  of the  e n t i r e  state. This s i t u a t i o n  changed about t h e  

beginning of 1962 when s t a t i o n s  a t  Albuquerque  and L a s  Cruces, New 

Mexico; Payson, Arizona: and Ft.  S i l l ,  Oklahma; began continuous 
operat ion.  

De ta i l ed  reports on the instrumental  s e i smic i ty  of New Mexico as a whole 

have appeared i n  a number of pub l i ca t ions ,  p r i n c i p a l l y  Sanford (1965), 

Sanford and Cash  (19691, and Toppozada and Sanford (1972). Co l l ec t ive ly ,  

these papers cover t h e  i n t e r v a l  January 1, 1962, through June 30, 1971. 

The study of instrumental  s e i smic i ty  i n  t h i s  area, as i n  any other, 

evolved over t h i s  11 year period. N o t  only d id  more data became 

a v a i l a b l e  as more seismograph s t a t i o n s  began opera t ion ,  b u t  these da ta  

were processed i n  increas ingly  soph i s t i ca t ed  ways. The ways r eg iona l  

earthquakes have been located and analyzed during t h i s  period are 

summarized below. For a more complete d iscuss ion ,  t h e  reader is r e f e r r e d  

to  the o r i g i n a l  reports ;  b o t h  those mentioned above and Sanford e t  al. 

(1972),  Sanford and Toppotada (1974),  Sanford (1976a), Sanford (1976b), 

and Sanford et al. (1976b). 

The method used to i n i t i a l l y  locate the earthquakes during the period , . ~  ..I 
".\ ,: .- *, 

I 
January 1, 1962, through June 30, 1964 (Sanford, 1965) was based on t h e  

;;'. ci 
2 .jw, .,I, , 

, .  . ' I !  I 
procedure described by Richter  (1958). T h i s  is an arc i n t e r s e c t i o n  ;, , . 2 , , ,  

., 1 . '  , . ,  
j ,  . L .  i procedure where: 1) a t r ia l  o r i g i n  time is estimated from measured S-P 

i n t e r v a l s ,  2) a depth is selected, either 5 kilometers or 10  kilometers, ..~, 

3) s ta t ion-epicenter  d i s t ance  is calculated f r a n  the P-O ( o r i g i n  time) 

i n t e r v a l s  and a T-D curve ( i n  t h i s  i n s t ance  a graph r e l a t i n g  t r a v e l  t i m e  

to  d i s t ance  for each of the two depths  of focus) and 4 )  the ep icen te r  is 

determined from the i n t e r s e c t i o n  of the arcs whose radi i  have j u s t  been 

ca l cu la t ed  i n  step 3) above. If no s a t i s f a c t o r y  i n t e r s e c t i o n  occurs ,  the  

process is repeated after adjustment of the o r i g i n  t i m e  estimate. The 

time-distance curves used by Sanford (1965) i n  t h i s  process were based on 
a simple crustal m o d e l  close t o  the average of those found for the  region 

i n  previous s t u d i e s  (Tatel  and TUVe,  1955; Stewart  and Pakiser ,  1962; 
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Romney et al., 1962).  The c r u s t a l  model adopted cons is ted  of a single 39 

kilometers t h i c k  l ayer  w i t h  a P-wave ve loc i ty  of 6.0 km/sec overlying a 
half-space w i t h  a P-wave ve loc i ty  of 8.0 km/sec. The two T-D curves,  one 

for a depth of focus of 5 kilometers and one for a 10 kilaneters foca l  

depth, were ca lcu la ted  using t h i s  m o d e l .  

For earthquakes occurr ing between J u l y  1, 1964, and December 31, 1967, a 

s l i g h t l y  d i f f e r e n t  format was used to present  the data (Sanford and Cash ,  

1969). Whenever ava i l ab le ,  o r i g i n  times and epicentral coord ina tes  were 

taken directly from U . S . C . G . S .  reports. Two types of data distributed by 

t he  U . S . C . G . S .  were consulted; the Monthly Summary series, or where these 

were not y e t  published, as f o r  the period October 1966 through December 

1967, the Prel iminary DetermiMtiOn of Epicenters reports. A major i ty  of 

t h e  New Mexico earthquakes listed i n  t h i s  period were not located by t h e  

U.S.C.G.S.. towever. When t h i s  was the case, events  were.located 

p r e c i s e l y  as ou t l ined  above f o r  the earthquakes of January 1962 through 

JUIIe 1964. - 

F i n a l l y ,  for i n i t i a l  l oca t ion  of those s h o c k s  occurr ing frca January 1968 

to June 1971, i nc lus ive ,  t he  procedure adopted was i d e n t i c a l  to tha t  of 

the previous repor t ing  period except t h a t  fo r  those earthquakes loca ted  

by the New Mexico I n s t i t u t e  of Mining and Technology a focal depth of 8 

kilaneters was used t o  cons t ruc t  the T-D curves (Toppozada and Sanford, 

1972).  

. I  

The m e t h o d  of ass igning magnitudes to the  earthquakes of New Mexico has 
also undergone saae evolut ion.  From the s t a r t  t h e  idea  has been t o  

c a l c u l a t e  a close analog to the  Richter  local magnitude (HL). 
Magnitude can be expressed by the equation ~ = l o g A - l O g A o ,  where A is 

the maximm trace amplitude (almost always the c r u s t a l  shear wave, Sq, 

for local and reg iona l  New Mexico earthquakes, Sanford, personal  

communication, 1978) i n  millimeters on the seismogram and A is 

corresponding trace amplitude for a c a l i b r a t i o n  earthquake s e l e c t e d  as 

the standard.  

magnif icat ion and frequency response of t h e  seismograph used, and on the 

0 

- 
The numbers obtair!c,d for % are dependent on t h e  
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select ion of the  standard s h o c k .  The or iginal  Richter scale is based on 

the Wood-Anderson seismograph, an instrument which records horizontal 

motion, whose natural  period is 0 . 8  second, and whose static 
magnification and damping are  2800 and 0.8 c r i t i c a l ,  respectively. 

Furthermore, the standard or zero magnitude event is defined such  tha t  it 

would produce a trace deflection of one thousandth of a millimeter when 

recorded by a Wood-Anderson seismograph a t  a distance of 100 kilaneters. 

The direct application of the R ich te r  scale t o  New Mexico earthquakes w a s  

impossible, because none of the available data came from Wood-Anderson 

seismographs. As an i n i t i a l  best estimate, Sanford (1965) decided t o  

r a t e  the shocks  on the basis of the amplitude a Wood-Anderson instrument  

would produce had it recorded these shocks :  that is, maximum trace 

deflections were f i r s t  converted to ground displacements, which i n  t u r n ,  
were converted t o  equivalent Wood-Anderson trace amplitudes using the  

known response character is t ics  of t h i s  instrument. An attempt was made 

t o  consider response differences between the actual recording seismograph 

and the Wood-Anderson seismograph a s  a function of frequency. The 

R i c h t e r  Values for A, were adopted w i t h  no attempt t o  consider possible 

source or wave transmission differences between those earthquakes 

occurring i n  California,  where the Richter Scale was developed, and those 

occurring i n  N e w  Mexico. Most of the magnitudes were calculated fran the 

maximum SB (or horizontally polarized shear wave) ground motions reported 

by t h e  station a t  Las Cruces.  When no SH ampl i tude  information was 

avai lable  from the L a s  Cruces  s ta t ion ,  magnitude was assigned on the 

basis of the maximum SV ground motion a t  Albuquerque. The re la t ion 

between SV (or ver t ica l ly  polarized shear wave) motion a t  Albuquerque and 

magnitude was established fran data on s h o c k s  detected by both the Las 

Cruces and Albuqwrque s ta t ions  (Sanford, 1965). This  i n i t i a l  attempt t o  

assign magnitudes t o  New Mexico earthquakes w a s  never intended t o  be 

completely accurate but  rather to serve as rough indications of the  

re la t ive  strengths of shocks .  

- 



5-12 

S l i g h t l y  d i f f e r e n t  procedures were followed f o r  magnitudes c a l c u l a t e d  for 

t h e  two later repor t ing  periods of J u l y  1964 to  December 1967 and January 

1968 to  June 1971. I n  these  periods three magnitudes are l i s t e d :  1) 

U.S.C.G.S., 2) Albuquerque, and 3) Socorro. Magnitudes assigned by t he  

U.S.C.G.S. (or its l a t e r  adminis t ra t ive  equiva len ts ,  s u c h  as t h e  National 

Oceanic and Atmospheric Administration) are body wave magnitudes (m,) 
based on t h e  maximm amplitude of the i n i t i a l  P phase. Magnitudes 

ca l cu la t ed  from Albuquerque and Socorro seismograms are based on the 

amplitudes of the S phases as noted above. For Albuquerque, t h e  maximum 
SH ground motion was converted to  an equiva len t  Wood-Anderson trace 

amplitude and the previous procedure was used to  ob ta in  an estimate of 
t h e  equiva len t  Richter  magnitude. A s i m i l a r  procedure was used for 

Socorro magnitudes, except t h a t  for these computations it was necessary 

to s u b s t i t u t e  maximum Sv motion f o r  maximum SH motion. Checks a t  the 

Socorro s t a t i o n  i n d i c a t e  SH averages about 1.5 times as l a r g e  as Sv. 

T h i s  w r r e c t i o n  factor was included i n  the  Socorro magnitudes 

mmputations.  
1 -  . I  

S ince the  i n i t i a l  publ ica t ion  of the 1962-1972 instrumental  data 

(Sanford, 1965; Sanford and Cash, 1969; Toppozada and Sanford, 1972) 

s e v e r a l  add i t iona l  s t u d i e s  have been undertaken to p a r t i a l l y  rework t h i s  

data. Two of these, Sanford and Toppozada (1974) and Sanford e t  al. 

(1978). are of p a r t i c u l a r  i n t e r e s t  s ince  they d e a l  almost exc lus ive ly  

w i t h  earthquakes within 300 kilaneters of the Los Medanos site. Sanford 

and Toppozada (1974) list a total of 34  earthquakes i n  t h i s  area. Of 

these, 1 2  appeared i n  t h e  previously discussed s t u d i e s ,  13  represented  

n e w  loca t ions  by the New Mexico I n s t i t u t e  of Mining and Technology not  

prev ious ly  published, and the remaining events  were taken d i r e c t l y  from 

U.S. Department of Camnerce reports, e i t h e r  the Seismological B u l l e t i n  or 

E a r t h q u a k e  Data Reports. An updated vers ion of t h i s  l i s t i n g  is presented 

i n  Sanford et a1 (1978). I n  t h i s  update four s h o c k s  have been added to 

t h e  Sanford and Toppozada (1974) tabula t ion :  February 11, 1964; March 3, 

1964; October 20, 1964; J u l y  26, 1972. The l a s t  of these i s  most 

noteworthy because of its proximity to the site. T h i s  event  w i l l  be 

considered i n  g rea t e r  detai l  i n  a l a t e r  subsection. The October 20, 1964 
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earthquake is included here i n  amformi ty  w i t h  Sanford e t  al (1978) even 

though t h i s  event apparent ly  f a l l s  s l i g h t l y  beyond the 300 k i l c m e t e r s  

circle spec i f ied  as the region of i n t e r e s t .  

The m o s t  s i g n i f i c a n t  d i f fe rence  between t h e  1978 and a l l  previous 

t abu la t ions  is i n  the magnitudes assigned to  the indiv idua l  earthquakes. 

The s h o c k s  listed i n  Sanford e t  al. (1978) have local magnitudes (M ) 

s u b s t a n t i a l l y  lower than those published earlier by t h e  New Mexico 

I n s t i t u t e  of Mining and Technology or the U.S.C.G.S. These rev ised  

magnitudes came about because i n  c a l c u l a t i n g  local magnitudes for s i n g l e  

earthquakes,  it w a s  noticed that a systematic  increase  i n  calculated 

magnitude occurred w i t h  increas ing  d i s t ance  f r a n  the  earthquake. Th i s  

s t rong ly  suggested that more e f f i c i e n t  transmission of the phase 

producing rnaximm trace amplitude was occurr ing i n  New Mexico than  would 

be ind ica ted  by an u n c r i t i c a l  use of the A. standard earthquake 

amplitude a t tenuat ion  f ac to r  of R i c h t e r  (1958). Therefore,  a co r rec t ion  

f a c t o r  for  a t tenuat ion  d i f f e rences ,  as w e l l  as another co r rec t ion  factor 

for indiv idua l  s t a t i o n  e f f e c t s ,  has been incorporated i n  t h e  latest 

magnitude ca lcu la t ions .  

L 

- 

Lis ted  i n  Table 5.2-3 and shown i n  Figure 5.2-1 are the  38 earthquakes as 

they appear i n  Sanford e t  al. (1978). These da ta  represent  t h e  la tes t  

and best estimate of all s ign i f i cankpa rame te r s  associated w i t h  those 

earthquakes occurr ing w i t h i n  300 kilometers of t h e  Los Medanos site for 

t h e  i n t e r v a l  January 1, 1961, through December 31, 1972. 

5.2.3 Special ized Instrumental  Studies--Station CLN 

With the publ ica t ion  of Sanford and Toppozada (1974), the f i r s t  phase of 

t h e  inves t iga t ion  of southeastern New Mexico se i smic i ty  ended. T h i s  

e a r l y  phase was concerned w i t h  the es t imat ion  of se i smic i ty  i n  the Los 

Medanos area based on careful eva lua t ion  of ava i lab le  geologic  and 

seismic data.  I n  e a r l y  1974 the  emphasis changed. Since a t  t h a t  time no 

da ta  were ava i l ab le  fran a s t a t i o n  very near t h e  site area  i t se l f ,  it was 

decided t h a t  acqu i s i t i on  of new instrumental  da ta  from such a s t a t i o n  
- 
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would be of irmnediate value. With the  in s t a l l a t ion  of a high-gain 

seismograph i n  the s i t e  area,  t h e  question of the occurrence of low l eve l  

seismic a c t i v i t y  a t  or near the proposed waste repository could be more 
meaningfully addressed. Therefore, a t  the  beginning of A p r i l ,  1974, a 

single component (ver t ica l )  high-gain, continuously recording seismograph 
station (given the l e t t e r  designation CLN by the U.S. Geological Survey) 

w a s  i n s t a l l ed  i n  a shack located i n  a caliche p i t  very near the proposed 

nuclear waste disposal site. Analysis and in te rpre ta t ion  of the data 

collected by t h i s  s t a t ion  may be found i n  Sanford et  al (1976a). 

Caravella and Sanford (1977) and Sanford et a l  (1978). I n  t h i s  s e c t i o n  

the findings presented i n  these publications w i l l  be br i e f ly  discussed. 

The essent ia l  elements of s t a t ion  CLN are  a short-period, vertical 
seismaneter (Earth Sciences Ranger SD 2111, an amplifier (Astrodata 120 

a f i l m  recorder (Earth Sciences RF 220) ,  and a WWVB radio receiver 

(Specific ProductS--T60). The recording rate is 1 mm/sec, a speed that 

can produce high-resolution seismograms of s m a l l  local and regional 

earthquakes. A t  t h i s  recording rate, the seismograph requires a f i l m  

change every three w e e k s .  Otherwise, the s t a t ion  is self-suff ic ient .  

Five minutes of the WWVB coded time s i g n a l  is placed on the  record every 

two hours to assure excellent t i m e  control. The ground displacement 

response of the seisaograph has varied s l igh t ly  over its operating 
l i fe t ime as the f ree  period and percent cri t ical  damping of the 

seismaneter changed. These changes are srmaoarized i n  Sanford e t  al. 

(1978). Eowever, the magnification response of the system has remained 
essent ia l ly  constant within the frequency range 4 to 30 Ez. 

magnification is near 455 thousand times when a factor  of 12 for record 

enlargement during photographic processing is included. Th i s  peak occurs  

near 22 Hz. 

- 

The peak 

For m o s t  of the t i m e  since the  station went i n t o  operation on A p r i l  5 ,  

1974, the seismograph has performed as expected, except for  the changes 

i n  response charac te r i s t ics  already mentioned. Harever, there  were times 
when no records were obtained and when t h e  s t a t ion  was w i t h o u t  time 
signals.  Table 5.2-4 lists these periods and the reasons for the breaks 

- 
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i n  service.  From A p r i l  5, 1974, t o  October 29, 1977, the total r epor t ing  
period considered i n  t h i s  subsec t ion ,  t h e  s t a t i o n  was i n  ope ra t ion  8 3  

percent  of the time. 

During the Apr i l  1974 t o  October 1977 period, 291 events  i d e n t i f i a b l e  a s  

local and reg iona l  earthquakes (Sg - Pg < 8 1  seconds, where Sg and Pg a r e  

t h e  c r u s t a l  shear-wave and compressional-wave a r r i v a l  times) were 

recorded a t  s t a t i o n  CLN. For a complete list of these even t s  see Sanford 

et  al. (1978, Table 3) .  For each earthquake the  date, a r r i v a l  t i m e  
(GMT) , and character, whether impulsive or of s e v e r a l  phases, are given. 

The Sg phase amplitudes (from which magnitudes are determined) are also 

listed. With t h e  a id  of add i t iona l  a r r i v a l  tirnes from other r eg iona l  

seismograph s t a t i o n s ,  . ep icenters  for 75 of these 291 events  were 

obtained.  This  group of 75 events  may be f u r t h e r  subdivided i n t o  those 

which are f a i r l y  w e l l  loca ted  (49) and those for which only t e n t a t i v e  

e p i c e n t r a l  l o c a t i o n s  may be given (26) .  Table 5.2-5 lists t h e  o r i g i n  

times, loca t ions ,  and magnitudes (and seismograph s t a t i o n s  used) for t h e  

se i smic  events  whose e p i c e n t e r s  are reasonably w e l l  known. 

these ep icen te r s  is shown i n  Figure 5.2-3. Table 5.2-6 lists the * . ' '  L y  -; ', 

remaining events  for which there are i n s u f f i c i e n t  da t a  to  a l l o w  exact pi! . I 

l o ca t ions .  For many earthquakes i n  Table 5.2-6 two ep icen te r s  are 
possible because readings are p resen t ly  available from only t w o  

s t a t i o n s .  I n  t h i s  case, the ep icenter  is l is ted that is m o s t  compatible 

w i t h  the  l o c a t i o n s  of the well-determined events .  

- 

A map 9 f  *'- L.* 
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Figure  5.2-4 shows histograms of the  number of recorded ear thquakes 

versus  t h e  Sg-Pg i n t e r v a l  i n  seconds. The upper histogram rep resen t s  t h e  

complete da ta  set a t  s t a t i o n  CLN for all those events  whose Sg-Pg 

i n t e r v a l  is less than or equal to 40 seconds. Major p e a k s  i n  t h e  

histogram occur  a t  Sg-Pg i n t e r v a l s  of 8 to 1 3  seconds, 22 t o  24 seconds, 

and 31  to  36 seconds. The middle histogram shows those even t s  i n  t h e  CLN 

d a t a  set which occurred during local day-time hours (12:OO-02:OO GMT),  

and the bottan histogram those during t h e  local night t ime hours 

(02:OO-12:OO GMT). The s i m i l a r i t y  i n  shape of the middle and bot tom 

histograms suggest  that explosions fran any mall number of Specific 
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sources  have been l a r g e l y  e l imina ted  from the data set. Hawever, t h e  

d i sp ropor t iona te  number of events  during the  day-time hours (7.62 X 

10-3/hour) compared to the  night t ime hours (5.14 X 10-3/hour) does 

not ru l e  o u t  the possibi l i ty  t h a t  some cultural sources still ex i s t  i n  

t h e  data set. 

Because a s u b s t a n t i a l  f r a c t i o n  of the shocks wi th in  each of the prominent 

p e a k s  of the histogram i n  Figure 5.2-4 are loca ted ,  specula t ion  on t h e  

e p i c e n t e r s  for the  other s h o c k s  is poss ib le .  All of the located s h o c k s  

wi th in  t h e  Sg-Pg d i s t a n c e  range of 8 to 13 seconds have e p i c e n t e r s  wi th in  

the a rea  from 31.7O to  32.3ON and from 102.8O to 103.2OW. 

coord ina tes  bracket  a s e c t i o n  of t h e  Cen t ra l  Basin Platform centered 

roughly on the southeas te rn  corner of New'  Mexico. 

sugges t s  t h a t  a l l  s h o c k s  w i t h  Sg-Pg times from 8 to 1 3  seconds are 

generated wi th in  t h i s  s e c t i o n  of the Center Basin Platform. 

These 

A l l  of the evidence 

Nearly a l l  of the loca ted  shocks w i t h  Sg-Pg i n t e r v a l s  between 22 and 24 1 

seconds have epicenters wi th in  the a rea  from 31.5O to  31.85O~ and 

from 1 0 2 . 2 ~  t o  102.8OW. 

centered  on a s e c t i o n  of the  C e n t r a l  Basin Platform located about 50 

kilometers sou theas t  of the southeas te rn  corner of N e w  Mexico. M o s t  

unlocated s h o c k s  w i t h  Sg-Pg intervals ,  from 22 to 24 seconds are. bel ieved 

to  originate from t h i s  section of the Cen t ra l  Basin Platform. 

 he region def ined by these WOrdiMteS is 

.i 
i _  ;' 

, , I  

The known e p i c e n t e r s  for shocks w i t h  Sg-Pg i n t e r v a l s  f f O m  31  to  36 

seconds i n d i c a t e  a number of t e c t o n i c a l l y  active regions are con t r ibu t ing  

to t h i s  peak i n  the histogram. Notable among these is a region centered 

on Valent ine,  Texas, the s i t e  of a strong earthquake i n  1931 (Sanford and 

Toppzada ,  1974) ,  and much of the Tularosa Basin. 

5.2.4 Spec ia l i zed  Instrumental  Studies--Central Basin Platform 

The f i rs t  earthquake to be located i n  the C e n t r a l  Basin Platform from 

ins t rumenta l  d a t a  occurred on February 3, 1965. This  event attracted I 

l i t t l e  a t t e n t i o n  a t  f i r s t  although it was recorded a t  a number of 



5-17 

reg iona l  s t a t i o n s  (Socorro, N e w  Mexico: Lubbock, Texas: Pt. S i l l ,  

Oklahoma; Vernal, Utah: Las Cruces, New Mexico; E l  Paso, Texas: and 

Albuquerque, New Mexico) and w a s  located by t h e  New Mexico I n s t i t u t e  of 

Mining and Technology (Sanford and Cash, 1969). It w a s  not ,  for example, 

listed i n  the Prel iminary Determination of Epicenters  r e p o r t s  of t h e  

U.S.C.G.S. 

To l e a r n  more about the  se i smic i ty  of the  Cen t ra l  Basin Platform i n  

conjunct ion w i t h  their  study of southeas te rn  N e w  Mexico earthquake r i s k ,  

Sanford and Toppozada (1974) examined the  t o t a l  a v a i l a b l e  record from 

s t a t i o n  FOTX, a Long Range Seismic Measurements (LRSM) s t a t i o n  near F t .  

Stockton, Texas, i n  operation from June 21, 1964 to .Apr i1  12. 1965. 

Apparently, t h i s  is the only high-magnification s t a t i o n  (350-400 thousand 

times at  1 Az) to  have operated for any s u b s t a n t i a l  per iod  wi th in  120 

ki lometers  of the C e n t r a l  Basin Platform before i n s t a l l a t i o n  of s t a t i o n  

CIN i n  1974. POTX was i n  opera t ion  a t  t h e  t i m e  of the February 3, 1965 

- earthquake on the Cen t ra l  Basin Platform. Based on t h i s  examination a 

number of earthquakes believed t o  have o r ig ina t ed  i n  the  Cent ra l  B a s i n  

Platform were found including two occurr ing before t h e  February 3, 1965 

event .  Prior to examination of the  FOTX records these t w o  events  on 

November 8 and 21, 1964 were unknown. A l l  events  located by Sanford and 

Toppozada i n  the  Cent ra l  B a s i n  Platform during the  opera t ion  of FOTX - . 

and based p r imar i ly  on readings from t h i s  s t a t i o n  - are l i s t e d  i n  Table. 
, ,  5.2-7. 

The s t u d i e s  by Sanford and Toppozada (1974) suggested earthquake a c t i v i t y  

on t h e  C e n t r a l  Basin Platform a t  a level higher than expected, but  were 

not conclusive because of the very small amount of instrumental  da t a  

a v a i l a b l e  close to  t h i s  area.  About a l l  tha t  could be s a i d  a t  t h a t  time 

w a s  that  e i g h t  s i g n i f i c a n t  earthquakes (see Table 5.2-8) had occurred 
near t h e  Cen t ra l  Basin Platform between November 1964 and September 1971 

ranging i n  magnitude (new revised estimates a s  d i s c u s s e d  i n  Sect ion 

5.2.2) from 2 .5  % to 3.2 3: that one of these events ,  August 1 4 ,  

1966, had an assoc ia ted  maximum i n t e n s i t y  of VI on t h e  Modified Merca l l i '  

s ca l e ;  and t h a t  a number of smaller earthquakes had apparent ly  occurred 



5-18 

1 

a t  about  t h e  same location during the  operating lifetime of s t a t ion  

FOTX. The basis for t h i s  l a t t e r  supposition was that  a l l  of the measured 

Sg-Pg in te rva ls  on the FOTX seismograms yielded an epicentral  distance 

corresponding to  the distance between the  FOTX s t a t ion  and the  area of 

a c t i v i t y  on t h e  Central Basin Platform. I n  addition, for sane of t h e  

stronger shocks ,  a r r iva l  times were available from the Las Cruces s t a t ion  

(LCN). The difference between P a r r iva l  times a t  LCN and FOTX was the  

same (34.7 plus  or minus 0.5 sec) fo r  the unlocated s h o c k s  as for the ' , 

located events i n  November 1964 and February 1965. Thus, it is 
reasonably cer ta in  that the Central Basin Platform has been seismically 

act ive s ince  mid-1964. Since t h e  ac t iv i ty  r a t e  w a s  roughly t h e  same at  

the end as a t  the beginning of the 10-month period for which F m  records 

were available,  it can be supposed that earthquakes also occurred before 

mid-1964. I f  such ac t iv i ty  had occurred, it probably would not have been 
detected on the regional seismograph s ta t ions  then i n  existence. 

- The instrumental coverage of t h i s  part of the  country has improved 
markedly i n  the past  several  years. 

place i n  the spring of 1974 w k n  s ta t ion  CLN w a s  ins ta l led  by personnel 
of the  New Mexico I n s t i t u t e  of Mining and Technology. Data recorded by 

t h i s  s ta t ion  between A p r i l  1974 and the end of October 1977 has already 

been discussed in  de t a i l  i n  subsection 5.2.3. Bowever, it should be 
mentioned that of the  49 earthquakes recorded during th i s  period by CLN 

and enough other regional s ta t ions to allow accurate location (Sanford e t  

al..  19781. 24 of t h e m  occurred within t h e  act ive par t s  of the  Central 

Basin Platform. Of the 26 l e s s  w e l l  located earthquakes of Table 5.2-6 

and Figure 5.2-3, 13 of t h e m  are thought t o  belong t o  the Central Basin 

Platform area. Thus, for the period of operation of s t a t ion  CLN through 

October 1977 (which represents the l a s t  records so fa r  analyzed from t h i s  

s ta t ion)  nearly half of the events located within 300 kilometers of the  

MS Medanos s i t e  have occurred w i t h i n  the Central Basin Platform 

The f i r s t  important improvement took 

The m o s t  recent advancement i n  the instrumental coverage of the  Central 

Basin Platform area took place w i t h  the i n i t i a t i o n  of operation of the -. 
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Kermit, Texas, seismic a r ray  i n  November 1975. The remainder of t h i s  

subsec t ion  is concerned w i t h  d i scuss ions  of the opera t ion  and prel iminary 

f ind ings  of t h i s  array.  

Based on t h e  se i smic i ty  information developed by Sanford and Toppozada 
(1974) the Cen t ra l  Basin Platform was instrumented w i t h  an a r r a y  of 
seismograph s t a t i o n s  encompassing t h e  l a r g e s t  historical events  discussed 

above. The purpose of t h i s  a r r ay  is to  study, i n  sane d e t a i l ,  t h e  

s e i s m i c i t y  of t h i s  region which is of i n t e r e s t  b o t h  because it is 

important to  the  eva lua t ion  of seismic r i s k  a t  t h e  Los Medanos site and 

because secondary petroleum recovery projects have been a c t i v e  i n  t h i s  

a r ea  for a period roughly coincident  w i t h  i ts  known seismic a c t i v i t y .  I t  

is hoped that u l t imate ly  such a s tudy w i l l  answer ques t ions  fundamental to 

an eva lua t ion  of t h e  impl ica t ions  of Cen t ra l  B a s i n  Platform earthquakes to  
the tectonism, not  only of the platform, b u t  of surrounding.regions.  

Evaluat ion of the K e r m i t ,  Texas, a r r ay  d a t a  has not yet progtessed to  t h i s  

po in t ,  b u t  sane prel iminary d iscuss ion  is poss ib l e  a t  t h i s  t i m e .  The 

t reatment  below is l a r g e l y  abs t r ac t ed  from Hays (1977) and Rogers and 

M a l k i e l  (1978). 

- 

The K e r m i t  seismic network cu r ren t ly  consists of 10 self-contained radio 

te lemet ry  systems placed i n  a g r i d  p a t t e r n  covering 2200 square  

ki lometers .  Each f i e l d  s t a t i o n  is equipped with a single component 

v e r t i c a l  seisnaneter and accompanying ampl i f ie r - t ransmi t te r  e q u i p e n t .  

The seismometers are Mark Products L-4C's w i t h  a n a t u r a l  pe r iod  of one 

second and 67 percent  cri t ical  damping. Typical magnif icat ions range from 

25 t o  50K near 1 Hz increas ing  6dB/octave t o  10  82.  A r ece ive r  s t a t i o n  is 

c e n t r a l l y  located a t  the Winkler County A i r p o r t  a t  d i s t a n c e s  from 
ind iv idua l  s t a t i o n s  ranging f rm 12 t o  40 kilometers. The c u r r e n t  

locations of t h e  10 array s t a t i o n s  are s h a m  i n  Figure 5.2-5 taken from 

Rogers and M a l k i e l  (1978). Those s t a t i o n s  designated by a three symbol 

code followed by an "A" represent  second l o c a t i o n s  for these instruments.  

The  moves were usua l ly  made to diminish background noise l e v e l s  or improve 

foundat ion condi t ions.  The i n i t i a l  l o c a t i o n  of these s t a t i o n s  may be 

found i n  Hays (1977). I n  general ,  t h e  effect of unfavorable su r face  
-. 
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geology and high c l l l t u ra l  noise i n  t h i s  area has posed problems t h a t  have 

resulted i n  less than optimum s t a t i o n  ga in  for a micro-earthquake s tudy  

(Rogers and M a l k i e l ,  1978). 

Once the s i g n a l s  a r e  placed on the  phone l i n e s ,  recording and t iming take 

p l ace  a t  t h e  Nat iona l  Earthquake Information Center (NEIC) i n  Golden, 

Colorado. S igna ls  from the ind iv idua l  s t a t i o n s  are put  on f i l m  ( i n  a 20 

channel Develocorder microfilm recorder) and t h e  highest  q u a l i t y  s t a t i o n  

(RT7, see Figure 5.2-5) is simultaneously recorded on a Helicorder v i s i b l e  

recorder to provide rap id  i d e n t i f i c a t i o n  of events  of i n t e r e s t .  Film 

recording speed is 3 cm/min and o p t i c a l  enlargement oE 20 times permits 
r e so lu t ion  of p lus  or minus 0.01 seconds f o r  impulsive a r r i v a l s .  Direct 

recording of s t a t i o n  WWV also insu res  correct absolu te  timing. 

The average l e v e l  of de tec t ion  wi th in  the a r r a y  is given a s  magnitude 

M =2.0, where is a magnitude determined from the coda length  as 

d iscussed  i n  Lee  'and Lahr  (1972). 
LD 

This  r ep resen t s  a r e l a t i v e l y  l o w  a r r ay  , .  
, > . .  s e n s i t i v i t y  due to  the sur face  geology and unfavorable operat ing 

5. environment as previous ly  mentioned. Detect ion threshold  f o r  i nd iv idua l  

s t a t i o n s  v a r i e s  from a high of M = 2.5 i n  oil  f i e l d s  w i t h  sandy LD 
su r face  condi t ions  to a low of % = 0.5 along t h e  w e s t  edge of the 

a r r ay  where low l e v e l s  of pmping ,  and c a l i c h e  "bedrock', allow highe 

ga ins  to be used. I n  the  d iscuss ion  below, % w i l l  be used for % 
wherever t h e  R o g e r s  and M a l k i e l  (1978) da ta  are referenced. 

During the  c u r r e n t  repor t ing  period (November 1975 through J u l y  1977) 407 

events  have been detected of which 135 have been w e l l  enough recorded to 

be located.  These earthquake l o c a t i o n s  were determined using the  

hypocenter l o c a t i o n  program w p o 7 1  (Lee and Lahr, 1972) and a four  l a y e r  

over a half-space crustal  model developed by Stewart  and Pakiser (1962) 

for eastern New Mexico. 

Of the 135 located events ,  56 occurred wi th in  the area of the a r ray .  

t hese  earthquakes are shown i n  F igure  5.2-6 and l i s t e d  i n  Table 5.2-9. Of 

these 56 earthquakes,  22 have been located using the  readings from only 

- 
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three s t a t i o n s .  This is inadequate to allow hypocentral depth to behave 

as an unknown i n  t h e  formal l o c a t i o n  algorithm 50 t h a t  f o r  a l l  t hese  

events  an assigned depth of 5 kilmeters is used (denoted 5.00' i n  Table 

5.2-9). For an a d d i t i o n a l  14 events ,  l o c a t i o n s  have been accanplished 

using only four  s t a t i o n s .  I n  t h i s  case t h e  hypocenter may be f ixed  

d e t e r m i n i s t i c a l l y  but no redundancy i n  poss ib l e  l o c a t i o n s  ex is t s  to allow 

some estimate of the uncer ta in ty  i n  the formal loca t ion .  Thus, of the 56 

i n t e r n a l ,  and presumably best loca ted ,  earthquakes of Table 5.2-9 only 20 

are a v a i l a b l e  w i t h  an estimate of both depth and hypocentral  uncer ta in ty ,  

a t  least i n  a formal sense.  

An i n t e r e s t i n g  independent es t imate  of the accuracy w i t h  which events  have 

been r ecen t ly  charac te r ized  i n  the Cen t ra l  Basin Platform is provided by a 

comparison of earthquakes wmmon to b o t h  Tables 5.2-9 and 5.2-5. There 

are only four such events .  The major i ty  of those earthquakes appearing i n  

bo th  the Sanford et al. (1978) and Rogers and M a l k i e l  (1978) " w e l l  

I loca ted"  data  sets are sanewhat peripheral t o  t h e  K e r m i t  a r r ay  as w i l l  be 

seen below. The loca t ion  and o r i g i n  time agreement is very good; 

d i f f e rences  averaging 0.04 degree and 0.6 seconds respec t ive ly .  Such 

modest d i f f e rences  can probably be e a s i l y  explained by rninor.mode1 

d i f f e rences  and, i n  the case of t h e  Sanford et  al .  (1978) data set, f o c a l  

depth assumptions. 

s i g n i f i c a n t l y .  The four events  under cons idera t ion  average over 0.9 

magnitude u n i t s  higher i n  the  Rogers and M a l k i e l  data set than t h a t  of 

Sanford e t  al. This  p o i n t  is worth keeping i n  mind. 

Ecwever, estimates of local magnitude, y ,  d i f f e r  

, ; ,::,, ,* 
., , ,r , + ' ,  * 

& ..,' 
I , !  . . i ,  

I t  , .<  

Table  5.2-10 l ists  those earthquakes occurr ing on the  per iphery  of the  ,,: 

K e r m i t  a r r ay  wi th  locations t h a t  u s e  readings from a t  least f i v e  a r r ay  

s t a t i o n s .  This does not necessar i ly  imply that  these events  are well 

located. I n  fact, many are given a low location q u a l i t y  factor by Rogers 

and M a l k i e l  (1978). Indeed, these authors do not  plot the  formal 

hypocentral  p o s i t i o n s  for earthquakes occurr ing o u t s i d e  the boundaries of 

t h e  a r r ay  but i n s t ead  o u t l i n e  zones i n  which these events  apparent ly  lie. 

,*' = I ~. 

- These zones are meant only to be i n d i c a t i v e  of the genera l  area where 

earthquakes appear to be occurring. Both the  zone boundaries and formal 

locations a re  shown i n  F igure  5.2-6. 
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The events  listed i n  Table 5.2-10 may be canpared with those i n  Table  

5;2-5 i n  a manner s i m i l a r  to t h a t  discussed above i n  connection w i t h  Table  

5.2-9. Of t h e  51 earthquakes around the per iphery of t h e  K e r m i t ,  Texas, 

a r r a y  as  determined by a r ray  s t a t i o n  readings,  15 also appear i n  Table  

5.2-5. The average o r i g i n  time difference is g r e a t e r  i n  t h i s  case, being 

1.9 sec., and a larger epicenter  l oca t ion  d i f f e rence  of 0.1 degree is also 

present .  Again, the most i n t e r e s t i n g  d i f f e rences  are i n  local magnitude, 

5. 
higher ( i n  t h i s  case 0.84 units higher)  than t h e  New Mexico I n s t i t u t e  of 

Mining and Technology va lues  as they appear i n  Sanford et  al .  (1978). 

A s  before, t h e  K e r m i t  a r r ay  data set s h o w s  magnitudes c o n s i s t e n t l y  

So le ly  to presen t  consis tent- looking plots, events  listed i n  Tables  5.2-9 

and 5.2-10 and shown i n  Figure 5.2-6 have been sca l ed  to circumvent t h i s  

magnitude d i s p a r i t y .  That is, t h e  symbol used for a p a r t i c u l a r  earthquake 

epicenter  of magnitude % i n  Figure 5.2-6 is the same as would have been 

used for a magnitude 5-0 .85  i n  previous ep icenter  plots. 

A l l  a v a i l a b l e  data through mid-1977 for the  Cen t ra l  Basin Platform have 

m w  been considered. It is clear that continuing effort i n  this area w i l l  

improve the understanding of t h i s  seismicity. Before o u t l i n i n g  the  

specula t ions  that have been made based on information to date, it s e e m s  
app ropr i a t e  here to b r i e f l y  swnarize t h i s  s e i smic i ty  i n  very gene ra l  

terms. 

There is l i t t l e  doubt that the Cen t ra l  Basin Platform has been se i smica l ly  

a c t i v e  s ince  a t  least  mid-1964. Its a c t i v i t y  before t h i s  time w i l l  l i k e l y  

remain specula t ive .  There is no evidence of historical f e l t  reports for 

events  f e l t  i n  t h i s  area s i m i l a r  to the e p i c e n t r a l  i n t e n s i t y  = VI 

earthquake of August 14, 1966, even though local histories and newspapers 

have ncw been searched s p e c i f i c a l l y  for any such re ference  (Sanford and 

Toppozada, 1974). Conclusions as to  the  lack of previous seismic a c t i v i t y  

on t h i s  b a s i s ,  however, must be tempered sanewhat by the knowledge tha t  

t h i s  part of western Texas has never had a large population. - 
_. 

, . '  . , ,  
I *~ 
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Since the f i r s t  instrumental  de tec t ion  of events  i n  t h e  Cen t ra l  Basin 

Platform region, t h e  number of recorded earthquakes has been l a r g e l y  a 

func t ion  of the number and sophistication of the seismograph s t a t i o n s  

a v a i l a b l e  to record them. Wi th  t he  s tar tups of s t a t i o n  CLN i n  1974, and, 9 
more important,  w i t h  the K e r m i t  array,  l a r g e  numbers of small earthquakes 

are now being noted that  previously would have canple te ly  escaped not ice .  

It is now clear t h a t ,  a t  least f o r  t h e  l a s t  seve ra l  yea r s  and probably f o r  

t h e  l as t  decade, the Cent ra l  Bas in  Platform has been t h e  most se i smica l ly  

a c t i v e  area wi th in  300 kilmeters of the Los Medanos si te i n  terms of 

number of events. 

I t  is worthwhile here to put  the Cent ra l  B a s i n  Platform a c t i v i t y  i n to  
perspect ive.  Even though sane events near magnitude 0 are recorded 

(Rogers and M a l k i e l ,  19781, fewer than t en  de tec ted  events  are reported 

for many months during the opera t ion  of the K e r m i t  array.  This  rate is 

r e l a t i v e l y  low compared w i t h  the a c t i v i t y  rates of some of the more a c t i v e  

areas i n  the e a s t e r n  U.S. such as Blue M t .  Lake,  N& York (Sbar e t  al., 
19721, or southeastern Missouri (Stauder et al., 1976). The largest known 

earthquake to occur i n  the Cent ra l  Basin Platform had, by t h e  most recent  

estimate, a magnitude of less than 3-1/4. 

t h a t  any event very much larger than this (say % > 5) c o u l d  have 

escaped instrumental  no t ice  during the past 50 years  or so. 

Valent ine,  Texas, earthquake of 1931, to the south,  for example, had an 
e p i c e n t r a l  i n t e n s i t y  of V I I I  on the Modified Mercalli Scale and was 

recorded worldwide (Byerly, 1934). The magnitude of t h i s  event  has been 

- 

I t  is very d i f f i c u l t  to be l ieve  

- 
The 

. .., 
,.. es t imated  to be 6.4 based on the fe l t  area (Sanford and Toppozada, 1974). 

' .  he I ~ = V I  event of August 1966, where I. is e p i c e n t r a l  i n t e n s i t y ,  has * 

r ecen t ly  been assigned a magnitude xmewhat less than 3. 

Cen t ra l  Basin Platform has exhibited some a c t i v i t y  since mid-1964, but  

t h i s  a c t i v i t y  has been of mall magnitude. There is no evidence to 

suggest that moderate or l a r g e  magnitude events  occurred before mid-1964. 

Within l i m i t s  imposed by genera l  regional  and worldwide seismgraphic 
c a p a b i l i t i e s ,  there is IY) evidence to allow a determination of the small 

magnitude earthquake a c t i v i t y  i n  t h i s  area before 1964. 

I n  s h o r t ,  t h e  

- 
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In  the remaining d iscuss ion ,  t h e  causes  and implicat ions of t h e  Cen t ra l  

Basin Platform se i smic i ty ,  as best these have been determined, are 

considered. This  d i scuss ion  is specu la t ive  s ince  the d e f i n i t i v e  evidence 

cri t ical  to a unique view of either t h e  causes or impl ica t ions  of these  

earthquakes does not y e t  e x i s t .  F igure  5.2-6 shows t h e  107 earthquakes of 

Tables  5.2-9 and 5.2-10, as w e l l  as the approximate boundaries of the  

Cen t ra l  Basin Platform and a series of pre-Permian f a u l t s  i n f e r r e d  from 

d r i l l i n g .  These f a u l t s ,  which are a l l  deeply buried,  are taken from 
1:9600 scale maps provided by Geanap Corporation to Rogers and M a l k i e l  

(1978). From a aanparison of f a u l t  and epicenter  l oca t ions  it is c l e a r l y  

not possible to associate the earthquakes w i t h  known f a u l t i n g  although an 

alignment of ep icen te r s  i n  the southwest corner of t h e  a r r a y  appears to  

occiu on a short  fau l t  segment. Other events  or groups of events  appear 

equa l ly  l i k e l y  to occur i n  the v i c i n i t y  of f a u l t s  as not. I n  a very 

general  sense,  however, it appears t h a t  both the eas t e rn  and western 

boundaries are a c t i v e  ( R o g e r s  and M a l k i e l ,  1978). The basic conclusion 

f r a n  a l l  inst rumental  da t a  is t h a t  seismic a c t i v i t y  is equa l ly  l i k e l y  to  

occur anywhere along the Cent ra l  Basin Platform s t r u c t u r e  as a s s e r t e d  by 

Sanford e t  al. (1978) w i t h o u t  p a r t i c u l a r  regard to  small scale s t r u c t u r a l  

details such as indiv idua l  pre-Permian fau l t s .  

A 

A t t e m p t s  have also been made t o  relate Cen t ra l  Basin Platform se i smic i ty  

to  secondary oi l  recovery opera t ions  i n  the area. Both the  spatial and 

temporal a s soc ia t ion  of Cent ra l  Basin Platform se i smic i ty  w i t h  secondary 

recovery p r o j e c t s  a t  oi l f ie lds  i n  the area are very suggest ive of s 
cause and effect r e l a t ionsh ip .  

Shurbet  (1969) was the f i r s t  t o  suggest  t h a t  seismic a c t i v i t y  on t 
Cen t ra l  Basin Platform is related t o  water i n j e c t i o n  for secondary 

recovery of oil .  H i s  suggestion w a s  based on t h e  c l e a r l y  established 

as soc ia t ion  between ear thquakes  and waste i n j e c t i o n  i n t o  C r y s t a l l i n e  

bedrock a t  the Rocky Mountain Arsenal near Denver (Healy e t  al., 1968). 

Subsequently, a direct a s soc ia t ion  between earthquakes and f l u i d  i n j e c t i o n  

for  secondary recovery of o i l  was established a t  the  Rangely f i e ld  i n  

northwestern Colorado (Healy et  al., 1972). As t h e  f l u i d  p re s su re  bu i lds  
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up during i n j e c t i o n ,  t h e  e f f e c t i v e  s t r e s s  across p r e e x i s t i n g  f r a c t u r e s  

d imin i shes  w i t h  an assoc ia ted  decrease i n  f r i c t i o n a l  r e s i s t ance  to s l id ing .  

There appears t o  be a c o r r e l a t i o n  between the number of a c t i v e  waterflood 
projects and the f i r s t  known Occurrence of earthquakes i n  1964. Although 

waterflood projects began i n  t h i s  area as e a r l y  as 1944, t h e  number of 

projects began to increase  considerably i n  the mid-1960's and, on the  

average, i n j e c t i o n  pressures  have also increased  w i t h  time (Rogers and 

M a l k i e l ,  1978). A s tudy  of the number of a c t i v e  secondary recovery 

p r o j e c t s  versus  time i n  t h i s  area shows a r ap id  inc rease  i n  t h e  e a r l y  

1960's ,  a p e a k  i n  1968, and r e l a t i v e  constancy s i n c e  that time. The 

inc rease  i n  secondary recovery a c t i v i t y  occurs  prior to, but  i n  rough 

conjunct ion  w i t h ,  t h e  f i r s t  Occurrence of earthquakes i n  the  area. During 

the per iod  of opera t ion  of t h e  K e r m i t  a r ray ,  t h e  l a r g e s t  earthquakes 
recorded have occurred i n  the v i c i n i t y  of the  Keystone un i t i zed  oil  

f ie ld .  The Dollarhide un i t i zed  f i e ld ,  although outs ide the boundaries of 

the a r r ay ,  appears to be one of the  m o s t  s e i smica l ly  a c t i v e  areas. Other 

areas of seismic a c t i v i t y  occur,  however, that a r e  not wi th in  the major 
o i l  f i e l d  boundaries, and major secondary recovery fields e x i s t  that 

a.pparently are not s e i smica l ly  ac t ive .  .Although the evidence is not 

conclus ive ,  based on t h i s  s e i s m i c i t y  p a t t e r n  and the  absence of recent  

geologic  f a u l t i n g  wi th in  the  Cen t ra l  Basin Platform it is bel ieved t h a t  

t he  best m r k i n g  hypothesis a t  t h i s  t i m e  is t h a t  earthquakes are 
a s soc ia t ed  w i t h  the release of low l e v e l  r e s idua l  stress by secondary 

recovery opdrat ions.  I t  is ne i the r  proved nor precluded by a 

cons idera t ion  of cu r ren t  best estimates of reg iona l  stress regime (Hays, 

1977) a s  discussed i n  a later subsection. 

.- 

-I 
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5.2.5 The B e n t s  of Ju ly  2 6 ,  1972 and November 28. 1974 . . ,  , <% *:. 

; ;;;;. ,I,!:' 
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Quest ions on the  tectonism and seismic a c t i v i t y  very near or a t  the  si te 

are of g r e a t  i n t e r e s t .  For t h i s  reason t h e  s i n g l e  most important seisnic 
event  to  occur s ince  i n s t a l l a t i o n  of s t a t i o n  CLN a t  t he  Los Medanos si te 

has been t h e  earthquake a t  03:35:20 GMP on November 28, 1974 (see Table 

5.2-5 and Figure 5.2-3). This  e a r t h q u a k e ,  whose most r ecen t ly  estimated 
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magnitude is 3.6 (Sanford et al.,  1978),  had an ep icenter  about 40 

k i l a n e t e r s  northwest of s t a t i o n  CW. If it is an ind ica t ion  of normal 

background se i smic i ty  i n  the i m e d i a t e  s i t e  area, t h i s  event  might cause a 

reeva lua t ion  of previous estimates of seismic r i s k  a t  t he  Los Medanos s i t e  

by Sanford and Toppozada (1974) who  considered the  l i k e l y  p r i n c i p a l  

sources  of site v ib ra to ry  ground motion to  be a major earthquake to the 

west,  no closer than approximately 115 k i l a n e t e r s ,  and a moderate 

earthquake i n  the Cent ra l  Basin Platform. Because of its p o t e n t i a l  

importance, t h i s  event  has a t t r a c t e d  considerable  n o t i c e .  

prominently mentioned i n  t w o  studies (Sanford et a l . ,  1976a; Sanford e t  

al., 1978) and was the main topic of another (Caravella and Sanford, 1977).  

It was 

A s  may be seen from Table 5.2-5 the event of November 28, 1974 has been 

loca ted  by t h e  N e w  Mexico I n s t i t u t e  of Mining and Technology a t  about 

32.6ON, 104.1OW by using phase readings from s i x  s t a t i o n s .  

independent l o c a t i o n  by the  U.S. Geological Survey places t h i s  earthquake 

at  32.3ON, lO4. l0W.  

time. A t  the time of t h i s  earthquake, a. r o c k f a l l  and cons iderable  ground 

cracking were reported at  the Nat ional  Potash Co. Eddy County Mine. The 

l o c a t i o n  of t h i s  r o c k f a l l  was 32.55ON, 104.04OW and it occurred wi th in  

about  one minute of t h e  ca l cu la t ed  earthquake o r i g i n  time. I n  view of 

t h i s  rather remarkable coincidence the ques t ion  n a t u r a l l y  arose as to the  

cause and effect relationship of the r o c k f a l l  to the recorded seismic 
event .  The i s s u e  was whether the source of t h i s  event could be r e l a t e d  to 

a non-tectonic cause such as m i n e  collapse a t  the Eddy County Mine or i f  

it should be considered a more normal release of accumulated s t r a i n  ,. 

energy. Clearly t h e  - ep icen t r a l  uncer ta in ty  g ross ly  implied by the two '. ' 

different formal s o l u t i o n s  found by the New Mexico I n s i t u t e  of Mining and 

Technology and t h e  U.S. Geological Survey allowed a c t u a l  spatial 

coincidence of r o c k f a l l  and seismic dis turbance.  Therefore it w a s  decided 

t h a t  a more ca re fu l  l o c a t i o n  e f f o r t  would be worthwhile. 

An 

Both so lu t ions  give a v i r t u a l l y  i d e n t i c a l  o r i g i n  

. .  
. ,  

2 '  

. I  

.~ ~-.,  

As information w a s  being collected for t h i s  redetermination e f f o r t ,  it w a s  

discovered that a previous r o c k f a l l  had occurred a t  the  Nat ional  Potash 

Co. Eddy County Mine on July 26 ,  1972. A check of past seismograph 
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records revealed t h a t  a seismic event had been recorded a t  a number of 

reg iona l  seismograph s t a t i o n s ,  too. A subsequent l oca t ion  using these 

readings put t h i s  event a t  32.6 N ,  104.1OW and assigned a magnitude of 

%=2.8 (see Table 5.2-3). Thus t h i s  event ,  although weaker, w a s  found 

to be l oca t ed  very near the November 28, 1974 event,  and s tudy of t h e  

ind iv idua l  station records indicated t h a t  i ts coda was of near ly  i d e n t i c a l  

character to t h e  later event. Since more records were a v a i l a b l e  f o r  t h e  

earlier event,  it was decided that a d e t a i l e d  re loca t ion  e f f o r t  would be 

attempted for it f i r s t .  The quest ion of the nature  of its source was 
still of primary concern. 

0 

The relocation method is described thoroughly i n  Carave l la  and Sanford 

(1977) and w i l l  only be ou t l ined  here. 

extrapolation to t h e  S-P i n t e r v a l  equal zero in t e rcep t  of a s t r a i g h t  l i n e  

f i t  of S-P versus P data.  Such a procedure, using da ta  from a l l  s i x  
s t a t i o n s  recording the  J u l y  26, 1972 event  (LOB, SNM, ALP, JCT, TUC, and 

GOL) yielded an o r i g i n  time of 04:35:40.4;+ about 3.3 seconds a t  t h e  95 

percent  confidence leve l .  A s i m i l a r  l i n e a r  regression using only t h e  

f i r s t  f i v e  S-P i n t e r v a l s  yielded an o r i g i n  time of 04:35:43.9 - + about 2.8 

seconds at the  same confidence leve l .  Ultimately,  the  f i v e  i n t e r v a l  

o r i g i n  time w a s  selected because a b e t t e r  l oca t ion  was obtained w i t h  it 

The o r i g i n  time w a s  picked by 

- 

To develop a ve loc i ty  m o d e l  to use i n  t h e  r e loca t ion  effort the  fo l l awi  

procedure was adopted: seismic wave a r r i v a l  times from the underground 

nuclear .explosion GNOME were noted. This  explosion, which was detonated 

a t  19:OO:OO GMT on December  10, 1961, a t  32.264ON, 103.866OW (located 

about 35 km south of the  Nat ional  Potash Co. Eddy County Mine) was 
recorded by many of the  s t a t i o n s  noted above (see Romney et al., 1962). 

From these a r r i v a l  times, crustal  and subc rus t a l  v e l o c i t i e s  were developed 

over the ray  p a t h s  from GNOME to  each ind iv idua l  s t a t ion .  I n  essence,  

each s t a t i o n  w a s  modeled as being underlain by two l a y e r s  over a half  

space. The ve loc i ty  and thickness  of the upper layer  were assumed known 

f r a n  independent sources (Reddy, 1966; Romney et al.,  1962: Wilson e t  al., 
- 1969; Major, 1975; Shurbet, 1975; Toppozada and Sanford, 1976) and the 

ve loc i ty  (and implied c r i t i c a l  incidence angles)  of t h e  lower (and main) 
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c r u s t a l  l a y e r  was then found by an  i t e r a t i v e  technique for each s ta t ion 
independently. Subcrus ta l  v e l o c i t i e s  could then be s i m i l a r l y  found. 

Corrected c r u s t a l  velocities ( l aye r  t w o )  determined i n  t h i s  way ranged 

from 6.31 km/sec to 6.02 km/sec. Thus lateral inhomogeneity is b u i l t  i n t o  

the model. 

Using the  station-dependent model and t h e  p re fe r r ed  o r i g i n  t i m e ,  95 

percent  confidence i n t e r v a l  a r c s  were drawn from each s t a t i o n .  The 

results are shown i n  Figure 5.2-7. A s  can be seen, t h e  i n t e r s e c t i n g  arcs 

so constructed def ine  a r a the r  l a r g e  area of approximately 1900 km2. 
Although t h e  Eddy County Mine lies very near t h i s  a rea ,  other l o c a t i o n s  

wi th in  the same area  have the same formal l i k e l i h o o d  of being the 

e p i c e n t r a l  l oca t ion .  

The November 28, 1974, seismic event  was not relocated i n  the  same way. 

Ins t ead ,  another fundamental ques t ion  was asked. That is, could the two 

events ,  J u l y  1972 and November 1974, have occurred at  t h e  same focus based 

on e x i s t i n g  se i soographic  evidence. The test appl ied  is that  i f  t h e  

events  had the same hypocenter, t h e  d i f f e rences  i n  arrival times of 

specific phases a t  common s t a t i o n s  should be the  same for a l l  s t a t i o n s .  

As may be seen from Table  5.2-11 t h i s  is not the case for the l imited data 

- 

~ 

set  ava i l ab le .  

~1 

The d i f f e rence  between the smallest and l a r g e s t  time di f fe rence  i s . l .  
i c 
‘.---.-fl sec. Carave l la  and Sanford (1977) be l i eve  t h i s  is too l a r g e  to  be 

explained by reading errors. The t i m e  d i f f e r e n c e s  i n d i c a t e ,  under t h i s  

conclusion,  that the two events  d id  not have t h e  same hypocenter, even 

though loca t ion  unce r t a in t i e s  are such that either of them m i g h t ,  by 

i tsel f ,  have occurred a t  t h e  r o c k f a l l  s i te .  The time d i f f e rences  can be 

explained by l o c a t i n g  the hypocenter of t he  November 28, 1974 event  about 

10 kilometers northwest or southwest of t h e  J u l y  26, 1972 shock (Carave l la  

and Sanford,  1977). A t  t h i s  time, then ,  best ava i l ab le  a n a l y s i s  i n d i c a t e s  

t h a t  both of these mall events  did not occur a t  t h e  Eddy County Mine and 

cannot both be caused by some nontec tonic  source a t  t h a t  loca t ion .  I n  t h e  

seismic r i s k  ana lys i s  of t h e  next s e c t i o n ,  therefore, sane background 

earthquake a c t i v i t y  i n  the immediate site area is considered. 

- 
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5.3 SEISMIC RISK ANALYSIS 

I n  t h i s  s ec t ion ,  a broad cha rac t e r i za t ion  of the s i te  reg ion ' s  s e i smic i ty  

is developed i n  a way u s e f u l  for making conservat ive ear thquake-resis tant  

design decisions.  T h i s  r i s k  ana lys i s  is intended t o  be applicable only t o  
v ib ra to ry  ground motion r e s i s t a n t  design of s u r f a c e  f a c i l i t i e s  on good 

foundations. General izat ion of the r e s u l t s  of t h i s  ana lys i s  to less 

idealized condi t ions,  such as design of subsurface f a c i l i t i e s  for shaking 

during an  earthquake or allowance for poor sur face  foundation condi t ions  

(should they be encountered),  may be accomplished at a later time w i t h o u t  

a l t e r i n g  the import of the o r i g i n a l  ana lys i s .  However, it must be 

emphasized t h a t  i n  t h i s  section the  r i s k  formally presented is intended to  

be a meaningful and conservat ive estimate of proper design values  for 

short-term fea tu res  of t h e  f a c i l i t y .  .Short-term" as used here means time 
periods on the order of decades. Spec i f i ca l ly ,  it is not believed that 

any r e s u l t s  presented here can be simply ex t rapola ted  to per iods of tens  

or hundreds of thousands of years  even though formal ex t r apo la t ions  of 

t h i s  kind are possible. This  is not a severe handicap i n  t h i s  case. 
Although the l i f e t i m e  of the repos i tory  w i l l  be longer than t h e  l i m i t s  of 

a p p l i c a b l i l i t y  of t h i s  r i s k  ana lys i s ,  t h e  l eng th  of time for which 

v ib ra to ry  ground motion w i l l  be of concern is much shorter (during surface 

facil i t ies use)  and, i n  fact ,  f a l l s  w e l l  wi th in  t h e  i n t e n t  of t h i s  
- ,  

analys is .  

There are a number of ways to charac te r ize  s i t e  se i smic i ty  i n  a way 
. _,. for r a t i o n a l  design aga ins t  the effects of earthquake associated ground 

shaking. One measure of the proper design value is the m a x i m u m  historical  

site i n t e n s i t y  which can be estimated fran t h e  historical earthquake 

record and sane i n t e n s i t y  a t t enua t ion  law, whether t h i s  l a w  is e x p l i c i t l y  

or only i m p l i c i t l y  considered. A s  noted i n  the previous sec t ion ,  t h e  

maximum h i s t o r i c a l  i n t e n s i t y  a t  t h e  Los Medanos site is est imated t o  be 

less than or equal t o  V on t h e  Modified Mercalli I n t e n s i t y  Sca le  (Wood and 

Neumann. 1931). This  cha rac t e r i za t ion  of e a r t h q u a k e  design motion has the  

g r e a t  advantage of being simple and s t ra ightforward.  It is not ,  however, 

gene ra l ly  used for  important s t r u c t u r e s  or facil i t ies because it does not 
-. 
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- 
provide a basis fo r  es t imat ing whether f u t u r e  events  w i l l  r e s u l t  i n  site 
i n t e n s i t i e s  exceeding t h e  maximm historical site i n t e n s i t y .  Th i s  is a 

serious drawback for areas w i t h  a r e l a t i v e l y  short historic record such as 

the  United S t a t e s ,  and e s p e c i a l l y  i t s  western half. 

To cons t ruc t  seismic design values  for a p a r t i c u l a r  s i t e  that go beyond a 

simple i n t e r p r e t a t i o n  of a maximm historical measure of ground motion, 

solaething more than historical se i smic i ty  must be considered. Therefore,  

the geology of a region is o f t en  used i n  seve ra l  w a y s  to  supplement 

historic earthquake data. There are seve ra l  s tud ie s  t h a t  attempt to  

present  a seismic zonation of the  United States using both seismic and 

geologic  arguments. The s t a t e d  i n t e n t  of one of these (Richter ,  1959) is  

to present a seismic reg iona l i za t ion  showing the maximm reasonably 

expec tab le  i n t e n s i t y  during f u t u r e  earthquakes on ground of p reva i l i ng  
character. The Los Medanos site is i n  a region of i n t e n s i t y  VIII 

according to  t h i s  study. Algermissen 1969) has developed a Seismic R i s k  

Map t h a t  has been c lose ly  a s soc ia t ed  w i t h  editions of t h e  Uniform Building 

Code s ince  1970 (Uniform Building Code,  1970, 1973, and 1976) and by t h i s  

a s soc ia t ion  is most d i r e c t l y  applicable to an estimate of proper design of 

structures with lifetimes measured i n  decades. The Los Medanos s i t e  

i n t e n s i t y  is sham to be V and/or VI i n  t h i s  zonation. Both these seismic 
r i s k  maps, which were considered f o r  the s i t e  region by Sanford and 

Toppozada (19741, are based on e s s e n t i a l l y  t h e  same data. The d i f f e rences  

are due to  varying i n t e r p r e t a t i o n s  and in t en t .  T h a t  the  i n t e r p r e t a t i o n s  

are not r e a l l y  very far  apart is indica ted  by a statement by Richter 

(1959) t h a t  an ind iv idua l  structure intended for  a lifetime of the order 

of 30 y e a r s  might wi th in  that l i f e  be exposed to shaking of no more than  

one scale degree belaw that mapped. Thus, over several decades, the Los 
Medanos si te might reasonably be subjected to shaking a t  around the V to  

VII i n t e n s i t y  l e v e l  according to  both R ich te r  and Algermissen. 

- 

Although based on both historical se i smic i ty  and l a r g e  scale geologic 
f e a t u r e s ,  the  seismic reg iona l i za t ion  maps of Richter  and Algermissen do 

not e x p l i c i t l y  consider  frequency of Occurrence of damaging earthquakes.  

More fundamentally, t h e  sub jec t ive  dec is ions  implicit i n  any 
- 
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I 

cha rac t e r i za t ion  of f u t u r e  earthquake ground motion are l a r g e l y  concealed 

and not sub jec t  to scru t iny .  Any s h i f t s  of emphasis or new geologic  or 

seismic information are, therefore, very d i f f i c u l t  to incorporate  i n t o  

such zonations. I n  recent  yea r s ,  s eve ra l  procedures have been developed 

t h a t  allw formal determination of earthquake design parameters to  be made 

(Cornell ,  1968; Cornel l  and Vanmarke, 1969), and a number of s t u d i e s  

incorpora t ing  these procedures have been performed (e.g., Cornel l  and 

Merz, 1975: Shah et  a l . ,  1975; Algermissen and Perkins ,  1976). I n  t y p i c a l  

seismic hazard analyses  of t h i s  kind, the d e f i n i t i o n  of se i smic i ty  is made 

by using geologic  and t e c t o n i c  data as w e l l  as observed earthquake 

loca t ions .  The region of s tudy is divided i n t o  seismic sources w i t h i n  

wh ich  f u t u r e  events  a re  considered equal ly  l i k e l y  to occur a t  any 

loca t ion .  For each seismic source a rea  the  rate of Occurrence of events 

above a chosen threshold l e v e l  is estimated, using t h e  observed frequency 

Of historical  events.  The s izes  of successive events  i n  each source are 
assumed to be independent and exponent ia l ly  d i s t r ibu ted :  the Slope of t h e  

log-number versus frequency r e l a t i o n s h i p  is estimated from the  r e l a t i v e  

frequency of d i f f e r e n t  s izes  of events observed i n  the  historical data .  

T h i s  slope, o f t e n  termed the b value (Richter,  1958),  i s  determined either 

for each seismic source ind iv idua l ly  or for a l l  sources i n  t h e  region 

j o i n t l y .  F i n a l l y ,  t h e  maximum possible s i z e  of events for each source is 

determined, using judgment and the  historical record (McGuire, 1977).  

- 

It  is clear from t h i s  desc r ip t ion  that  all assumptions, no matter w h a t  t he  

l e v e l  of s u b j e c t i v i t y  employed i n  making them, m u s t  be made explicit .  I n  

add i t ion ,  t h i s  method of determining site-specific earthquake r i s k  may be 

used for a wide range of geologic  and seismic assumptions. I n  t h i s  

s ec t ion ,  the method of Corne l l  (1968) w i l l  be applied to the  ques t ion  of 

r i s k  as a func t ion  of ground shaking a t  sane prescr ibed level a t  t h e  LOS 

Medanos si te.  Input  parameters at  each s t age  of t h e  developoent w i l l  be 

taken fran cur ren t  best information ava i l ab le  i n  the l i t e r a t u r e .  These 

inpu t  parameters are discussed below i n  some detail  following a general  

d i scuss ion  of the mechanics of t h e  Cornell  method itself. F ina l ly ,  

s eve ra l  curves  showing p r o b a b l i l i t y  of maximum ground sur face  acce lera t ion  

versus  acce le ra t ion  l e v e l ,  w i l l  be presented and discussed fo r  s eve ra l  
- 
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- 
different assumptions about the individual source area capabilities. 7% 

conclusions that may be drawn from these curves will be considered. It 

is believed that the data, treated in this way, may be used to arrive at 

a general preliminary statement of risk from vibratory ground motion that 
is applicable at the site during its active phase of development and use. 

5.3.1 The Method of Cornell 

Cornell (1968) developed a method to produce relationships between ground 

motion parameters, such as peak ground displacement or maximum ground 

acceleration, and their average return period. The data used include 

best estimates of average activity levels for various potential sources 
Of earthquakes. Arbitrary geographical relationships are allowed between 

these potential sources and the site. Cornell provides a technique for 
integrating the individual influences of these sources into the 

probability distribution of the ground motion parameter and the average 

, I  return period then follows directly. The potential sources are modeled .. .. '. 

geometrically in such a way as to permit a solution of closed analytical 
form. 

In this Section, a calculation is made of the probability that a random 

peak ground acceleration "A" will exceed a given value "a" once an event 
of magnitude greater than some threshold level has occurred. Before the 

method can be used, a gecmetric model or characterization of the 

potential earthquake sources must be made. Cornell develops the 

necessary formulation for point, line, and annular area sources. The 

geological structure and seismic history of the Los Medanos site do not 

imply that linear or point source models are appropriate, so use of the 
technique begins with an approximation of the source regions (Algermissen 

and Perkins, 1976) by annular segments (see Fig. 5.3-5). As discussed in 

the next subsection, the annular segments are in all cases believed 

conservative approximations of the source regions. 
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- 
L e t  acce l e ra t ion  be related t o  Richter  magnitude M and hypocentral 

d i s tance  R ( i n  kilometers) by the  equation: 

a = b exp(b M)R-b3 
1 2 

1' where a is i n  units of an/sec2 and t h e  values of the cons tan ts  (b  

b2, b ) a r e  discussed i n  a l a t e r  subsection. Then i f  M and R are 

as smed  to be p r o b a b i l i s t i c a l l y  independent wi th in  the  source a reas ,  t h e  

p r o b a b i l i t y  of an acce le ra t ion  A exceeding a given value a can be 

expressed as: 

3 

1 .[A L a ]  = 1 - FM(m) = P M < ( h a  + b31nR - lnbl)/b2 I -  
where F(m) is a d i s t r i b u t i o n  funct ion of earthquake magnitudes, which can 

be ca lcu la ted  using a recurrence r e l a t i o n  of t he  form (Gutenberg and 

Richter ,  1942) : - 
1-N = - @l 

where 5 and are constants .  

T o  f i n d  t h e  proport ion of events  having magnitudes i n  t h e  range 

mo < M  <m the  number of s u c h  events  (Nm 

t o t a l  number of events  w i t h  magnitude g rea t e r  than mo 

- Nm) is divided by t h e  t o t a l  
0 

where m < m - and B is used t o  denote t h e  constant  blnlO. However, i t  

is d e s i r a b l e  t o  impose an upper l i m i t  on t h e  magnitude of an event  t h a t  

may occur i n  a given source a rea ,  i .e. ,  to  spec i fy  t h a t  m < m < m 

Our cumulative d i s t r i b u t i o n  func t ion  m u s t  now s a t i s f y  the boundary 
condi t ion F (m > m ) = 1 so: 

0 

0 -  - 1' 

M - 1  

F (m) = C i - exp B(m 
M [ I- - 
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where C is a constant such tha t  

- exp [-B(ml - mo)]] - = 1/(1 - kml) 

I n  t h i s  case, t he  probabili ty expression may be rewritten as  

where k = exp I" (ml-mo)] . For values of m less 
1 r 1 

m 
1 

than mo, [. A >  - 
= 1 while for values of m >  m 

Aside frun the l i m i t s  on the range of r due to the inner and outer r ad i i  

of the annular segment, it is important t o  note t h a t  the condition m 

m m a l so  places l i m i t s  on the range over which the above probabili ty 

is valid. Specifically,  the condition on m implies, for a given 

acceleration value a, that: 

0 

1 

' , . :  

The lower boundary value of r may be thought of as  the distance from the 

s i t e  w i t h i n  which any event of magnitude m or greater w i l l  result i n  an 

acceleration of a or greater.  I n  other words, the  probabili ty is unity 

that for values of r less than the cutoff value a randm acceleration A 

w i l l  exceed t h e  chosen a. The upper boundary is the  maximum radius from 

t h e  site a t  which an event of magnitude m could  have a nonzero 

probabili ty of causing an acceleration a,  given an attenuation law of the 

proper form. A schematic representation of these l i m i t s  on r ,  for a 

given a ,  over which the above probabili ty is val id  is sham i n  Figure 

5.3-1 [top). 

I n  order t o  f i n d  the cumulative d is t r ibu t ion  F (m) for a l l  possible 

values of t h e  focal  distance and the i r  r e l a t ive  l i k e l i h o o d s ,  in tegrat ion 

over the annular area under consideration is performed: 

M 
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where f ( r , O )  is the p r o b a b i l i t y  dens i ty  func t ion  of R, 0 t h e  

coordinates  of a random focal p o s i t i o n  within the annulus (see Fig. 

5.3-lbottom). Assuming that f (r,E)) is independent of 0 ,  t h e  

p robab i l i t y  of the source f a l l i n g  wi th in  the annular area bounded by X 

(Fig. 5.1-1bottom)is j u s t  the ra t io  of t h i s  area t o  t h e  total  area or 

R, 0 

R’E) 

.- 

so then 

Subs t i t u t ing  the expression for f (r,O) i n t o  the  p r o b a b i l i t y  

equation and in t eg ra t ing ,  an expression is found of t h e  form: 
R, 0 

k - -f!’(r; - a’)] 
where 

D = b  :Ib2 eW(mo) : y = Bb 3 2  /b ) - 1 
The quest ion of the random number of Occurrences i n  any time period is 
next considered. It is assumed t h a t  f o r  the magnitudes of i n t e r e s t  t h e  

Occurrence of any event is Poissonian, t h a t  earthquakes have equal 

l i k e l i h o o d  of occurr ing anywhere wi th in  t h e  source area considered, and 

t h a t  the average occurrence rate, u per year ,  is constant  i n  time. The 

above three assumptions, p a r t i c u l a r l y  that of Poissonian d i s t r i b u t i o n  of 

events ,  are fundamental. 

It may then be shown t h a t  the p robab i l i t y  t h a t  A (t) ,  the  maximum 

value a t t a ined  by A over a time of t years ,  w i l l  be less than or equal to  
a is: 

max 
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4 

where p is the annular a rea  p r o b a b i l i t y ,  P A - > a lann.,  c a l c u l a t e d  above 

and is the  average occurrence rate.. 

The r i s k  or annual p r o b a b i l i t y  t h a t  A w i l l  exceed a is max 

Sources near t h e  Los Medanos s i te  w i l l  be modelled by angular  segments of 

an annulus.  I n  t h i s  case,  a simple modi f ica t ion  of p i n  t h e  above 

exponent ia l  is requi red  but t h e  method is otherwise t h e  same. 

The average r e t u r n  per iod,  T, of an acce le ra t ion  equal  to or g r e a t e r  than 

a is def ined  as the r e c i p r o c a l  of P [ A max ?a]. t h a t  is: 

T(yea r s )  = 1/P 

Tables  of va lues  of annual r i s k  (and average r e tu rn  perlod) ve r sus  va lues  - 
of a can be cons t ruc ted  for each source a rea  near and surrounding the  

site. The r i s k  a t  t h e  site a r i s i n g  from a l l  s u c h  sources may then  be 

found by combining the r e s u l t s  above i n  the  following way:. Consider 

source areas A, B, and C to be independent i n  a s t a t i s t i c a l  sense.  Then, 

where Pm[A 

value of A,  the peak ground a c c e l e r a t i o n  a r i s i n g  from composite source 

a rea  ABC, is less than a a t  t h e  site, is 

< a ]  is the familiar p r o b a b i l i t y  t h a t  the  maximum max - 

,=[A max - < a ]  = "[A max - <a]*PB[A max - < a].Pcb max - < a ]  

I f  it is assumed t h a t  a l l  t h e  sources a r e  modeled by annular segments 

(i.e.,  not  a combination of annular and l i n e  sources), t h e n  the composite 

p r o b a b i l i t y  of exceeding a i n  terms of the  p r o b a b i l i t y  resul ts  for t h e  

ind iv idua l  areas can  be w r i t t e n  as 
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- 
or : 

This  equation is t h e  desired formula €or combining the previous 

p robab i l i t y  results i n t o  a composite curve for " r i s k "  which takes  i n t o  

account inf luences of a l l  the various source areas near the  si te.  

Thus, given c e r t a i n  input  parameters, and es t imates  of average a c t i v i t y  

rates for p t e n t i a l  sources of earthquakes,  C o r n e l l ' s  method o f f e r s  the  

means by which to make a q u a n t i t a t i v e  estimate of t h e  seismic r i s k  a t  a 

site. Subject  to c e r t a i n  fundamental a s s m p t i o n s  stated above, the 

results can be expressed i n  a form t h a t  is e a s i l y  appl ied and in t e rp re t ed .  

I n  the next subsect ion,  t h e  values used for input parameters such  as 

cons tan ts  of a t t enua t ion ,  and average seismic a c t i v i t y  rates f o r  

- ind iv idua l  source areas, w i l l  be discussed. The choice of annular 

. .. segments approximating t h e  source areas  surrounding the  site w i l l  also be . 

discussed i n  some detail.  ,::? , ": 
,.$ ?. .q' ,  ,'*! 

I .  .. 3: ' , / "  
, 

I i , . :  

5.3.2 Input Parameters 

The f i rs t  input parameters tha t  must considered are those having to  do 

w i t h  acce lera t ion  a t tenuat ion  as a func t ion  of earthquake magnitude and 

epicentral  dis tance.  An unmodified u s e  of C o r n e l l ' s  (1968) hazard 

ana lys i s  method r equ i r e s ,  as seen above, a law of the form 

a = blexp(bpR-b3 

where a is acce lera t ion  i n  cm/sec2, M is earthquake magnitude, and R is 

d i s t ance  i n  kilometers. A number of r e l a t ionsh ips  of t h e  above form 

e x i s t  i n  the l i t e r a t u r e  (Esteva and Rosenblueth, 1964; Seed, et  a l . ,  

1968; Orphal and Lahoud, 1974). In  a l l  these s tudies ,  however, t h e  

cons t an t s  b 

or almost exc lus ive ly  i n  the  western p a r t  of t h e  United S t a t e s  and are 

and b a r e  found for da ta  collected exc lus ive ly ,  1' b2' 3 - 
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A therefore applicable there. Recently, several reasons have emerged, both 

theoretical and empirical, that indicate fundamental differences in 

acceleration attenuation in the central part of the U.S. For example, it 
has been demonstrated that the attenuation of body waves (Evernden, 1967) 

and surface waves (Mitchell, 1973; Nuttli, 1973a) is appreciably lower 

east of the Rocky Mountains than west. This serves to explain the much 

larger areas of perceptibility and of damage for central United States 
earthquakes than for west coast earthquakes of the same magnitude. It is 

also the source of the reluctance here to use previously published 

attenuation constants uncritically for this study. With particular 

reference to attenuation of acceleration, Nuttli (1973b) found that in 

the central United States the acceleration values of greatest engineering 

significance may be .related to the vector resultants of the vertical and 

horizontal components of the sustained maximum surface-wave motion rather 
than to isolated peaks. This is true for ground motion at some distance 

from the source and for a wide range of magnitudes. The amplitude and 

shape of the attenuation curve for surface waves (Lg) in the frequency 
range of interest is known (Nuttli, 1973b) so that the accelerations 
associated with the Sg/Lg part of the earthquake ground motion coda may 

be plotted as a function of frequency and epicentral distance (see 

Nuttli, 1973c, Figure 8) for an event of a given magnitude. 

- 

, ,  

The site area is very close to the western margin of the region of 
interest in Nuttli's studies so that it is not immediately clear that 

central United States attenuation laws are more pertinent than their 

western counterparts. It is believed, however, that there are several 

reasons for adopting a central United States formula. First, the site 

geology seems appropriate. The site is near the western boundary of the 

High Plains physiographic province (Sanford et al., 1976b) which extends 

eastward well into that part of the continental United States considered 

the "central U.S." by Nuttli (1973~). Second, there are features of the 

time histories recorded in the site region that are suggestive of kinship 
with central United States records. For example, the maximum record 
motions are almost always in the Sg part of the coda (Sanford, personal 
communication, 1978) in analogy to central United States Sg/Lg motion. 6 
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- 
T h i s  f e a t u r e  has the i n t e r e s t i n g  implicat ion t h a t  magnitude scales are 

most na tu ra l ly  developed fo r  t h i s  wave i n  the  s i t e  region. Third,  as 

mentioned i n  subsect ion 5.2.2, recent  r ev i s ion  i n  the method of magnitude 

determination of events i n  the source region by s t a t i o n s  i n  t h i s  region 

has been m a d e  necessary by the  r e a l i z a t i o n  that  peak record amplitudes 

have mt  at tenuated w i t h  d i s t ance  as quick ly  as implied by the u n c r i t i c a l  

use  of Richter ' s  (1958) standard earthquake ground amplitude values. 

F i n a l l y ,  the observat ion made by Sanford and Toppozada (1974) that the 

Valent ine,  Texas isoseisnals apparent ly  encompass more area  to  t h e  east 

than to the west of the source is an ind ica t ion  on a very graphic  l e v e l  

that a t t enua t ion  is less i n  tha t  d i rec t ion .  A l l  these observat ions,  

although not r igorously ind ica t ive ,  are a t  l e a s t  suggestive of 

acce le ra t ion  a t t enua t ion  i n  the site region similar to that found 

appropriate for the central  region of the country. For these reasons,  i t  

was decided to u s e  such a law for t h i s  seismic hazard ana lys i s .  

- Algermissen and Perkins (1976) found t h a t  east  of lO5Ow longi tude the  

Schnabel and Seed (1973) curve developed from western United S t a t e s  data 

w a s  cons i s t en t  at  abou t  t he  magnitude 7.6 l e v e l  w i t h  the s i m i l a r l y  

defined acce lera t ion  a t tenuat ion  curve suggested by N u t t l i  ( 1 9 7 3 ~ )  f o r  

the c e n t r a l  United S t a t e s  o u t  t o  d i s tances  of about 50 kilometers. 

Beyond t h i s  d i s tance ,  t h e  N u t t l i  curve a t t enua te s  a t  a slower rate (see 
Algermissen and Perkins,  1976, Figure 31. Curves appl icable  to other 

magnitudes are drawn by Algermissen and Perkins  (1976) tangent to the 

Schnabel and Seed curves,  but  taking the same general  shape as the  N u t t l i  

curve. These curves are shown i n  Figure 5.3-2 f o r  magnitudes of 4.2, 

5.2, 5.6, 6.6, 7.6, and 8.5. I t  is clear that these curves w i l l  not f i t  

a s i n g l e  a t tenuat ion  law of the form des i red  f o r  simple app l i ca t ion  of 

Corne l l ' s  (1968) method as discussed i n  the previous subsection. Such a 

form requires not only a cons tan t  slope f o r  a l l  d i s t ances  but a cons tan t  

l i n e  spacing for equal  magnitude in t e rva l s .  Neither of these 

requirements is m e t  by t he  acce lera t ion  a t t enua t ion  curves taken from 
Algermissen and Perkins. The t a s k  then is to f i n d  proper c o e f f i c i e n t s  

-. for a Cornel l  type a t t enua t ion  l a w  such tha t  the predicted acce le ra t ion  

so derived for a given magnitude and d is tance  w i l l  be conservat ive 
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re la t ive  to the plotted values t aken  from Algermissen and Perkins. After 

some experimentation, t h e  mef f i c i en t s  b =17, b =0.92, b =1.0 were 

selected ( B i c k e r s ,  1978). Curves using these values are also shown i n  
Figure 5.3-2 for the same s u i t e  of magnitudes. 

f igure,  the model equation w i t h  t h e  above constants yields  higher 

accelerations for a l l  values of magnitude and distance than the 

corresponding Algermissen and Pe rk ins  curves and is most closely matche 

t o  these curves i n  the region 10  kilometers < R < 300 kilometers and 

5 < M < 6 .  T h i s  adopted attenuation law, therefore, represents a 

conservative compromise be tween the estimated curves of previous authors 

and t h e  required form of Cornell. 

1 2 3 

As can be seen from t h i s  ,..--- 

The next feature needed for hazard curve developnent for the site is some 

ideal izat ion of the regional seismic source areas. Whatever 

configuration is ultimately chosen for the geometry and location of t h e  

source regions affecting the site, the fundamental data are basical ly  

regional seismicity and geology. These features  of the southeastern New 

Mexico region have already been evaluated i n  the l i t e r a t u r e  (Algermissen 

and Perk ins ,  1976) w i t h  preciseiy t h e  i n t e n t  of developing an estimate of 

maximum acceleration i n  r o c k  i n  a probabilistic format. Therefore, it 

was decided to investigate the  f e a s i b i l i t y  of using these same source 

zones i n  the s l igh t ly  d i f fe ren t  context of the current hazard evaluation. 

As or ig ina l ly  defined, the probabi l i s t ic  estimate of maximum acceleration 

determined by Algermissen and Perkins (1976) was based primarily on t h e  

seismic record; geologic data,  primarily dis t r ibut ion of f a u l t s ,  was 

employed only to a minor extent. I n  par t icu lar ,  the general pr inciple  

used by these authors  i n  the construction of seismic source zones was 

that f u t u r e  earthquake occurrences are assumed to have the same general 

time r a t e  charac te r i s t ics  as the earthquakes i n  the past i n  t he  same 
overal l  region, but t ha t  future  earthquakes i n  a par t icular  area might 

occur over somewhat more extended areas than indicated by h is tor ica l  

data. I n  pract ice ,  the seismic source zones were drawn using the 

following guidelines: 
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1) Areas of s e i smic i ty  where shocks of maximum Modified Mercalli 

i n t e n s i t y  V or grea te r  have occurred were considered source zones. (Note 

t h a t  i n t e n s i t y  and magnitude are de te rmin i s t i ca l ly  r e l a t e d  by the formula 

(Gutenberg and Richter ,  1942) M = 1.3 + 0.61 where "M is the 

magnitude corresponding to I " (Algermissen and P e r k i n s ,  1976). Thus 

= V is equivalent  t o  M = 4.3). For any given zone the  average 

C 0 C 

0 

I0 C 
d i s t ance  from the  ep icen te r s  to the boundary was chosen to  be 

approximately the  average separa t ion  d i s t ance  for  earthquakes of the  

maximum i n t e n s i t y  found there, when these were s u f f i c i e n t l y  numerous to 
e s t a b l i s h  such a dis tance.  If the maximm i n t e n s i t y  earthquake i n  a 

source area only occurred once or t w i c e  (as i n  the case of source areas 

i n  and near southeastern New Mexico), t h e  d i s tance  between earthquakes of 

the second l a r g e s t  i n t e n s i t y  was used. I I 

2) Some zones such as described above were extended to include adjacent  

areas where evidence of Holocene f a u l t i n g  is  present .  Th i s  type of 

- extension was used i n  the Great P l a ins  and Southern Rocky Mountains where 

epicentral clusters could be assoc ia ted  w i t h  faults appearing on t h e  
,..~.I. .~ tectonic maps of the United S ta t e s .  ,,., /;>- \ \ 

! p  &+:: .\ ". . r . f \  ,:::'!$ '$ 

,,.,',, ' 1  1 3)  From 2)  above, areas of known Quaternary f a u l t i n g  are genera l ly  , .  

' : , P i  ;j ,i 
.{I,.\ i d " "  I 

~ 

,+ 
w i t h i n  source zones, i f  the  f a u l t i n g  is associated w i t h  a t  least 

low-level  historical se i smic i ty .  Except as noted above, Quaternary or 

older f a u l t i n g  not assoc ia ted  w i t h  historical earthquakes of Modified 

Mercalli i n t e n s i t i e s  g rea t e r  than V or magnitudes g rea t e r  than 4.0 was 
not included wi th in  source areas. 

... 

Using these p r i n c i p l e s ,  the seismic source zones of i n t e r e s t  to the  

c a l c u l a t i o n  of hazard a t  the site as drawn by Algermissen and Perkins are 

shown i n  Figure 5.3-3. A s  seen below, independent s tud ies  of reg iona l  

Quaternary f a u l t i n g  and the more d e t a i l e d  se i smic i ty  s t u d i e s  of t h e  last 

s e v e r a l  years  do not s e r ious ly  imply the modification of t h e s e  source 

area boundaries w i t h  one conceptual except ion involving Small earthquakes 

- w i t h i n  the immediate site area.  T h i s  observation is most d i r e c t l y  

supported by consider ing the h i s t o r i c a l  s e i smic i ty  through 1972 a s  shown 
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- 
i n  Figure 5.2-1 i n  conjunct ion w i t h  t h e  t h r e e  earthquake source zones Of 

Algermissen and Perkins  as shown i n  F igure  5.3-3. 

comparison, the ep icen te r s  of the former f i g u r e  have been d ra f t ed  on t o  

Figure 5.3-3. It is clear fran this superpos i t ion  t h a t  the l a r g e  

major i ty  of s i g n i f i c a n t  historical seismicity conforms w e l l  wi th  the 

zonation presented. The loca t ion  of the Valent ine,  Texas, earthquake and 

its aftershocks (if these are formally cons t ra ined  to  share the l o c a t i o n  

of the main event i n  t h i s  sequence),  apparent ly  l i e  s l i g h t l y  to  the  east 

of the boundary of the southernmost se i smic  source zone if the Byet lY 

(1934) loca t ion  is used. It should be noted, however, t h a t  t he  

in s t rumen ta l  l o c a t i o n  is not w e l l  cons t ra ined  by the da ta  ava i l ab le  a t  

the  time of Byerly 's  s tudy and, i n  p a r t i c u l a r ,  the e p i c e n t r a l  uncer ta in ty  

is such t h a t  a more souther ly  or wester ly  l o c a t i o n  i s  equa l ly  l i k e l y .  

For example, as may be seen from Figure  5.3-2 both the  U.S.C.G.S. 

inst rumental  l o c a t i o n  f o r  t h i s  event  and the  town of Valent ine,  Texas 

i t s e l f  are w i t h i n  t he  source zone as drawn by Algermissen and Perkins. 

For the purposes of t h i s  r i s k  ana lys i s ,  t h e  Valent ine earthquake and i t s  

To aid t h i s  

a f te rshocks  are assumed to have occurred wi th in  t h e  southernmost seismic 
source zone of Algermissen and Perkins .  

Of more immediate concern is the s c a t t e r e d  r e s i d u a l  small magnitude 

se i smic i ty  occurr ing throughout the site area which cannot be assoc ia t ed  

w i t h  any of the source zones as drawn i n  Figure 5.3-3. T h i s  problem w a s  
recognized by Algermissen and Perk ins  (1976). These au thors  t r e a t e d  

these i s o l a t e d  earthquakes which could not  be associated w i t h  known 

faults or t e c t o n i c  f e a t u r e s  as se ismic  background and t h e  same s h a l l  be 

done here. On a nationwide basis these events  could have an i n t e n s i t y  of 
V I I  or less on the Modified Mercalli Scale  and were assumed capable of : 

happening over broad areas of the m i d w e s t ;  however they produced 

acce le ra t ion  l e v e l s  below the lowest acce le ra t ion  contour on the i r  map, ',; 

? I ,  , ,  
t, , I ,  ' 

i 

because t h i s  a m t o u r  represented the 0.049 l e v e l  w i t h  a 90-percent .. ~.,. 

p r o b a b i l i t y  of not being exceeded i n  a 50-year period (Algermissen and 

P e r k i n s ,  1976). Since acce le ra t ion  l e v e l s  for much longer t i m e  i n t e r v a l s  

are of interest i n  t h i s  study, sme more expl ic i t  treatment of these 

random events  w i l l  be necessary,  and sme explicit source zone including 
I 
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the site must be considered. 

Algermissen and Perkins study mentioned above. 

This is the conceptual modification of the 

A simple calculation is adequate to show that it is not necessary to 
consider any source zone other than the four already mentioned--the three 

of Figure 5.3-3 and an additional one including the site. The next 

closest source zone of Algermissen and Perkins is approximately 300 

kilmeters away from the site and all others are even farther away. 

Using this distance, the attenuation law considered above and (for the 

moment) an arbitrary maximum magnitude 7.5 earthquake, the maximum 
acceleration at the site is slightly less than 0.069. Thus, such a 

source zone cannot contribute anything to site accelerations higher than 
this at any probability level. Furthermore, as will be more forcibly 

indicated in the next subsection where some actual hazard curves will be 
discussed, the contributions to probabilities of Occurrence from distance 

source zones even at lower acceleration levels are insignificant when n 
compared to the contributions from the clser zones. - 
An independent estimate of the appropriateness of the source zones as 

drawn in Figure 5.3-3 can be obtained from a consideration of faults 
offsetting Quaternary geomorphic surfaces. This is an independent 
estimate in the sense that no episode of surface faulting associated with 
historic seismicity is known in the site region. Nevertheless, 
Quaternary faulting has often been used as an indicator of the seismic 

activity of an area over a longer time span than is furnished by the 

historical seismicity record (e.g. Allen et al., 19651. Sanford and 

Toppozada (1974) have made an investigation of fault scarps within 300 

kilometers of the disposal site, exclusive of the Permian Basin in which 

the site lies. This investigation consisted primarily of a literature 

search supplemented by limited reconnaissance of aerial photographs. The 

stady was restricted to fault scarps offsetting Quaternary alluvial 

surfaces because these are the only fault displacements whose age can be 

estimated with any certainty. The authors note that tectonic movements 

in the area may have occurred during the Quaternary along faults cutting 
older rocks, but detection of recent offsets along such faults are nearly 

- 
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impossible. B a c h a n  and Johnson (1973) have canpleted a d e t a i l e d  

inves t iga t ion  of the  sur face  f e a t u r e s  i n  the  Permian Basin which 

i n d i c a t e s  recent  fau l t  scarps of a t e c t o n i c  na ture  do no t  e x i s t  i n  t h i s  

area. Since completion of t h e  Sanford and Toppozada (1974) study, 

f u r t h e r  s t u d i e s  on t h e  ex is tence  or na ture  of f a u l t  scarps i n  the genera l  

site region have been a c t i v e l y  pursued by D r .  MUehlbeKgeK and h i s  

s tuden t s  of the Univers i ty  of Texas, Aust in  (Sanford et  al., 1978). TO 

date, t h e  most recent  data  are consis tent  w i t h  t h e  picture der ived fran 
the earlier s tudies .  That is ,  the  R i o  Grande R i f t  and southern Basin and 

Range provinces have abundant geologic  evidence - pr imar i ly  recent  f a u l t  

scarps - of recent  c rus ta l  movements (Sanford e t  al., 1972; Muehlberger 

et  a l ,  1978) whereas the High P la ins ,  which is t h e  physiographic province 

of t h e  Permian S a l t  B a s i n  i n  t h e  site area, does not .  The closest known 

Quaternary o f f s e t  is about  125- f r a n  the si te.  

I 

Shown i n  Figure 5.3-4 are the faults noted by Sanford and Toppozada 

(1974) and Muehlberger et al. (1978) superimposed on the  Algermissen and 

Perkins  source zones. The re ferences  used i n  cons t ruc t ion  of these f a u l t  
traces are Talmage (19341, Reiche (1938), Kelley (19711, D a k e  and Nelson 

(1933). King (1948, 1965). K o t t l o w s k i  (1960). K o t t l o w s k i  and Poster  

(19601, and Pray (1961). Also shown is t h e  eastern boundary of the a rea  

of i nves t iga t ion  of Sanford and Toppozada, t h a t  is, t h e  western boundar 

of the Permian Basin. 

- 

It  is Clear that t h e  Quaternary f a u l t s  are completely contained wi th in  

the tvo western seismic s o u r c e  zones of Algermissen and Pe rk ins .  These 

t w o  zones may be combined under the name "southern Basin and Range--Rio 

Grande R i f t "  source zone s i n c e  they  inc lude  t h e  parts of those provinces  

s i g n i f i c a n t  to the evaluat ion of probabilistic acce le ra t ion  a t  t h e  si te.  

The reason for combining t h e  two original zones is implied by a 

canparison of Figures  5.3-3 and 5.3-4. Although the historical 

Se ismic i ty  has been of a higher l e v e l  i n  the more southerly of t h e  t w o  

zones (Algermissen and Perkins a s s ign  a maximum i n t e n s i t y  of VIII to t h i s  

souther ly  zone to  correspond t o  t h e  Valent ine,  Texas, earthquake and one 

of only V to  the  northern zone),  the Quaternary fault o f f s e t  s t rong ly  
- 
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sugges ts  t h a t  to insure conservatism t h i s  p a t t e r n  should be considered a 

happenstance of the short historical earthquake record. Thus €or the 

purposes of t h i s  ana lys i s ,  the  seismic c a p a b i l i t i e s  of the southern zone 

w i l l  be shared by the region to its north. Although only  ep icen te r s  of 
earthquakes occurr ing  p r i o r  to 1973 are shown i n  Figure 5.3-3, t h e  

implications of more recent  a c t i v i t y  as they a f f e c t  the southern Basin 

and Range-Rio Grande R i f t  s o u r c e  zone (which w i l l  be r e f e r r e d  to only as 
the R i o  Grande R i f t  source zone i n  the following d iscuss ion  for brevi ty)  

a r e  similar. For example, F igures  5.2-3 and 5.2-4 show tha t  the known 

e p i c e n t e r s  for shocks between April 1974 and November 1977 w i t h  Sg-Pg 

i n t e r v a l s  a t  s t a t i o n  CLN fran 31 to 36 seconds occur i n  apparent ly  

his tor ical ly  a c t i v e  regions,  notably centered around Valent ine,  Texas and 

much of the Tularosa Basin. That is, they occur p r e c i s e l y  i n  the  R i o  

Grande R i f t  source zone as def ined above. 

One important impl ica t ion  of these s t u d i e s  is t h a t  t he  easternmost of the 2.h 'sl I;,:.? \, 

;< < : i '  

r. .  . 
, . ;*# 

.- three Algermissen and Perkins  source zones, that corresponding to  the 
\, ';, I j t, , 

post-1964 se ismic  a c t i v i t y  around Wink, Texas, on the Cen t ra l  Basin 

Platform, is based on seismic evidence alone. This a c t i v i t y  w a s  

discussed i n  d e t a i l  i n  subsec t ion  5.2.4. For the  purposes of spec i fy ing  

a conservat ive source zone geometry, the  only geometrical  i s s u e  w i t h  

regard to the Cen t ra l  Basin Platform source zone, then,  is the closest 

approach of the Cent ra l  Basin Platform relative to  the source zone used 

to m o d e l  it. Shown i n  F igure  5.3-4 is an out l ine  of the  buried Cen t ra l  

Basin Platform as it appears i n  Roger s  and M a l k i e l  (1978). It may be 

e a s i l y  seen t h a t  the closest approach t o  the site of the Algermissen and 

P e r k i n s  Cen t ra l  Basin Platform seismic source zone implies its use is 

adequate. Therefore, t h i s  zone, as drawn, w i l l  be used for the m o d e l  to  

be developed. The general  model w i l l  c o n s i s t  of three source zones: 

1) The R i o  Grande R i f t  zone drawn by combining the western source zones 

a s  discussed above. 

c 2) The C e n t r a l  Basin Platform zone as shown i n  Figure 5.3-4. 
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I 

3) A site source zone centered a t  the si te and w i t h  a radius t o  be 

specified below. 

There are two purely geometrical issues to be resolved. The f i r s t  
involves specifying a focal depth for  the events i n  each of the source 

zones. The second is rea l ly  an exercise i n  adapting the i r regular  zones, 

as sham, t o  Cornell 's  method much a s  it w a s  necessary t o  adapt the form 

of the attenuation law. .. 
.,' 1 
, ,  , I t !  ; 

* .  There is l i t t l e  doubt that the focal depths of earthquakes i n  the site 

region should be considered shallow. As we saw i n  subsection 5.2.2, 
ear ly  instrumental locations were achieved using an a rc  intersect ion 

method employing travel-t imedistance curves calculated fram a given 

c rus t a l  model and the  assumption that focal  depths were ei ther  5 

kilometers, 10 kilometers, or fo r  l a t e r  calculations,  8 kilometers. Good 

epicentral  lccat ions c o u l d  generally be obtained under these 
assunptions. Confidence i n  calculated or assumed focal depths is great ly  - 
increased, of course, i f  a t  l ea s t  one recording s ta t ion  is s i tuated not 

much farther away fram the epicenter than the focal depth. This  

situation is not generally realized for N e w  Mexico region earthquakes bu t  

several  specialized studies for which t h i s  criterion has been s a t i s f i e d  

are suggestive. For an approximately twc-year period beginning i n  June  

1960, several  hundred natural microearthquakes having S-P in te rva ls  of 
less than  2.3 seconds were recorded by high-magnification seismographs 

w e s t  of Socorro, New Mexico (Sanford and Holmes, 1962). Rather detailed 
studies of the depths of these events indicated hypocenters ranging from 

2.7 t o  6.3 kilameters. More recently, and nearer to  the s i t e ,  

preliminary data from the K e r m i t ,  Texas, array indicate focal depths 

ranging frao very near the surface down to about 10  kilometers although 

only about 20 percent of the events are located a t  depths greater than 
a b o u t  3.7 kilometers (Rogers and Malkiel, 1978). For the formal 

instrumental location procedure w i t h  array data,  an i n i t i a l  t r i a l  
hypocenter a t  5 kilometers depth is used by these authors. 

. ... 

- 
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- 
Within the range discussed - tha t  is, focal depths of fran 0 to 10 

kilaneters - the issue of se l ec t ing  a proper depth for the  probabilistic 

acce le ra t ion  ana lys i s  a t  t h i s  site is c l e a r l y  important only i n  the site 

source zone itself. For example, t h e  d i f f e rence  i n  hypocentral  d i s t ance  

- the d i s t ance  to be used i n  the acce le ra t ion  a t t enua t ion  formula - for a 

closest approach event i n  the  Central  Basin Platform is only 1.93 

k i l a n e t e r s  i n  t h i s  depth range assuming that the closest approach of t h i s  

source zone is 25 kilameters as is indica ted  by Figures  5.3-3 or 5.3-4. 

This  is c l e a r l y  the g r e a t e s t  d i f f e rence  of t h i s  kind ou t s ide  t h e  s i t e  

source zone. Within the  s i t e  source zone the  s e l e c t i o n  of focal depth 

can be, formally,  very important simply because the  form of the 

a t t enua t ion  l a w  used asymptotically approaches i n f i n i t e  acce le ra t ion  a t  

very m a l l  d i s tances .  Th i s  is c e r t a i n l y  not  mechanically realistic and 

is not the i n t e n t  of the empirical f i t t i n g  process to an a t t enua t ion  l a w  

of t h i s  form. There is m e  empirical evidence that the rate of increase  

of p e a k  acce le ra t ion  w i t h  decreasing hypocentral d i s t ance  becomes less as 

.- t he  zone of energy release is approached. Th i s  is the  case for example, 

for the Parkfield and San Fernando, Ca l i fo rn ia  earthquakes of 1966 and 

1971, respec t ive ly  (see Page et al., 1972, Figures  4 and 6). Sane 

empirical acce lera t ion  a t tenuat ion  curves make use of t h i s  property i n  

ex t r apo la t ing  to  the v i c i n i t y  of energy re lease .  Most important ly  for 

our plrposes here, the a t t en tua t ion  curves of Schnabel and Seed (1973) 

are cons t ruc ted  i n  t h i s  manner and it is these curves t ha t  form the basis 

for near-source acce le ra t ion  as a funct ion of magnitude used by 

Algermissen and Perk ins  (1976). Since it is the i n t e n t  here to follow 

these authors  insofar as conservatism allows, i t  was decided to use a 

focal depth  of 5 k i l a n e t e r s  i n  a l l  source zones of t h i s  s tudy including 

t h a t  of the  site. For smaller hypocentral  d i s tances ,  the form of the  

a t t enua t ion  law adopted here devia tes  s i g n i f i c a n t l y  from t h a t  suggested 
by Algermissen and P e r k i n s  i n  such a way as to severe ly  exaggerate the  

importance of very m a l l  b u t  very close s h o c k s  i n  t he  es t imat ion  of 

probabilistic acce le ra t ion  a t  the s i t e  pe r t inen t  to design. 

seen from Figure 5.3-2. 

This  may be 
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The manner i n  which t h e  i r r e g u l a r  source zone geanet ry  of F igures  5.3-3 

and 5.3-4 may be adapted to the method of Cornel l  (1968) is shown i n  

F igure  5.3-5. As has been implied above, the se i smic i ty  of the s i t e  

region is, a t  best, poorly related to observed f a u l t s  - whether observed 

Quaternary faul ts  do not occur,  a s  i n  the case of t he  Cen t ra l  Basin 

Platform source zone ( R o g e r s  and M a l k i e l ,  1978) or whether they do, as i n  

the case of the R i o  Grande R i f t  source zone (Sanford et al, 1972). S ince  

the boundaries of the latter zone are so drawn as to be as close 02 

closer than known recent  f a u l t s ,  conservatism is served by allowing t h e  

l a r g e s t  earthquake postulated for specific f a u l t s  wi th in  the reg ion  to  

occur randomly throughout t h e  region. For these  two reasons,  l a c k  of 

apparent f a u l t  con t ro l  and add i t iona l  conservatism, areal source zones 

were used (see subsect ion 5.3.1). Thus the o b j e c t  is to approximate t h e  

given source zones by a series of annular segments. This  is done i n  such 

a way t h a t  total source zone area is conserved, and such that excluded 

area of the Algermissen and Perkins zones is replaced by annular areas 

closer to t h e  source. Fina l ly ,  closest approach d i s t ances  are - 
conserved. These cri teria are followed i n  cons t ruc t ion  of the  pat tern i n  

F igure  5.3-5. The site source region is drawn to be centered a t  the s i t e  

and to include a l l  a rea  not a l ready i n  another source zone. The r a d i u s  

of t h i s  site source zone w i l l  be determined by magnitude r e s t r i c t i o n s .  . 

W i t h  t h e  a t t enua t ion  l a w  and geometry def ined f o r  t h i s  hazard ana lys i s ,  

the ques t ion  of the r i g h t  recurrence formulas for each source zone is 

next addressed. A number of empir ica l ly  f i t t e d  curves of the form l o g N  = 

a - W have been published for t h e  site region i n  a broad sense  (Sanford 

and Holmes, 1962; Algermissen, 1969). As before,  N is the  nwnber of 

earthquakes of magnitude greater than or equal to M i n  sane area and over 

some time period. 

data, usua l ly  i n  a least squares  procedure. Although da ta  for any time 

per iod  may be used, a l l  the formulas considered e x p l i c i t l y  here w i l l  be 

normalized to one year.  I n  addi t ion ,  a l l  formulas w i l l  be normalized to 

source areas of 10 square kilaneters for  ease of comparison. For 

these broad regional  s t u d i e s ,  b values  around 1.0 have been found. 

. .  

The cons tan ts  a and b are determined by f i t t i n g  t h e  

5 
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Several  s tud ie s  published r ecen t ly  regarding t h e  imediate si te region 

are not  i n  good agreement w i t h  t h e  previous results. For example, graphs 

of magnitude versus number of earthquakes f o r  events  w i t h i n  300 

kilometers of the s i te  exclusive of s h o c k s  from t h s  Cent ra l  Basin 

Platform and aftershocks of t h e  1931 Valentine,  Texas earthquake yield 

recurrence formulas of the form 

5 2  l o g N  = 1.65 - 0.63 per yr per 10 Ian 

using instrumental  data  only,  and 

2 1- = 1.27 - 0.6ML per y r  per lo5 

using both historical and instrumental  data  (Sanford and Toppozada, 

1974). Because the  numbers of shocks used to  e s t a b l i s h  the l i n e a r  

po r t ions  of these curves is very mall  (16 and 25, r e spec t ive ly ) ,  and t h e  

- t o t a l  t i m e  i n t e r v a l s  over which da ta  were collected is very s h o r t  (11 and 

50 yea r s ,  r e spec t ive ly ) ,  an error i n  t h e  slope (or b value) is q u i t e  

poss ib le .  In  f a c t ,  a c e r t a i n  dissatisfaction w i t h  these r e s u l t s  on the 

part of Sanford and Toppozada is indica ted  by their  development of 

a l t e r n a t e  curves somewhat a r b i t r a r i l y  def ined to  have a slope of 1.0 

i n s t ead  of 0.6. Algermissen and Perkins  (1976) c a l c u l a t e  recurrence 

curves for a number of their  source --tones. For example, fo r  source zone 

45 (as defined i n  e i t h e r  Figure 5.3-3 or 5.3-4) they f i n d  the  equiva len t  

of 

5 2  
 log^ = 0.53 - 0.52 M per yr per 10 km 

C 

whi le  for source zone 43, no formula is found, presumably for l a c k  of 

data. Clear ly ,  t h e  d i f f i c u l t i e s  of f ind ing  meaningful recurrence 

r e l a t i o n s  for s u c h  a s h o r t  and a r e a l l y  r e s t r i c t i v e  i n t e r v a l  i n  a region 

of low se i smic i ty  are formidable. Another problem is also implied by the  

last  t w o  equations. Magnitude M i n  the Algermissen and P e r k i w  
C 
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formulation is somewhat vaguely def ined,  as  mentioned above, as t h e  

magnitude corresponding to  I i n  the equation: 
0 

M = 1.3 + 0.6 I 
C 0 

where I is maximum i n t e n s i t y  on the Modified Mercalli Scale. There 

seems to  be no r igorous  and s t ra ight forward  way to  relate t h i s  magnitude 

to  the M of Sanford and Toppozada. Even the  d e f i n i t i o n  of M upon 

which d e v e l o p e n t  of recurrence curves is fundamentally dependent, has 

been revised i n  the past few years  as was seen i n  subsect ion 5.2.2 

0 

L L' 

For tuna te ly ,  recent  work (Sanford e t  al., 1976b) allows a pre l iminary  

t reatment  of the da ta  t h a t  circumvents the warst of these problems. This  

recent  s tudy is based on eleven yea r s  of instrumental  s e i smic i ty  data 

which have been r e i n t e r p r e t e d  with respect to  magnitude. I n  addi t ion ,  

recurrence formulas are computed f o r  broad physiographic reg ions  of New 
Mexico vastly increas ing  t h e  data base. The criterion used i n  t h i s  

cu r ren t  hazard ana lys i s  w i l l  be to use the Sanford e t  al. (1976b) 

recurrence formula fo r  the physiographic province i n  which an ind iv idua l  

source zone occurs w i t h  the value scaled down t o  reflect area 

d i f f e rences .  For example, Sanford e t  al. (1976b) f i n d  

f o r  the High P l a i n s  province where the  site is located, and 

5 2  
logN = 2.5 - 1.0 5 per yr per 10 km 

for t h e  Basin and Range - R i o  Grande R i f t  region. The area of the High 

P la ins  province of i n t e r e s t  fo r  t h i s  ana lys i s  is approximately 3.4 x 
10 km surrounding the site but exclus ive  of part of the Cen t ra l  

Basin Platform. Thus the proper recurrence formula becomes 

4 2  

 log^ = 1.93 - % S i t e  source zone 
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.Similarly,  the par t  of the  Southern Basin and Range - Rio Grande R i f t  

region of in te res t  has been referred t o  i n  t he  above discussion a s  the  

Rio Grange R i f t  source zone and had an area of a b o u t  1.15 X 10  km . 
The proper recurrence formula becomes 

5 2  

logN = 2.56 - 1.0 M Rio Grande R i f t  source zone L 

T h i s  leaves only the Central B a s i n  Platform which is essent ia l ly  a 

special case. Although the above two formulas were developed for areas 

near 2 X 10  km i n  ex ten t  w i t h  the  increase i n  confidence therefrom 

derived, t h i s  cannot be done for  the Central Basin Platform source zone 

because it is unique and very l imited i n  area. It, therefore, cannot be 

treated as simply a scaled-dam version of sane broader region. 

recent work  using data from the K e r m i t  array (Rogers and Malkiel, 1978) 
is available for t h i s  source zone, it was decided to use  the recurrence 

formulation of Sanford et al., (1978) for t h i s  hazard analysis both  for 

5 2 .  

Although 

- consistency i n  approach and because t h i s  treatment is the only one t o  

calculate a recurrence formula for t h i s  source zone using revised 

magnitude estimates. Based on the seismicity detected i n  the C e n t r a l  

B a s i n  Platform since the  instal la t ion of s ta t ion  CLN i n  April 1975, the  

cumulative number of shocks  versus magnitude may be expressed as 

2 1-N = 3.84 - 0.9 5 per yr per lo5 km 

Assuming that the active por t ion  of the C e n t r a l  Basin Platform had an 

area of 8 X 10 km during t h i s  period (Sanford et  al, 1978) t h e  

proper recurrence relat ion b-es: 

3 2  

logN = 2.74 - 0.9 I$, Central B a s i n  Platform source zone 

These are the recurrence relationships used i n  the cu r ren t  hazard 

analysis for the site. 

- One feature  of several of these recurrence formulas is apparent: that 

is, they are  very similar when normalized t o  equal source areas. T h i s  is 
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sanewhat s u r p r i s i n g  i n  that t h e  geologic  ind ica t ions  of recent  tectonism 
va ry  from source zone to s o u r c e  zone. One way i n  which the seismic and 

geologic  da t a  may be reconci led is t o  impose sane upper l i m i t  on the 

magnitude of the earthquake t h a t  can occur i n  the geo log ica l ly  q u i e t  

areas t h a t  is less than the maximum magnitude event t h a t  can occur i n  

source zones w i t h  evidence of Quaternary tectonism i n  the form of f a u l t  

o f f s e t .  T h i s  w i l l  be discussed i n  a later s e c t i o n  but is mentioned here 

as a preface to the f i n a l  aspect of SOU KC^ region c h a r a c t e r i z a t i o n  

necessary to perform a hazard analysis :  t h a t  is, maximum magnitude event  

w i t h i n  each source zone. . \  

It is clear t h a t  a simple cons idera t ion  of maximum historical magnitude L ,  

* wi th in  each of t h e  t h r e e  source zones as s p e c i f i e d  above w i l l  not be 

adequate to assure conservatism. This  is p a r t i c u l a r l y  t r u e  of the  

northern part of the R i o  Grande R i f t  source zone (Zone 43 of Algermissen 

and P e r k i n s ,  1976) where a maximum historical i n t e n s i t y  of only V is 

k n m .  As discussed above, t h e  f a u l t  scarps i n  t h i s  area, p a r t i c u l a r l y  I 

along t h e  margins of the  San Andres and Sacramento Mountains, indicate 

the  s t rong p o s s i b l i t y  that major earthquakes have occurred i n  t h i s  region 

wi th in  the past 5 X 10 years.  The l eng th  of the f a u l t i n g  i n  these t w o  

a r e a s  (about 60 to  100 kilaneters) sugges ts  earthquakes canparable  i n  

s t r e n g t h  to the  Sonoran earthquake of 1887 (Sanford and Toppozada, 

1974).  Th i s  major earthquake (M=7'.8) produced 80 k i l a n e t e r s  of f a u l t  

scarp with a maximum displacement of about 8.5 m extending southward' from 

t h e  U.S. - Mexico border a t  a b o u t  109 W longitude. Sanford and 

Toppozada (1974) assume t h a t  a s i m i l a r  event  is possible i n  the f u t u r e  

w e s t  of a l i n e  i n  good agr.eement w i t h  the  eastern boundary of the R i o  

Grande R i f t  zone as s h w n  i n  Figure 5.3-5. T h i s  eclipses the  more 

sou the r ly  Valent ine,  Texas, earthquake whose magnitude has been var ious ly  

es t imated  to  be 6.1 (Algermissen and Perkins ,  1976) and 6.4 (Sanford and 

Toppozada, 1974). For the purposes of t h i s  ana lys i s ,  a maximm magnitude 

event  of 7.5 w i l l  be assumed a b l e  tc occur anywhere wi th in  t h e  R i o  Grande 

R i f t  source zone i n  genera l  agreement w i t h  Sanford and Toppozada. 

5 

0 

- 
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Selec t ion  of maximum magnitude events fo r  the s i t e  source zone and the  

Cen t ra l  Basin Platform source zone is more d i f f i c u l t .  Algermissen and 

Perkins  (1976) ass ign  a maximum historical i n t e n s i t y  of V I  t o  the Cen t ra l  

Basin Platform. This  is presumably the earthquake of August 14, 1966 

which has been assigned t h i s  i n t e n s i t y  i n  United S t a t e s  Earthquakes, 1966 

(Von Hake and Cloud, 1968). On the bas i s  of t h i s  i n t e n s i t y  and the 

empir ical  r e l a t i o n s h i p  of Gutenberg and R ich te r  (1942): 

M = 1.3 + 0.6 I 
0 

a maximm magnitude event of 4.9 has been selected f o r  t h e  Cent ra l  Basin 

Platform by Algermissen and Perkins (19761 as appropr ia te  f o r  t he i r  

probabilistic acce lera t ion  analysis .  The magnitude scale was designed to 

g ive  some ind ica t ion  of the elastic energy re leased  a t  the earthquake 

source, and i n  t h i s  context ,  the 4.9 value above is almost c e r t a i n l y  an 

exaggeration of the energy r e a l l y  released during t h i s  pa r t i cu la r  

earthquake. T h i s  conclusion is based on both macroseismic and 

instrumental  evidence. For example, one of the descriptions of t h i s  

shock w a s ,  " L i k e  a s t i c k  of dynamite being detonated seve ra l  hundred fset  

away' (Von Hake  and Cloud, 1968). This  and a genera l  considerat ion of 

f e l t  e f f e c t s  are cons i s t en t  w i t h  t he  conten t ion  t h a t  t h i s  earthquake has 

been assigned a r e l a t i v e l y  high e p i c e n t r a l  i n t e n s i t y  pr imar i ly  because it 
occurred very near a population center.  I n  addi t ion ,  s eve ra l  magnitudes 

have been published for t h i s  earthquake (U.S.C.G.S. - 3.4; Sanford et  a l .  

1978 - 2.8) which are s u b s t a n t i a l l y  lower than the 4.9 value used  by .. 
.', Algermissen and Perkins. . ,  

, .  
" i ,  

i ,  . ? '  

The maximum instrumental  magnitude for .an event i n  the Cent ra l  Basin 

Platform source zone is open to  sane debate because of the apparent ly  . ., 
d i f f e r e n t  appl ica t ion  of magnitude scale by var ious  agencies fo r  t h i s  

region. The l a r g e s t  earthquake i n  t h i s  region before i n s t a l l a t i o n  of 

station CLN had a magnitude less than 3.25 according to  the most recent  

ca l cu la t ions  a t  N e w  Mexico I n s t i t u t e  of Mining and Technology (Sanford e t  

al . ,  1978). Between 1974 and October 1977, during t h e  operat ion period 

of CIN for w h i c h  da ta  is c u r r e n t l y  ava i l ab le ,  a number of earthquakes 

- 
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have been located by Sanford and h i s  colleagues, none of which have been 
assigned magnitudes greater than 3.2. I n  the Rogers and Malkiel (1978) 

study of data f rm the recently established K e r m i t  array, events w i t h  

magnitudes approaching 4 are listed. Eowever, as w a s  s ta ted  i n  
subsection 5.2.4, a direct comparison of magnitudes for earthquakes 

l i s t e d  i n  both the New Mexico I n s t i t u t e  of Mining and Technology and , 

K e r m i t  array data s e t s  shows that events are  routinely assigned 

magnitudes almost one u n i t  higher i n  the l a t t e r  l i s t i ng .  Therefore, t h e -  1 

maximm his tor ica l  magnitude earthquake i n  t h e  Central Basin Platform 

Source Zone is still a matter for conjecture although some value between 

3.0 and 4.0 is most l ikely.  

. ', 
, ,  j ' ,  . I  

1 

The features  of t h i s  source zone that might bear on its possible m a x i m m  
magnitude are  the lack of recent geologic evidence of tectonism, and the 

high ac t iv i ty  r a t e  which may or may not be di rec t ly  associated w i t h  

secondary o i l  recovery efforts. Sanford and Toppozada (1974) conjecture 

that the maximm magnitude might be 6.0 for t h i s  source zone, and i n  t h i s  - 
study of hazard their example w i l l  be followed for one set of 

calculations.  Because t h i s  value may be exceptionally conservative, an 
a l te rna te  maximum magnitude of 5.0 is a lso  considered. 

With regard t o  the site source  zone, there is even less indication that 

s ign i f icant  magnitude events are reasonably l ikely.  There is no 
Quaternary f a u l t  o f fse t  (Bachman and Johnson, 1973) and seismic ac t iv i ty  

is low. However, recent s tudies  (Caravella and Sanford, 1977) have shown 

tha t  some level  of background seismicity must  currently be considered for 

the site area i f  conservatism is to be served. Apparently, an  earthquake 
which may be tectonic  i n  or igin and w i t h  a magnitude of 3.5 has occurred 

within the s i t e  source zone itself (see subsection 5.2.5). Two maximum 

magnitudes were considered i n  the hazard analysis of t h i s  section: 4.5, 

t h a t  is the maximum h i s to r i ca l  event plus one magnitude unit; and 5.0, a 

rather ad boc attempt to consider additional conservatism i n  general 
agreement w i t h  t h e  s ize  of a ran- event possible i n  t h e  cent ra l  United 

S ta t e s  and not associated wi th  a particular source zone (Algermissen and 

Perkins, 1976). 
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A l l  t h e  parameters necessary to perform a p r o b a b i l i s t i c  acce le ra t ion  

hazard ca l cu la t ion  for the  Los Medanos s i t e  after the method of Cornel l  

(1968) have now been presented and discussed. I n  the next subsect ion t h e  

results of these ca l cu la t ions  are considered. 

5.3.3 Resul t s  

The basic results are shown i n  Figures  5.3-6 and 5.3-7. These are plots 

of the p r o b a b i l i t i e s  that the maximtm annual acce le ra t ion  w i l l  exceed 

some specified acce le ra t ion  versus  the specified acce lera t ion .  For 

example, i n  Figure 5.3-6, Curve 1, which shows the cont r ibu t ion  to  r i s k  

a t  the si te due to  earthquakes i n  the R i o  G r a n d e  Rifk source mne as 
shown i n  Figure 5.3-5, i n d i c a t e s  t h a t  the p r o b a b i l i t y  t h a t  the maximum 
acce le ra t ion  at  the site frcm this source zone i n  any one year w i l l  

exceed 0.05g is approximately 1.8 x or 1.8 i n  one hundred 

thousand. P r o b a b i l i t i e s  are s i m i l a r l y  found f o r  other values of 

- acceleration. 

I n  both F igures  5.3-6 and 5.3-7, s i x  curves are shown. Curve 1 is the 

sane i n  both f igu res  and represents  the p r o b a b i l i s t i c  maximum 
acceleration d i s t r i b u t i o n  fo r  the  Rio Grande R i f t  source mne as 
described above. Curves 2 and 2 '  are also t h e  same i n  both f igu res ,  

represent ing  the r i s k  from the site source zone when its maximum 
magnitude is 5.0 and 4.5, respect ively.  Curve  3 i n  each f i g u r e  is the  

r i s k  d i s t r i b u t i o n  from earthquakes i n  the  Cen t ra l  Basin Platform source 

zone. I n  F igure  5.3-6, the maximum magnitude event  i n  t h i s  zone is 

assumed to be 6.0 while  i n  Figure 5.3-7 it is given a value of 5.0. 

F ina l ly ,  curves  4 and 4 '  are the  total p r o b a b i l i s t i c  maximm 

accelerations a t  the s i te  from a l l  source areas mmbined. For example, 

Curve 4 i n  Figure 5.3-6 is the r i s k  a t  the site assuming the  geane t r i c  

and recurrence properties, and the acce le ra t ion  a t tenuat ion ,  of the las t  

subsect ion and a maximum magnitude of 6 . 0  i n  t h e  Cent ra l  Basin Platform 

source zone and 5.0 i n  the si te s o u r c e  zone. 
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P r o b a b i l i t i e s  for accelerations below 0.039 have not been ca lcu la ted .  

This  is because of a f e a t u r e  of the method used. For a given source 

geaae t ry  and minimmo magnitude, t h e  lower l i m i t  of v a l i d i t y  of 
probabilistic acce le ra t ion  is f ixed  (see Figure  5.3-ltop) such tha 

a > a'.  - 
-1 a'  = 17 exp 0.92 m d 

0 

where m is the minimm magnitude and d is minimun d i s t ance  to any 

source zone. For the worst case, d = 5 km. The value f o r  m 2.4, is 
the same f o r  a l l  source zones and is derived fran an estimate of t h e  

smallest earthquakes recorded uniformly throughout the s t a t e  of New 
Mexico (Sanford et al.,  1978). Subs t i t u t ing  these va lues  i n t o  t h e  above 

expression resul ts  i n  a' = 30.9 cm/sec or a' = 0.039. 

0 

0' 

2 

'I 

There are seve ra l  i n t e r e s t i n g  f e a t u r e s  that may be derived from a 

comparison of the four curves,  4 and 4 '  i n  both  Figures  5.3-6 and 5.3-7. I 

F i r s t ,  it may. be noted tha t  i n  spite of the  greater conservatism 

exercised i n  the s e l e c t i o n  of model parameters for t h i s  s tudy than i n  the 

Algermissen and Perkins  (1976) study-on which so much of the c u r r e n t  

r i s k  eva lua t ion  depends-the basic conclusion of Algermissen and Perk ins  

that the site is i n  an area w i t h  less than one chance i n  t en  t h a t  an 

a c c e l e r a t i o n  of 0.049 w i l l  be exceeded i n  any 50 year period is i n  very 

good agreement w i t h  t h e  results shown i n  F igures  5.3-6 and 5.3-7. To see 

t h i s  it may be noted that the  r e t u r n  per iod f o r  the Algermissen and 

Perk ins  s tudy  is about 475 years. For the  s l i g h t l y  more conserva t ive  

curves  of Figure  5.3-6, the maximum acce le ra t ions  at  t h i s  r e t u r n  period 

are around 0.0459 while  i n  Figure 5.3-7 they are 0.03%. 

Secondly, it is i n t e r e s t i n g  t o  note that under t h e  a s s m p t i o n s  of t he  

previous section the s ign i f i cance  of t h e  R i o  Grande R i f t  source zone to  

the total  r i s k  a t  the s i t e  is r e l a t i v e l y  small a t  a l l  a c c e l e r a t i o n  

l e v e l s .  Because of t he  earthquake recurrence r e l a t i o n s h i p s  f o r  the 

va r ious  source zones, t h i s  w i l l  be t r u e  a t  lower acce la ra t ion  l e v e l s  no - 
matter what assumptions are made about t h e  maximum magnitudes i n  t h e  site 
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and Central Basin Platform source zones. A t  higher acceleration levels ,  

t h i s  w i l l  be t rue unless the lowest maximum magnitude proper for the s i t e  
s o u r c e  zone is lower t h a n  the 4.5 value considered here. Although 

probabi l i t ies  are  law a t  all s i t e  acceleration leve ls  from the Rio Grande 

R i f t  source zone, the maximm acceleration a t  the site f rm a 7.5 shock  

a t  a distance of 115 kilcmeters using the  a t t e n u a t i o n  law of subsection 

5.3.2 is 0.15g. Th i s  is s l igh t ly  greater than the 0.1s acceleration 

assumed to be the maximum a t  the  site i n  previous s t u d i e s  (Sanford and 

Toppzada, 1974). 

In  t h e  case of the  Central Basin Platform source zone, a comparison of 

the two figures shows an in te res t ing  phenmenon. For the case where 6.0  

is the maximum magnitude event, probabi l i t ies  are largely controlled by 

earthquakes in  t h i s  source zone up t o  accelerations of around 0.1s. For 
higher accelerations, the site source zone is more important. If 5.0 is 

a bet ter  maximum magnitude s h o c k  i n  t h e  Central  Basin Platform, its 

significance as a source of r isk is annpletely eclipsed by the s i t e  

source zone i t s e l f  at  a l l  acceleration levels .  

Perhaps the m o s t  universal feature of a l l  four t o t a l  r isk curves is their 

dominance by t h e  s i t e  sourc=' zone a t  higher accelerations. If the 

probabi l i t ies  at  which these higher acceleration leve ls  occur are thought 

to be of interest, it is the assumptions that are  m a d e  about  t h e  

immediate site area tha t  are  most critical. 

It is believed t h a t  the presentation i n  t h i s  section gives the broadest 

possible assessment of seismic r i s k  a t  t he  si te i n  a way that shows 

exp l i c i t l y  the assumptions used and, t o  a m a l l  extent a t  least, t h e  

effect of varying some of these assumptions. Acceleration is not the 

only parameter of design significance, of course, so t ha t  a plot  of its 

probabili ty is not t h e  whole s tory even i f  such a plot  is completely 
accurate. I '  , \  

, d  , !, 

" 1 ,  , / , ,  I 
t 

, I ,  

.. -.. 
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5.4 SEZSMOLOGICAL DATA AND SITE REGIOS TECTONISM 

. ,  
I n  previous sections the h i s to r i ca l  record of seismicity i n  the s i t e  

region has been explored as w e l l  a s  the way t h i s  record, when canbined 

w i t h  very general geologic arguments, can be used to estimate r i s k  l eve ls  

attached to various possible seismic design acceleration values. In  t h i s  

section the extent to which th i s  seismological data  may be used to draw 

inferences of a longer term nature is considered. The in te rva l  over 

which seismological data can be collected is still very brief: the to t a l  

available earthquake record, and especially that  fraction of it 

representing the period of instrumental observation, covers a period of 

t h e  t h a t  is very shor t  compared to t h e  t o t a l  geologic time scale. Thus, 

a comparison of the regional tectonism derived from a study of geologic 

processes and s t r u c t u r e s ,  w i th  t h a t  derived from a study of earthquakes, 

involves a question of consistency: t ha t  is, are the charac te r i s t ics  of 

regional earthquakes consistent w i t h  known geologic structures and t h e  

large-scale Stresses thought t o  have been act ive i n  their evolution? 

Implici t  i n  t h i s  concept of tectonics is the def in i t ion  of tectonic  

earthquake that is used i n  t h i s  section. The subject of tectonics as it 

is u s e d  here is s t ruc tura l  geology. Tectonic  earthquakes are those 

believed t o  be associated w i t h  fault ing.  This is taken t o  exclude minor 

s h o c k s  due to less important causes (Richter, 1958). As mentioned i n  

subsections 5.2.4 and 5.2.5 it  is not clear that the  detected earthquakes 

i n  either the site source zone or the  Central Basin Platform are  tectonic  

under t h i s  definit ion.  There seem to be few geologic structures i n  
e i t h e r  area tha t  would lead one to expect s igni f icant  teCtoniSm either 

now or for vast times i n  the past. Nevertheless, conservatism suggests 

that these events should be considered tectonic a t  t h i s  stage of our 

knowledge, and t h i s  assumption w a s  made for the seismic r i s k  analysis of 
the previous section. 

Seismology, i n  the context of tectonism, w i l l  be considered below under 
tw general headings: implications about the regional s t r e s s  regime from - 
focal mechanism s o l u t i o n s ,  and implications about regional ac t iv i ty  from 
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historic recurrence s t a t i s t i c s .  Although earthquakes are sometimes used 

to de l inea te  specific a c t i v e  structures i n  a way important t o  discussions 

of regional  tectonism this w i l l  not be attempted here, pr imar i ly  because 

even i n  areas w i t h  recent  f a u l t i n g ,  such  as occur i n  the southern Basin 

and Range province, or i n  areas w i t h  soph i s t i ca t ed  seismic a r ray  loca t ion  

c a p a b i l i t i e s  as i n  t h e  Cen t ra l  Basin Platform, the known earthquakes are 

simply not well c o r r e l a t e d  w i t h  s p e c i f i c  geologic  s t r u c t u r e s  on a 
d e t a i l e d  sca l e .  

The u l t i m a t e  a s soc ia t ion  of seismic and geologic  processes is derived 

f r a n  the observat ion t h a t  t h e  s t r u c t u r a l  behavior of an element of t h e  

e a r t h ' s  c r u s t  is o f t en  associated w i t h  the release of elastic s t r a i n  

energy i n  the form of earthquakes. The na ture  of t h i s  a s soc ia t ion  

i t s e l f ,  however, may be far from simple. This  is e s p e c i a l l y  true of 
small earthquakes whose characteristics are der ived from processes taking 

place i n  a very s m a l l  volume of a c r u s t  that, i n  t h i s  context ,  must be 

considered very inhomogeneous. As was seen i n  Sec t ion  5 . 2 ,  the latest  

ca l cu la t ions  show that only one i n s t r u n e n t a l l y  located earthquake w i t h i n  

300 k i l a n e t e r s  of the site (the Valentine,  Texas, event) has exceeded 

magnitude 4.6. Simi lar ly ,  wi th in  300 kilometers of the s i t e . b u t  ou ts ide  

t h e  R i o  Grande R i f t  source zone as defined i n  Sec t ion  5.3 no earthquake 

has exceeded magnitude 3.5. This should be k e p t  i n  mind throughout t h i s  

sec t ion .  I t  may also be noted t h a t  most empirical experience i n  r e l a t i n g  

t e c t o n i c  f e a t u r e s  to se ismic i ty ,  or vice versa ,  has been gathered i n  

regions t h a t  are much more ac t ive  than  t h e  si te region. This  too w a s  

mentioned i n  Sect ion 5.2 and is made very clear by comparing earthquake 

recurrence s t a t i s t i c s  for the site region with similar statistics f o r  an 

area such as Cal i fo rn ia .  The p i c t u r e  presented by a comparison of 

seisnologic w i t h  s t r u c t u r a l  geologic da t a  appears confused f o r  the  site 

region. A t  least these t w o  da ta  sources are not cons i s t en t  i n  the Same 
way or to the  same degree t h a t  is found i n  other regions charac te r ized  by 

l a rge r  h i s t o r i c a l  earthquakes. I t  is premature to attempt a 

r econc i l i a t ion  here, if indeed one is necessary,  so t h a t  i n  t h i s  s e c t i o n  

-~ 

1 e x i s t i n g  evidence (al though o f t en  only prel iminary)  i s  o u t l i n e d  and 

b r i e f l y  discussed. 
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5.4.1. Regional S t r e s s  Or ien ta t ion  

The catalog of published c r u s t a l  stress measurements i n  t h e  Los Medanos 

region is a s h o r t  one. It c o n s i s t s  of th ree  focal mechanism s o l u t i o n s  

and one i n  s i t u  hydrofracture  determination. Another i n - s i tu  stress 

measurement w a s  quoted recent ly  i n  connection wi th  w e s t  Texas s t u d i e s  

(Rogers and M a l k i e l ,  1978), but t h i s  measurement is some d i s t ance  to  the 

east, on t h e  L l a n o  u p l i f t .  I n  t h i s  very l imi t ed  da ta  c o l l e c t i o n ,  there 

is l i t t l e  agreement, and none should necessa r i ly  be expected s i n c e  t h e "  

measurements m e  fran d i f f e r e n t  s t r u c t u r a l  blocks. 

, 

The earliest ind ica t ion  of the  stress regime for a po in t  w i t h i n  the  

genera l  Los Medanos s i te  region (when defined a s  it has been i n  t h i s  

chapter as within 300 kilcmeters of the s i te )  comes from an a n a l y s i s  of 

first motion polarities fran t h e  Valent ine,  Texas, earthquake of A u g u s t  

16, 1931. I n  h i s  s tudy of t h i s  event Byerly (1934), carefully noted the 

p o l a r i t y ,  azimuth, and epicentral d i s t ances  of waves a t  a l l  s t a t i o n s  -, 

recording t h i s  ear thquake.  H e  concluded t h a t  t h e  obs@rved polarity 

pattern could be explained by normal movement on a shal low f a u l t  s t r i k i n g  

N35 W, and dipping very s t e e p l y  to the w e s t .  H e  also noted tha t  
c e r t a i n  s t a t i o n s  d id  not  ' f i t  t h i s  p a t t e r n  and a t t r i b u t e d  most of these 

d iscrepancies  to d i f f i c u l t i e s  i n  observing the  t r u e  f i r s t  a r r iva l ,  which 

was apparent ly  los t  i n  the noise a t  these  s t a t i o n s .  For tuna te ly ,  a l l  

p o l a r i t y  readings were l i s ted  i n  Byerly 's  paper for t h i s  earthquake, 

which was recorded at  d is tances  ranging from 5.8O to 104.8O. 

Applying the recent  techniques of s tereographic  p ro jec t ion  to  Byerly 's  

da t a ,  Sanford and Toppozada (1974) obtained an independent bu t  very 

similar s o l u t i o n  shown i n  Figure 5.4-la. T h i s  s o l u t i o n  i n d i c a t e s  

predominantly d i p s l i p  motion along a normal f a u l t  s t r i k i n g  N4OoW and 

dipping 74 southwest, or m t i o n  of a similar nature  on a f a u l t  
0 s t r i k i n g  Nl9OW and dipping 18 northeast .  The f i r s t  p o s s i b i l i t y  is 

p re fe r r ed  because of t h e  s t r u c t u r a l  f a b r i c  of the e p i c e n t r a l  region w i t h  

w h i c h  it is cons is ten t .  The incons i s t en t  p o l a r i t y  readings are those 

0 

0 

noted previously by Byerly. It is worth mentioning t h a t  t h e  r eg iona l ,  - 
stresses implied by t h i s  so lu t ion  (P-axis or axis of maximm compressive 
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1 

0 stress s t r i k i n g  N51°E and plunging 62 

a x i s  of least compressive stress s t r i k i n g  S61°W and plunging 28O t o  

the southwest)  a r e  t h e  only ones for t h i s  region tha t  a r e  

incon t rove r t ib ly  of sane tectonic s igni f icance .  

to  the northeast and T-axis or 

The remaining two f o c a l  mechanism so lu t ions  a v a i l a b l e  a t  t h i s  time for 

the  s i t e  region have been very r e c e n t l y  determined from data  recorded a t  

t h e  Kermit array.  One so lu t ion  is a ccmposite of da ta  from three small 
earthquakes t h a t  occurred wi th in  a 7-day per iod i n  January 1976 and is 

reproduced from Rogers and M a l k i e l  (1978) i n  F igure  5.4-lb. The Other 

so lu t ion  is from a s i n g l e  e a r t h q u a k e  on Apr i l  26, 1977, i n  the  same area 

a s  the other t h r e e  near a r r ay  s t a t i o n  KT5 (see Figure  5.2-5) and is 

reproduced, a l s o  from R o g e r s  and M a l k i e l ,  i n  F igure  5.4-lc. These are .*: 
the only events  occurr ing during a r r a y  ope ra t ion  tha t  have produced a 

s u f f i c i e n t  number of clear first motion polarities to a l l o w  focal , 4 d :. &: , 
V" .' ,,, ,, 

mechanism so lu t ions .  .. . , 

. , .  )%& '> 
~ '1 "i I, , 

, , \;? / .  k ' ,  
.~ . - 

The earthquakes from which the  composite s o l u t i o n  Of Fig. 5.4-lbottan was 

derived occurred on January 19, 22, and 25, 1976 and had U.S.G.S. 

assigned magnitudes of 3.47, 2.83. and 3.92, r e spec t ive ly .  I t  has 

a l ready  been noted i n  Sec t ion  5.2 t ha t  these magnitudes appear to be 
almost a u n i t  l a rge r  than those most r e c e n t l y  ca l cu la t ed  for s h o c k s  i n  

t h i s  area by Sanford and h i s  col leagues a t  t h e  New Mexico I n s t i t u t e  of 

Mining and Technology. The preferred f a u l t  plane,  based on the geologic 

structure of the  Central  Basin Platform, str ikes Nl9OW and dips to  the  

w e s t  at 53 . The sense of f a u l t  motion is t h a t  of normal f au l t i ng .  

S i m i l a r i t y  to  the s o l u t i d n  for t h e  Valent ine earthquake is clear. 
da ta  fo r  the April 1977 event do not fit t h i s  type of so lu t ion  and do not 

permit a unique mechanism to be obtained. Normal, t h r u s t ,  and 

s t r i k e - s l i p  mechanism are possible. The normal so lu t ion  shown i n  Figure 

5.4-lc is the only one considered by Rogers and M a l k i e l  to be r e l a t i v e l y  

cons i s t en t  with the composite mechanism and the reg iona l  tec tonics .  

0 

The 

The t e c t o n i c  s ign i f i cance  of these las t  two focal mechanisms is confused 

by their Occurrence i n  an a rea  where both a c t i v e  f l u i d  withdrawal and 
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i n j e c t i o n  are taking place. This confusion is apparently not lessened by 

considering the i n  s i t u  s t r e s s  data. Hydrofracture data frao a w e l l  i n  
Howard County, Texas t o  the eas t  (Fraser and Pe t t i t ,  1962) indicate  a 

tension ax is  that trends south-southeast. Overcoring data f r m  Hooker 

and Johnson (1969) even further to the eas t  i n  Burnet County, Texas, on 

the Llano up l i f t  show reversion to a southwest trend for  the tension 

axis. According t o  Rogers and M a l k i e l  (19781, both the Howard and Burnet 

County data shar a horizontal ax is  of maximum canpression. This is i n  

disagreement w i t h  the focal mechanisms, for w h i c h  the grea tes t  

canpressive stress is steeply plunging. Also, von Schonfeldt et al. 
(1973) have indicated that the grea tes t  principal stress i n  t h i s  area is 
a ver t ica l ly  oriented, overburden induced compressive stress because 
hydrofracture experiments generally produce ver t ica l  f ractures  i n  Texas, 

except i n  m e  shaLlar w e l l s  (Hays, 1977). In  the face of such  a variety 

of interpretat ions,  it is premature t o  speculate on the significance,  or 

lack of it, of these data. Any such  speculation w i l l  have to w a i t  on the 

collection of n e w  data or additional analysis of exis t ing information. 

5.4.2 Tectonism and Earthquake Recurrence Relations 
1 .  

I /  

1 ,  

In  Section 5.2 the  seismicity of the Los Medanos site region was 

s tudied .  It was noted tha t  most of the ac t iv i ty  of recent years had 

occurred i n  the Central Basin Platform i n  two part icular  areas located 

such  t h a t  Sg-Pg in te rva ls  a t  s ta t ion  CIlJ very near the si te were 8 to  13 

seconds and 22 to 24 seconds (Sanford, e t  al. 1978). Another group of 

epicenters for shocks w i t h  Sg-Pg in te rva ls  fran 31 to 36 seconds were 

found by these authors to occur i n  several tectonical ly  act ive regions t o  

the southwest and west of the site-notably near Valentine, Texas, and i n  

much of the Tularosa Basin. These  three Sg-Pg in te rva ls  account for the 

most important peaks on the  histogram appearing i n  Figure 5.2-5. 

Earthquakes a t  other distances contribute a general background occurrence 

leve l  also apparent i n  t h i s  histogram. A t  l e a s t  sane of these events are 

known to have occurred i n  the general s i t e  region and not i n  association 

w i t h  e i ther  the  C e n t r a l  B a s i n  Platform or the R i o  Grande R i f t  source 
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zones of the previous sec t ion .  This cha rac t e r i za t ion  of t h e  reg iona l  

s e i smic i ty  i s  i n t e r e s t i n g  because there is abundant geologic  evidence for 

recent  t e c t o n i c  a c t i v i t y  for the source zones to the  w e s t  and none for 

the Cent ra l  Basin Platform. 

This  s i t u a t i o n  can be descr ibed more q u a n t i t a t i v e l y  by consider ing 

earthquake recurrence statistics. Rela t ions  of the form logN=a-bM for 

the three source zones of Sec t ion  5.3 have a l ready  been shown. These 

formulas,  taken from Sanford et al. (1976b) and Sanford et al .  (1978) may 

be normalized to e q u a l  time i n t e r v a l s  and areas for comparison (assuming 

such a comparison is meaningful) to give: 

log  N = 2.5 - % 

log N = 2.4 - 

R i o  Grande R i f t  zone 

High P la ins  Province 

log N = 3.84 - 0.9 El, Centra l  Basin Platform 

where i n  each case the formulas g ive  the number of Occurrences, N ,  of 

events  w i t h  magnitude M or g rea t e r  per year i n  a l o 5  km area. I t  

is clear that i f  t hese  r e l a t i o n s  t r u l y  ind ica t ed  sane measure of t e c t o n i c  

a c t i v i t y  i n  effect for a long time period the  r e l a t i v e  t e c t o n i c  

importance of these areas would be i n  c o n f l i c t  w i t h  t h a t  implied by the 

geologic  da ta .  Th i s  is p a r t i c u l a r l y  t r u e  for the Cent ra l  Basin Platform 

a c t i v i t y .  

2 
L 

Severa l  explanat ions have been offered to reso lve  t h i s  c o n f l i c t  (Sanford 

et al . ,  1978) .  One is t h a t  a recent change i n  regional  stress may be 

responsible .  I n  t h i s  view, the t ec ton ic  impl ica t ions  of very recent  

s e i smic i ty  are p re fe r r ed  to those  of the geologic record. The other 

extreme p o s s i b i l i t y  is tha t  the observed recent  se i smic i ty ,  e spec ia l ly  i n  

t h e  Cen t ra l  Basin Pla t form,  has l i t t l e  bearing on tectonism i n  t h e  sense  

normally used i n  connection w i t h  magnitude recurrence r e l a t i o n s .  Thus, 

t h e  geologic  implicat ions t o  p a s t  and recent  (and, by ex t r apo la t ion ,  

f u t u r e )  tectonism are preferred t o  those of recent  se i smic i ty .  F ina l ly ,  
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there is an intermediate posit ion which attempts reconciliation of both 

the geologic and seismic data by prescribing sane part icular  mode of 

c r u s t a l  behavior i n  the High Plains physiographic province and the 

Central Basin Platform. The only exp l i c i t  property of t h i s  mode of 
behavior is that  large magnitude earthquakes do not  occur; hence, 

extrapolation of t h e  recurrence formulas above to large magnitudes is 

fundamentally inaccurate. 

The f i r s t  poss ib i l i ty ,  that the regional geology of the High Plains 

province and Central Basin Platform is i n  essence misleading, is the 

least sat isfactory.  There does mt  seem to be any implication of recent 

regional stress changes i n  the more active areas of New Mexim. Sanford 

et a l .  (1972) performed calculations comparing ' the implications t o  

tectonic ac t iv i ty  of recent f a u l t  o f fse t  i n  the R i o  Grande R i f t  (where 

recent is defined as less than 4 x 1 0  years old) w i t h  similar 

implications fran recurrence s t a t i s t i c s  both frcm his tor ica l  earthquakes 

5 

and from microearthquake s tudies  (Sanford and Singh, 1968). These - 
4 calculations s h o w  tha t  i f  the f a u l t  scarps are less than 4 x LO years 

old,  t he  seismicity obtained is compatible with the historical earthquake 

ac t iv i ty  i n  the S m r r o  region. I f  the age span of the  f a u l t  scarps is 
increased to about 2 x 10 years, the seismicity becomes close to t h a t  

indicated by the  microearthquake studies. 

t he  focal  mechanism s o l u t i o n  obtained for the Valentine, Texas, 

earthquake is consistent w i t h  the sense of f a u l t  motion implied by the 

5 

I t  may a l so  be noted here tha t  

.. -... 
geologic s t ruc ture  of tha t  area. 

Using s i m i l a r  types of arguments some l i m i t s  can be placed on how 

recently the change i n  stress postulated for the Bigh Plains province ar&-----' 

the C e n t r a l  Basin Platform m u s t  have taken place. Consider that  part of 

t h e  High Plains province designated as the site source zone i n  Section 

5.3. Then the  recurrence re la t ion  is, a f te r  Sanford e t  a l .  (1976b) : 

L log N = 1.9344 
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II 

The use of t h i s  formula i n  an u n c r i t i c a l  way leads t o  t h e  conclusion t h a t  

an earthquake of magnitude g rea t e r  than or equal  to 7.0 s h o u l d  occur i n  

t h i s  zone on the  average of once i n  about 1 0  years.  Such an 

earthquake would c e r t a i n l y  leave physical  evidence of f a u l t  offset. If 

t h e  High P la ins  province of New Mexico is taken as a whole, a s imi l a r  

earthquake would be expected on the  average of once i n  s l i g h t l y  over 2 x 

1 0  years .  Assuming that  earthquake Occurrence is d i s t r i b u t e d  as a 

Poisson process, it can be concluded t h a t  an earthquake of magnitude 7.0 

or grea te r  has a 63 percent l i k e l i h o o d  of occurring i n  a given 2 x 10 

year period and t h a t  it has a 90 percent  l ike l ihood of occurring i n  a 

given 2 x 10 year period. Nevertheless,  no evidence is known of f a u l t  

offset suggest ing earthquakes of t h i s  s i z e  anywhere i n  t h e  High P l a i n s  

during comparable or longer time periods. Thus, i f  there have been 

changes i n  regional  stress t h a t  are responsible  f o r  the observed c o n f l i c t  

between geologic and seismic da ta ,  t h e s e  changes probably have taken 

place more recen t ly  than w i t h i n  t h e  last 2 X 10 t o  2 X 1 0  years.  

5 

4 

4 

5 

4 5 

- 
A similar ca l cu la t ion  may be appl ied to the  Cent ra l  Basin Platform. I n  

this case on the  basis of seismic evidence t h e  recurrence i n t e r v a l  for a 

magnitude 7.0 earthquake is about 3500 years.  A s  i n  t h e  High P la ins ,  

there is no geologic evidence for such an earthquake. Thus, the  geologic 

and seismic evidencx appear to con t r ad ic t  one another u n l e s s  the  c u r r e n t  

s e i smic i ty  i s  the  r e s u l t  of a t ec ton ic  stress change t h a t  t o o k  p lace 

wi th in  t h e  l a s t  seve ra l  thousands or t ens  of thousands of years.  The 

impl ica t ions  of recurrence i n t e r v a l s  for l a rge  earthquakes developed from 

short  term seismic da ta  should not form the b a s i s  for r a t i o n a l l y  

d iscard ing  con t r ad ic t ing  geologic evidence. . , , .  

, ,  The second p o s s i b i l i t y  as it is presented here app l i e s  only t o  t h e  

Cent ra l  B a s i n  Platform. T h a t  is, the  recurrence s t a t i s t i c s  for 
earthquakes i n  t h i s  m a l l  area are not r e l a t e d  to  tectonism i n  t h e  usual 

sense of t h i s  concept and should not be used for tectonic implicat ions of 

long time i n t e r v a l s .  The pr inc ipa l  support  for t h i s  view is ou t l ined  i n  

- Sanford and Toppozada (1974). Bas ica l ly ,  it has been postulated t h a t  t h e  

earthquakes on t h e  Cent ra l  Basin Platform a r e  r e l a t e d  to massive f l u i d  
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i n j e c t i o n  f o r  secondary recovery of oil .  Both the spatial and temporal 

a s soc ia t ion  of this se i smic i ty  w i t h  these secondary recovery projects are 
very suggestive.  This  has a l ready  been discussed i n  g r e a t e r  detail i n  

subsect ion 5.2.4 and w i l l  mt  be repeated here. The w i d e  v a r i e t y  of 

hypotheses regarding the  stress f i e l d  i n  the area of the Cen t ra l  Basin 

Platform neither preclude mr prove any causa l  r e l a t i o n s h i p  between the 

earthquakes and secondary recovery operations (Hays, 1977).  but ,  the 

widely observed phenomenon of increased seismic a c t i v i t y  during f l u i d  

i n j e c t i o n  (Healy et al.,  1968: Healy et a l . ,  1972) argues s t rong ly  

aga ins t  the u n c r i t i c a l  ex t r apo la t ion  of short term magnitude recurrence 

formulas under the present  condi t ions.  

The t h i r d  p o s s i b i l i t y ,  that the geologic &d seismic da ta  are not r e a l l y  

i n  c o n f l i c t ,  is the most s a t i s f y i n g  f r a n  a philosophical viewpoint: It 

is c e r t a i n l y  simpler to der ive  meaningful conclusions a b o u t  the  physical 
properties of a system tha t  is not  changing than about one that is. I t  

has a l ready been mentioned t h a t  such consis tency exis ts  fo r  the R i o  

Grande R i f t ,  a t  least i n  g ross  terms. A similar r e c o n c i l i a t i o n  might be 

poss ib l e  for the  High Plains province or the  Cent ra l  Basin Platform by 

r e s t r i c t i n g  the maximum magnitude of an earthquake t h a t  can occur i n  

either the  High Plains physiographic province or the Cen t ra l  B a s i n  . , 

Platform. 

.- 

> I  

,, 8 , '  

The simplest r e s t r i c t i o n  that can be appl ied to the  magnitude of shallar 

seismic events  t ha t  have occurred i n  the  past is imposed by the size or 
absence of observed f a u l t i n g .  An argument of t h i s  type has been used 

above i n  consider ing the questions of recent stress regime changes. I n  

very general  terms, i t  is bel ieved t h a t  where recent  geologic  f a u l t i n g  

e x i s t s ,  even i n  the absence of observed large magnitude earthquakes, 

conservatism requ i r e s  that such se i smic  a c t i v i t y  should be an t i c ipa t ed  

( A l l e n  et al . ,  1965: Sanford et al.,  1972); t h a t  is, to  a high l e v e l  of 

confidence,  l a r g e  recent  f au l t s  i n  an area imply l a rge  magnitude 

earthquakes m u s t  be considered there. The converse argument, t h a t  l a r g e  

magnitude shallow earthquakes always produce episodes of l a r g e  Scale - 
shallow f a u l t i n g  is even more widely believed. T h i s  a s s e r t i o n  appears so 
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absolu te  because the de f in i t i ons  of " la rge"  earthquake and "large-scale" 
f a u l t i n g  have been l e f t  purposely vague. 

s ta tement  might be tha t  t h e  l a r g e s t  recent  f a u l t  o f f s e t s  ( i n  terms of 

both f a u l t  l ength  and f a u l t  displacement) t h a t  a r e  found i n  an area under 

a given set of geologic  condi t ions  and after an adequate search impose an 

upper l i m i t  on the magnitudes of p a s t  earthquakes. 

A more empir ica l ly  use fu l  

The genera l  r e l a t i o n  between magnitude of s h a l l o r f o c u s  earthquakes and 

s i ze  or volume of the  deformed region and the  length  and amount of 

displacement of a c t i v a t e d  su r face  f a u l t s  has long been recognized 

(Tsuboi, 1956; Richter ,  1958). TOcher (1958) developed an e a r l y  

empirical r e l a t i o n  between magnitude and fault length ,  and between 

magnitude and the  product of f a u l t  l ength  and maximum displacement. Many 

subsequent refinements have been formulated by adding a d d i t i o n a l  da t a  

po in t s  (Iida, 1959 and 19651, applying the  method to s p e c i f i c  areas, as 
f o r  southern  Ca l i fo rn ia  (Albee and Smith, 1966).  and by r e f i n i n g  t h e  

source data either for the western un i t ed  S t a t e s  (Boni l la ,  1967 and 1970; 

Bon i l l a  and Buchanan, 1970) or for the  world (Ambraseys and Tchalenko, 

1968; Bon i l l a  and Buchanan, 1970). Various d i s loca t ion  models have been 

proposed by seismologists ( A k i ,  1967; Brune, 1968; Chinnery, 1969; King 

and Knopoff, 1968 and 1969; Press ,  1967; and Wyss and Brune, 1968) one of 

which (King and Knopoff, 1968) was used by Sanford et al. (1972) i n  

connection w i t h  f a u l t  offset-magnitude mmparisons i n  the  R i o  Grande R i f t  

as d iscussed  above. A recent  r e c m p i l a t i o n  and recons idera t ion  of f a u l t  

offset data has been performed by Slemmons (1977). H e  f i n d s ,  for North 

America data and f a u l t i n g  of a l l  types tha t  

- 

1% D = -4.47 + 0.67M 

l o g  L = 1.61 + 0.44M 

where both D ( f a u l t  displacement) and L ( f a u l t  l ength)  are i n  meters. 
Using these formulas,  f a u l t  l eng ths  of 6.46, 10.72, 17.78, 29.51, 48.98, - and 81.28 k i l a n e t e r s  are found for magnitudes from 5.0 t o  7.5 i n  half  

magnitude increments. The respec t ive  displacements are 0.08, 0.16, 0.35, 
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0.77, 1.66, and 3.59 meters. Thus,  if an area has been mapped 50 w e l l  

t ha t  no f a u l t  of length  about 18 kilaneters and maximum displacement of 

about 1/3 meter could escape no t i ce  i n  strata of a given age, then  it 

could be maintained t h a t  no event of magnitude g rea t e r  than or equal to  

6.0 had occurred i n  that a rea  i n  the time s ince  formation of the strata.  

Explicit s ta tements  of the kind necessary about the  minimum observable 

fault are not gene ra l ly  ava i l ab le  i n  t h e  literature. If it is assumed 

t h a t  the  conclusion of Bachman and Johnson (1973), t ha t  no recent  f a u l t  
scarps of a t e c t o n i c  nature  e x i s t  i n  the Permian Basin, is app l i cab le  a t  

the  scale of the minimum observable  f a u l t  associated w i t h  a magnitude 6.0 

earthquake, then the c o n f l i c t  between the geologic  and seismic recurrence 

data is resolved. That is, the  recurrence da ta  may not be ex t r apo la t ed  

beyond magnitude 6.0. Arguments of t h i s  type,  although they are c l e a r l y  

over-s implif ied and depend on r e l a t ionsh ips  between magnitude and f a u l t  

offset der ived fran widely s c a t t e r e d  data, a r e  of i n t e r e s t  a t  least f o r  

purposes of comparison w i t h  s i m i l i a r  s tudies  made i n  other areas. 

A more complete treatment of t h i s  type would have to address the i s s u e  of 

reg iona l  deformation. T h i s  involves  not only t h e  offset associated w i t h  

a s i n g l e  earthquake but the deformation implied by sununing t h e  e f f e c t s  of 

a l l  ear thquakes.  If total  s t r a i n  energy released as seismic waves i s  

calculated fran the magnitude recurrence r e l a t i o n s ,  estimates of total  

a v a i l a b l e  s t r a i n  energy and total implied s teady state deformation may be 

derived. These are both dependent on the maximum magnitude event  

allowed, s i n c e  s i g n i f i c a n t  s t r a i n  and most of the energy are associated 

w i t h  t h e  l a rge r  events  (Richter 1958). Thus, general deformation rates 

may be derived as a func t ion  of maximm magnitudes, and observed 

deformation rates may be used to  i n f e r  an acceptable  maximum magnitude 

for the region over which deformation is observed. Unfortunately,  

app l i ca t ion  of t h i s  type of ana lys i s  is subject to more canp l i ca t ion  and 

unce r t a in ty  than a simple f a u l t  argument. It seems clear, however, t ha t  

deformation of a type  tha t  would be assoc ia ted  w i t h  accumulation and 

r e l e a s e  of elastic s t r a i n  energy has not been very important i n  the 

Permian Basin for very long periods of time. .-" 
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I. 

Although other explanat ions cannot be precluded, it seems t h a t  t h e  

mst reasonable i n t e r p r e t a t i o n s  of seismic implicat ions t o  t ec ton i sn  

a t  t h i s  time are: 

1) Observed geologic  and seismic data are i n  general  agreement i n  

t h e  R i o  Grande R i f t  and Southern Basin and Range zones and t h a t  

f u t u r e  s i g n i f i c a n t  earthquakes can  be expected there. 

2) The cu r ren t  l e v e l  of a c t i v i t y  on the C e n t r a l  Basin Platform is 

probably r e l a t e d  to f l u i d  i n j e c t i o n  for secondary recovery of oil .  

This  f l u i d  i n j e c t i o n  makes it unwise to ques t ion  t h e  geologic  da ta  

of the area s o l e l y  on the basis of t h i s  high seismic a c t i v i t y  l e v e l  

(see Chapter 1 0 ) .  

3) The geologic  data ,  p r i n c i p a l l y  the  l a c k  of recent  geologic  

f a u l t i n g ,  and t h e  seismic da ta  for t h e  High P la ins  province,  i n  

which t h e  site lies, can probably be reconci led by imposing a 

maximum magnitude l i m i t  on t h e  earthquakes t h a t  may occur here. ., , #).. )I ,:. 

.' '' 

. . , .  , ,  .- 

Non-instrumental and reg iona l  instrumental  s tud ie s  of earthquakes 

prior to 1972 i n  southeastern New Mexico i n d i c a t e  t h a t  t h e  most 

s i g n i f i c a n t  sources of earthquakes were the Cent ra l  Basin Platform 

region near K e r m i t ,  Texas, and the area a b o u t  200 km or more w e s t  

and southwest of the  s i t e  ( R i o  Grande R i f t  Zone). The s t ronges t  

earthquake reported t o  occur within 300 km is t h e  i n t e n s i t y  V I I I  

Valentine,  Texas, event of A u g u s t  16, 1931, a t  a d i s t ance  of 

approximately 210 Ian. The closest shock  (as  of 1972) reported from 

these s t u d i e s  was a magnitude 2.8 event on J u l y  26, 1972, a b o u t  40 

km northwest of t h e  site. The record from regional  studies of 

events  W e s t  and southwest of t h e  WIPP site 200 km or more is 
cons i s t en t  w i t h  the record of Quaternary f a u l t i n g  i n  t h a t  area. 
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Instrumental  s t u d i e s  near the WIPP si te s ince  1974 and near K e r m i t ,  

Texas, s ince  late 1975 have recorded addi t iona l  evidence of the 

seismic a c t i v i t y  for t h e  site and region. The p a t t e r n  obta ined  fran 

near t h e  site is s i m i l a r  to  t h a t  from regional  s tudies;  a b o u t  

one-half of the located events  i n  the da ta  set occur on t h e  Cen t ra l  

B a s i n  Platform while most of the  rest occur to t h e  west and 

southwest of the site i n  the R i o  Grande R i f t  Zone. The data  set 

also includes three events wi th in  about 40 bn of t h e  'XIPP s i t e  s i n c e  

1972. W events  have been assigned magnitudes of 2.8 and 3.6; the 

t h i r d  event (from 1978) has only prel iminary data ava i lab le .  

Data reported f o r  the  C e n t r a l  Basin Platform from the K e r m i t ,  Texas, 

a r r ay  continue t o  s b o w  t h a t  l oca t ion  as the most a c t i v e  seismic area 

wi th in  300 lm of the  site i n  terns of number of events .  The l a r g e s t  

earthquake known to occur i n  the  Cen t ra l  Basin Platform had, by t he  

most recent  estimate, a magnitude of less than 3-1/4.. The a c t i v i t y  

appears equal ly  l i k e l y  to  occur anywhere along t h e  Cent ra l  Basin 

Platform structure  without p a r t i c u l a r  regard to  mall  scale 

s t r u c t u r a l  d e t a i l s  such as pre-Permian buried f a u l t s .  The spatial 

and temporal coincidence of t h i s  s e i smic i ty  w i t h  secondary petroleum 

recovery projects suggest a close re l a t ionsh ip ,  but  t h i s  has not y e t  

been s a t i s f a c t o r i l y  es tab l i shed .  The lack of known Quaternary 

f a u l t s  from the se i smica l ly  a c t i v e  region of the Cen t ra l  Basin 1 8 ,  . ,~ 
Platform is sugges t ive  t h a t  large magnitude earthquakes are not . ,  

occuring or have mt  occurred wi th in  the recent  geologic  past i n  the 

area.  

Analysis  of the r eg iona l  and local seismic da ta  i n d i c a t e  t h a t  t h e  

1000 year a c c e l e r a t i o n  is less than  or equal  to 0.06 g and the 

10,000 year acce le ra t ion  is less than or equal  to 0.1 g f o r  a l l  

m o d e l s  tried. P r o b a b i l i t i e s  a t  which higher acce le ra t ion  l e v e l s  

occur depend almost exc lus ive ly  on the assumptions made a b o u t  t h e  

seismic p o t e n t i a l  of the i w e d i a t e  site area.  
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E X P L A N AT 10 N 

Locations of earthquakes within 300 k m  
of the repository s i te.  Locotions shown 
wi th  square symbols are based on reports 
o f  fe l t  earthquakes prior to  1961 
Epicenters shown with circles were deter- 
mined instrumentolly and cover the period 
1961 through 1 9 7 2 .  In  the Centro l  Bosin 
Plotform and Chihuohuo areas where 
crowding occurs some ep icen te rs  are 
slightly offset for drafting convenience , 
l h e  true epicenters ore listed in Tables 
5.2-1 ond 5 . 2 - 3 .  
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+2 . oxida t ion  of i ron  (eg. Pe I n  chlorite) s i n c e  sample 8-2050 d i d  not  

contain any i ron .  That the ga in  i n  weight may be caused by formation of 
an extremely hygroscopic phase a t  high temperatures as a r e s u l t  of 

sol id-sol id  chemical i n t e r a c t i o n  upon heating. Whether or not  s u c h  a 

phase forms would undoubtedly depend upon the i n i t i a l  mineralogy of the  

rock to provide the correct r eac t an t  phases s ince  not  a l l  sample 

exhib i ted  t h i s  weight gain. The water necessary f o r  t h i s  rehydrat ion is 
probably a r e s u l t  of the f a c t  t ha t  the t e s t i n g  l abora to ry  is cooled 

during the s m e r  months ( t h e  analyses  were run i n  e a r l y  June) by 

evaporation which  results i n  high re1ati;re humidity. 

A composite histogram of weight loss of a l l  samples a t  e leva ted  

temperatures is shown i n  Figure 7.5. The d i s t r i b u t i o n  appears to  be 

log-normal w i t h  the  maximum dens i ty  near 0.25% weight loss upon heat ing 

SOOOC. 

less, and only 15 samples exceed 1%. Figures  7.6A and 7.6B are p l o t s  of 

sample weight loss depth for  the two drill holes.  Samples showing 

more than  1% weight loss upon heat ing are s c a t t e r e d  throughout the depth 

range but  are genera l ly  separated by more than one hundred feet of 
low-water-loss material. There is a broad correlation between higher 

weight loss and increasing inso luble  content  of sample, but  no c l e a r c u t  

r e l a t i o n s h i p  is seen between weight loss and silica content .  I t  is 

concluded that high temperature weight loss is cont r ibu ted  by both 

si l icate and s u l f a t e  minerals.  I t  can be stated i n  genera l ,  however, 

that samples showing less than 1% weight loss conta in  less than 10  w t  8 

i n so lub le  material. 

Over half of the samples (56%) s h o w  weight loss of 0.5% or 

7.3.4 Conclusion 
f ',, * 3 ,  

Most of the  samples showed very l i t t l e  water loss between 200° and 

300°C and there were only small water losses a t  temperatures 

and 30O0c. 

zones where there is e s s e n t i a l l y  no change i n  sample behavior w i t h  

2OO0C 

As can be seen by examining t h e  data, there are severa l  

heating to moderate temperatures. These areas s h o w  good p o t e n t i a l  as - 
b u r i a l  sites for nuclear waste. 
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2- 7.4 DETAILED PEPT(OL0GY AND SILICATE MSNWAUX;Y OF SOME PERMIAN BASIN 

ROCKS 

7.4.1 Introduction 

The purpose of this section is to describe and evaluate the petrologic, 

mineralogic and geochemical properties of designated core samples, 

primarily from the ERDA - 9 drill hole and various grab samples exposed 
in mines and at the surface, in connection with the WIPP (Waste Isolation 

Pilot Plant) site evaluation. 

EFDA - 9 penetrates the Mescalero Caliche, Gatuna Formation Santa Rosa 
Sandstone, Dewey Lake Red Beds, Rustler Formation, Salado Formation and 

the uppermost 50 feet of the Castile Formation (Figure 4.3-3). Primary 

interest is focused on selected intervals within the Salado and uppermost 
Castile Formations. 

.- 

The general problems under study are: 1) the genesis of the dominantly 
evaporite succession with associated silicates and 2) the extent of 

post-depositional alteration of these sediments. The basic approach (and 

analytical method) is broadly threefold. First, detailed study of the 

occurrence and mineralogy of silicates, particularly clay minerals, in 

the evaporite succession (disaggregation, size fractionation, x-ray 

diffractometry). Second, bulk chemical analysis of whole rock, water 

soluble, acid insoluble, and clay size fraction (x-ray fluorescence, 

atomic absorbtion spectroscopy, other rapid procedures). Third, 

macroscopic and microscopic petrography (handspecimen and microscope 
mineral identification, description of form, texture and lithology of 

mineral associations, and x-ray diffractometry of bulk samples). 

7.4.2 Procedure 

After core intervals were selected for study, cores were cut lengthwise, 

mostly in the form of 1/2, less comonly 1/4, of the core. Criteria for 

selection and additional procedures for analysis of these samples are 
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- 
described in the 
geochemistry and 

following sections on the silicate mineralogy, 

petrography. 

7.4.3 Silicate Mineralogy and Geochemistry 

Systematic logging of ERDA - 9 core and accompanying gross mineralogy 
have been described in Chapter 4. This section is focused on selected 

segments of the core and examination of the paragenesis of minor 
constituents, namely the silicate minerals, their composition, and their 

interpretation in terms of depositional and postdepositional phenomena. 

Silicate mineralogy and geochemistry have not been comprehensively 
studied within' the Ochoan rocks and the Permian Basin. 

reported briefly on the occurrences of talc in argillaceous rocks as a 

part of this extensive study of bromine distribution throughout the 

section; specialized clay mineral determinations by Grim et al. (1961) 

and Fournier (1961) have been undertaken on a limited number of samples 
and with minimal regard to their detailed stratigraphic setting and 

geneses. 

Adams (1969) has 

In an effort to provide substantially more complete understanding of the 

silicates associated with the Permian evaporites, sane 70 samples of the 

ERDA - 9 core ranging from 300'feet below the Salado-Rustler contact 

(1163.3 foot depth) down to a few tens of feet below the Salado-Castile 

contact (2867.6 foot depth) were selected. The following criteria were 

used in the selection: (1) representation of major lithologies: (2) 

detailed representation of an apparent 'cycle" of evaporite deposition 
which occurs repeatedly through the Salado Formation section: (3) 

representation of intervals under consideration for waste storage sites: 

(4) detailed representation of selected polyhalite-anhydrite Occurrences 

toward interpreting the genesis of the unusually abundant plyhalite: and 

( 5 )  representation of the sequences which may provide data for 

interpreting postdepositional solution and recrystallization phenomena. 

In Table 7.4, we list the sainples by depth, gross lithology, and 

stratigraphic position, as well as by character of data obtained: Table 

7.5 provides a cross-listing for relating sample number to depth. 
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Sample Prepara t ion  and Analysis. 

rebagged fo r  f u t u r e  reference.  One to 1 0  cm segments of t h e  remaining 

half were s e l e c t e d  for analysis (petrographic, mineralogic,  and/or 

chemical) and sect ioned o f f .  A 1 cm s l a b  of t h i s  was re ta ined  for 

petrographic examination: the remainder was coarse ly  crushed and a s p l i t  

r e t a ined  for whole cock analys is .  The l a rge r  f r a c t i o n  of the  sample was 

leached w i t h  excess demineralized water to d i s so lve  the  h a l i t e  host .  

This  was repeatedly centr i fuged,  decanted, and rewashed to  remove all 

traces of dissolved halite from t h e  residue. The res idue was dr ied ,  

reweighed, and a sp l i t  suspended i n  boi l ing  EDTA so lu t ion  i n  order  to 

sepa ra t e  t h e  "acid-soluble" s a l t s  ( s u l f a t e  and carbonate minerals)  

following the procedure of W i n e  and Ferna l ld  (1973). Again, after 

repeated cent r i fuging ,  decanting and washing t o  remove EDTA and to  

d i s so lve  s o l i d  components from the inso luble  res idue,  the suspension was 

dried and reweighed. Table 7.6 depicts the q u a n t i t i e s  of sample res idues  

in so lub le  i n  water and EDTA. A s p l i t  of t h i s  f r a c t i o n  w a s  resuspended i n  

water, thoroughly disaggregated w i t h  an u l t r a son ic  probe, and separated 

i n t o  the > 2 and. < 2 u m  ( e f f e c t i v e  spher ica l  diameter) f r a c t i o n s  by 

timed g r a v i t y  s e t t l i n g .  Oriented diffractometer  mounts of the  f i n e  , 

f r a c t i o n  were prepared by p i p e t t i n g  seve ra l  drops of each suspension onto 

g l a s s  slides and air-drying. Smear (paste) mounts and mounts using t h e  

convent ional  commercial powder mounts were used fo r  t h e  < 2 u m  inso luble  

f r a c t i o n  as w e l l  as for t h e  other f r ac t ions .  I n  addi t ion ,  pellet or 

uniformly compressed mounts or .briquettes' of these f r a c t i o n s  prepared 

for x-ray f luoresence were also used for d i f f r ac t ion .  

The core was s p l i t  and one s p l i t  

Where s u f f i c i e n t  sample was avai lab le ,  normal procedure for the si l icate 

f r a c t i o n  included: (1) d i f f r a c t i o n  data  for the  whole EDTA-insoluble 

f r a c t i o n  using the  b r i q u e t t e s  or paste mounts: (2 )  or ien ted  (sedimented) 

c lay-s ize  mounts on g l a s s  which were a i r -dr ied ,  glycol  s a tu ra t ed ,  heated 

to  300°C, and heated to 50OOC. 

traces were obtained a t  a scanning speed of 2 2f3/min w i t h  Cu-radiation 

and a curved c r y s t a l  monochromator. 

Conventional x-ray diffractometer 
0 
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1 

x-ray fluorescence work involved b r ique t t e  mounts using the vacuum-path 

Norelco f luorescence goniometer w i t h  qua r t z  and gypsum analyzing 

c rys t a l s .  I n  t h i s  study, standard regression procedures are used along 

w i t h  matrix evaluat ion for ca l cu la t ing  abundances from the  raw data. 

However, a t  t h i s  time the data  can only be reported i n  terms of a 
uni t -s lope regression from one standard. Because of the severe errors 

such a procedure may induce, only "semi-quantitative" chemical r e s u l t s  

a r e  claimed for  this report. 

Silicate Mineralogy. 
i d e n t i f i e d  i n  the course of t h i s  study: their  d i s t r i b u t i o n  is given i n  

Table 7 . 1 .  

The following silicate minerals have been 

Quartz - Quartz o c c u r s  throughout the e n t i r e  i n t e r v a l  of the  

stratigraphic sec t ion  analyzed; however, it does not  occur i n  every 

sample. Quartz is genera l ly  fine-grained ( <lO!.Im), subhedral to  

anhedral,  and r ead i ly  i d e n t i f i e d  i n  d i f f r a c t i o n  traces by its very s t rong  

p e a k  a t  3 .34i  and mcderate peak a t  4.26 i; i n t e r f e rence  by t he  micas and 

mica-clays w i t h  the  former and by potash feldspar f o r  t h e  l a t te r  only 

r a r e l y  preclude its ready iden t i f i ca t ion .  

I 

I l l i t e  (mica-clay) - I l l i t e  also occurs throughout much of the 

s t r a t i g r a p h i c  in t e rva l .  I t  is r ead i ly  observable  i n  d i f f r a c t i o n  traces 
w i t h  its strong 1 0 i  and 3 .34ipeaks  and its moderate 5.0i peak (001, 003, 

and 003 r e spec t ive ly ) .  A l l  i l l i tes observed i n  the core are d ioc tahedra l  , 

as based upon ( 0 6 0 )  < 1 . 5 2 i a n d  (001, 002, and 003) <1.0, 5.1, and 3 . 4 4 i  

respec t ive ly .  Many of the illites conta in  recognizable  but  small 
q u a n t i t i e s  of in t e r l aye red  snectite, presumably saponi te  or other . .  

I\ 
trioctahedral v a r i e t i e s ,  based on the  s l i g h t  asymmetry of the  (001) ,''.,_ 

r e f l ec t ion .  . ,  

.,: ', 
, .,,, 

Feldspar - Feldspar occurs f requent ly ,  but  genera l ly  i n  small q u a n t i t i e s ,  

throughout the  sec t ion  and its i d e n t i f i c a t i o n  is based p r i n c i p a l l y  on one 

or more d i f f r a c t i o n  maxima i n  the  3.17 - 3.30i  range. Unfortunately,  its 

abundance is usua l ly  low and when coupled w i t h  the presence of other 
__ 
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minerals its d i f f rac t ion  maxima for  resolving i ts  compasition and its 

thermal character are not interpretable;  both plagioclase and K-feldspar 

have, on occasion, been recognized. 

Chlorite - Chlorite is unmnonly a minor consti tuent and i ts  presence is 
often d i f f i c u l t  to establish.  With  a 1 4 i p e r i o d i c i t y  i t s  maxima can be 

m a s k e d  by smectities, various interlayered species, and by the 7 1  

minerals, kaolinite and serpentine. In glycol saturated specimens, the 

1 4  ipeak  from expandable clays can be removed and a t  5OO0C the 7 

from kaolinite is lost. Even so with only a small amount present i n  such 

an assemblage it can remain undetected. 

peak 

T a l c  - Talc is rare throughout the core. It is common i n  the ore zones 

(Adams, 1969) but  appears to be nearly absent from the other 

lithologies. Talc is i d e n t i f i e d  by very sharp, strong ref lect ions a t  9.5 

and 3.15 i (001 and 003); the former is qui te  d i s t i n c t  from the broad 

ref lect ion a t  9.0 - 9.7 from a regular interlayered chlorite-saponite 

(corrensite) . 0 Serpentine - Serpentine, l i k e  t a l c ,  is re la t ive ly  rare  i n  t h e  section and 

is confined to the lowermost in te rva l  (below 2820.3 and at or below the 

Salado-Castile contact) i n  rock salt and anhydrite. Serpentine is 
i d e n t i f i e d  by strong peaks a t  -7.31 and -3.68 (001 and 002 respectively 

fos a single-layered variety).  These maxima are noticeably greater than 

the  7.0 - 7.2 ;and 3.5 - 3.654 reflections a t t r ibu tab le  to chlor i te .  I n  

our samples, these larger spacings are  charac te r i s t ica l ly  sharp and are 

not accompanied by the  odd (00 ) ref lect ions of t h e  14i minerals. 

Expandable Clays - Expandable clays, t h e  smectities, vermiculites, and 

. mixed-layer clays containing e i ther  of these  consti tuents,  are the 

dOmiMnt clays of t h e  section and are ubiquitous (Table 7.8) .  W e  have 

recognized a t  l ea s t  four such clays; however, their def in i t ive  ident i ty  

has not yet been resolved. 
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- 
a. Saponi te  (e.g. JS-CS-9 a t  1466.9') expands to >16i w i t h  glycol 

s a t u r a t i o n  and collapses to < 1 4 i  upon heating, ( fu r the r  hea t ing  

would y i e l d  an -9 .5 ipeak) .  

b. (1) I l l i t e - s a p o n i t e  (e.g. JL-CS-2 a t  1440.5' JCCS-10 a t  1325.3') 

with an air-dried maximum a t  10.2 - 1 0 . 3 h  g lycol  s a t u r a t i o n  a t  

10.OAand w i t h  or without a less in t ense  shoulder or separate p e a k  

a t  l l . 3  - 12.& and co l l aps ing  to 9 .8 i  a t  30OOC. 

ru l ed  o u t  a mixed-layer talc saponi te  i d e n t i f i c a t i o n  for t h i s  

We have not 

phase. 

c. Chlori te-sapuni te  (e.g. MB-CS-21 a t  1404.6' and MB-CS-32 a t -  

2541.5') e x h i b i t s  a 1 4 i p e a k  expanding to l5.5A w i t h  g lyco l  

s a t u r a t i o n  and co l l apse  to < 1 4 i  upon heating. 

ch lor i te -vermicul i te  phase descr ibed by Fournier  (1961) and G r i m  

e t  al .  (1961) is probably t h i s  chlor i te-sapuni te ;  the expansion 

w i t h  g lyco l  is tw great for t h i s  to be a ch lor i te -vermicul i te .  

I n  some cases the i n t e r l a y i n g  is random; i n  others it is regular  

and produces a d i s t i n c t  s u p e r l a t t i c e  peak (-29A); i n  m o s t  there is 

some r e g u l a r i t y  w i t h  a s l i g h t  shoulder present  i n  the 25-30' 28 

p resen t  (these shoulder "maxima" are exceedingly diff icul t  to plot 

precisely and a l l  con ta in  k0.3-0.5O 2 0 d e f i n i t i o n ) .  

The 

Nearly a l l  of the d i f f r a c t i o n  data i n  Table 7.8 can be assigned to one of 

these three c l a y  phases, y e t  data from seve ra l  samples are not yet 

resolved, MG-CS-13 a t  2518.3. I t  should be noted that Smectities 

are smectite-bearing mixed-layer c l a y s  which connuonly appear t o  be 
"s t r ipped"  by the ELITA-dissolution of nons i l i ca t e s ;  they commonly show 

2 12-13.86 a i r -d r i ed  spacings. 

or NaCl s o l u t i o n s  and then rewashing and redrying restores the 

appropr ia te  14-15i  spacing. 

However, suspending these c l ays  i n  MgCl 

I n  Appendix 7.C, we present  a number of t h e  d i f f r a c t i o n  diagrams 

i l l u s t r a t i n g  these s i l i c a t e  assemblages. 
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D i s t r i b u t i o n  of C l a y  Materials. Some general but t e n t a t i v e  observa t ions  

regarding these minerals throughout the sec t ion  are: 

(1) Serpent ine appears to be restricted to the lower 
40 feet of the analyzed sect ion;  i t  most Cormnonly occurs i n  

anhydr i te  and assoc ia t ed  r o c k  salt. 

(2 )  Talc is not  r e s t r i c t e d  to  assemblages from b i t t e r n s  as suggested 

by Adams (1969). 

(3)  In t e r l aye red  i l l i t e - s a p o n i t e  (or ta lc-saponi te)  appears to  be 

resricted to p l y h a l i t e  lithologies or adjacent  anhydrite.  It 

appears to be absent from clay  beds and associated rock sal ts  and 

from the polyhal i te - f ree  remainder of the  sec t ion .  

4 

(4)  Expandable c l a y s  appear to  show somewhat less r e l a t i v e  abundance 

i n  c l ay  beds (1244.8, 1247.2, 1328.6, 1441.7, and 1468.1 ft.) than 

i n  the si l icate assemblages from t h e  evapor i te  rocks. 

( 5 )  Furthermore, the mixed-layered c l ay  species i n  each of these clay 

seams c o n s i s t s  s o l e l y  of the  w e l l  developed regular ly  

i n t e r s t r a t i f i e d  ch lor i te -saponi te  (corrensite). 

7.4.4 Mineralogy of Duval Mine Samples 

-.~ 
Several samples of wa l l - rock  were taken from the 4 t h  ore zone 

( langbein i te  l e v e l )  of the DuVal Nash Draw potash mine, about 5 miles 
west-by-southwest fran the s tudy area.  These samples include a dark 

brown c l a y  pa r t ing  (the DV-4 series) taken from the  upper boundary of the  

4 t h  ore zone. 

Untreated o r i en ted  powders were scanned from 2 to 60 degrees t w o  theta. 

The un t rea ted  slide was glycola ted  by vapor-soaking on a rack i n  a 
container  f i l l ed  p a r t i a l l y  wi th  e thylene glycol .  An add i t iona l  oriented 

pwder was heated a t  450 C. B o t h  t h e  glycolated and the  heated 

specimens were scanned f r a o  2 to  3 degrees two theta. 

0 
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Whole rock samples were analyzed by loading a small amount of randomly 

o r i en ted  rock powder i n  a Norelco powder holder. This  powder was scanned 

from 5 to 80 degrees two t h e t a  and the  r e s u l t i n g  diffractogram compared 

t o  values  compiled i n  the J o i n t  Committee on Powder D i f f r a c t i o n  Standards 

f i l e  to determine bulk mineralogic composition. Mineralogic abundances 

noted were es t imates  based on comparative p e a k  i n t e n s i t i e s .  

All samples x-rayed (both c l ays  and whole rocks) were scanned w i t h  

Ni - f i l t e red  CuKcl rad ia t ion .  A time constant  of t w o  seconds was used w i t h  

a s c i n t i l l a t i o n  counter de tec tor  and pulse  height  analyzer.  The 

g o n i m e t e r  slit system consis ted of a divergent  and an t i - sca t t e r  slit of 

1 degree and a 0.003 inch receiving slit.  

The sesults for Duval Mine samples appear i n  Table 7.9. For comparison, 

" d i r t y  salt" from about 2100 feet depth i n  ERDA No. 9 has about 8% by 

w e i g h t  insolubles .  

7 . 4 . 5  Chemical Composition 

, .  

Since appropriate regress ions  fo r  each component based on seve ra l  

s tandards have not yet been ca l cu la t ed  and matr ix  e f f e c t  co r rec t ions  have 

not ye t  been made, the  analyses  i n  Table 7.10 m u s t  be considered as only 

semiquant i ta t ive.  I n  m o s t  cases, most totals are between 85 and 98%; 

p e r f e c t l y  reasonable t o t a l s  w i t h  the remainder being c h i e f l y  water. A 

f e w  totals exceed 100% and a few others are less than 85%; these are 

unquestionably i n  error. These da t a ,  however, do i l l u s t r a t e  a number of 
important r e l a t i o n s  and are compatible w i t h  the mineralogic data. 

Thus for  example, those analyses  w i t h  high a lka l i  content  (JS-CS-2 a t  

1440.5 ' ,  JC-CS-6 a t  1441.5,  MB-CS-27 a t  2067.0, MB-CS-31 a t  2512.5, 

MB-CS-13 a t  2518.3, MB-CS-10 a t  2705.8, and MB-CS-36 a t  2758.4) show 

s u b s t a n t i a l  feldspar w i t h  or without abundant mica-clay. 

I n  general ,  t h e  chemical data  support the mineralogic determinations.  

The silicate f r a c t i o n s  are ex t r ao rd ina r i ly  high i n  MgO (-20-30 w t  % MgO) 
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and correspondingly low i n  CaO (-1 w t  % CaO); Al 0 is l o w  (-8-12 w t  

% A1203) for clay mineral assemblages. Thus, except for i l l i t e ,  our 
clays are trioctahedral w i t h  only chlorite containing appreciable 

*2'3- 

2 3  

7.4.6 Petrography 

Petrographic analysis,  bo th  macroscopic and microscopic, is used i n  three 

ways: f irst ,  determination of the mineralogy of samples; second, given 

the mineralogy of a sample, description of lithology; th i rd ,  the primary 

u t i l i t y  of petrographic analysis i n  t h i s  study, description of t h e  

texture of the sample. Texture re fers  t o  grain or crys ta l  s ize ,  shape 

(habit  or form), orientation, relationships (such as nature of contacts 

between c rys ta l s  or grains) among different  minerals and l i thologies .  

-. 
I 

Sample Preparation and Procedures - Slabs, approximately 1 an t h i c k ,  were 

c u t  lengthwise using a band saw, from the 1/2 or 1/4 core samples. One 

face of a remaining core sample was then polished using a sander w i t h  

various g r i t  sandpapers. The sample was not to be used for silicate 
mineralogy-geochemistry analysis in  order t o  avoid contamination. The 

polishing enhanced textural  de ta i l .  Faces were also polished on some 
slabs. 

Samples were selected from t h e  core i n  which mineralogy based on 

macroscopic ident i f ica t ion  was obscure or uncertain for x-ray 

diffractometry of the bulk sample. Conventional diffractometry methods, 

as described previously, were used. 

Macroscopic Petrographic Description - The mineralogy, l i thology and 

texture i n  the polished sec t ions  of a l l  the core in te rva ls  selected were 

described. Appendix 7.D is a brief extract  from 54 pages of sketches 

accompanied by textural  descriptions of these core intervals .  

is a summary of the gross l i thology reported largely as macroscopic 

Table 7.11 - 
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mineral ident i f icat ion and core footage. Table 7.11 indicates t h a t  

macroscopic mineral ident i f ica t ions  a re  generally re l iable ,  especially 

for coarse-grained minerals, b u t  visual estimation of the relative 

minerals abundances are less rel iable .  Estimates of re la t ive  abundances 

based on x-ray d i f f rac t ion  analysis are  regarded as "semi-quantitative" 

and maybe i n  error ,  bu t  it is still more re l iab le  because of its greater 

precision, if  not accuracy, compared t o  visual estimation. 

Plates  7.1 through 7.6 a re  photographs of polished faces of cores or 

slabs i l l u s t r a t ing  typical  textures. P la te  7 .1  shows a variety of shapes 

of ha l i te  i n  anhydrite. The Occurrence as beds or laminae or irregular 

lenses is inferred to be primary because halite and anhydrite can 
precipi ta te  jo in t ly  or al ternately from evaporating seawater. The 

apparent swallow-tail form of ha l i t e  i n  laminated anhydrite is a problem 

because no primary occurrence of t h i s  form of ha l i te  is known. The 

swallow-tail form can occur as  a twinned crys ta l  of gypsum, but 
coprecipitation of &sum and anhydrite is thermodynamically impossible. - 
One interpretat ion is primary precipi ta t ion of calcium su l f a t e  only as  

gypsum in  the form of rapidly growing swallow-tail twins and f ine ly  

c rys ta l l ine  aggregates. Then post-depositional a l te ra t ion  of the f inely 

c rys ta l l ine  aggregates tb anhydrite takes place, and t h e  twinned crys ta l s  

a l t e r  either d i rec t ly  to halite or first to anhydrite which then a l t e r s  

t o  halite, w i t h  preservation of the primary swallow-tail forms. This 

interpretat ion is favored by the almost exclusive dominance of gypsum 

rather than anhydrite a s  the primary precipi ta te  i n  modern environments 

and lab  experiments. Controversial thermodynamic analyses a l so  favor 

gypsum as the primary precipi ta te ,  even metastably. 

Plate 7.2 a lso i l l u s t r a t e s  occurrence of ha l i te  i n  w e l l  laminated 

anhydrite. Th i s  is interpreted as  primary coprecipitation of ha l i te  

gypsum w i t h  these textures followed by post-depositional a l te ra t ion  of 

gypsum to anhydrite w i t h  preservation of primary texture. 

- Plate 7.3 i l l u s t r a t e s  an occurrence of ha l i te  and polyhalite. The 

t r ic l in ic  c rys ta l  system of polyhalite is unlikely to produce a 

rectangular outl ine i n  cross section whereas the cubic habit of ha l i t e  or 
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the orthogonal morphology of anhydrite would. Thus, the  rectangular 

out l ine of the polyhalite body suggests post-depositional a l t e r a t ion  of 

anhydrite, (to a lesser  extent of ha l i t e )  to polyhalite a s  does the 

Occurrence of mst polyhalite i n  irregular masses among h a l i t e  masses. 

Thermodynamic and experimental considerations as w e l l  as observation of 

modern evaporites indicate tha t  polyhalite does not prec ip i ta te  from 

evaporating seawater. 

Plate 7.4 i l l u s t r a t e s  coarse, re la t ively pure halite w i t h  anhedral, 
granular texture. The ha l i te  contains small c rys ta l s  of anhydrite, 

probably a post-depositional a l te ra t ion  product of a primary 

coprecipitate of halite and gypsum. 

Plate  7.5 i l l u s t r a t e s  another texture of h a l i t e  i n  anhydrite w i t h  t races  

of magnesite. As previously indicated, it is believed t o  r e s u l t  from 

primary co-precipitation of halite and gypsum w i t h  post-depositional 

a l te ra t ion  of gypsum to anhydrite wi th  preservation of primary texture. 

Magnesite is not known to precipi ta te  from evaporating seawater bu t  

ca l c i t e  does,  suggesting post-depositional alteration of a primary 

(probably calcium) carbonate t o  magnesium carbonate. 

Plate  7.6 i l l u s t r a t e s  textures i n  a dominantly anhydrite rock .  The 

occurrence of the swallow-tail form near the s t ra t igraphic  top of t h e  

specmen as well as previously related discussions suggest primary 

precipi ta t ion of gypsum followed by post-depositional alteration of 

anhydrite, which could occur short ly  a f t e r  deposit ion,  w i t h  preservation 

of primary textures. 

Microscopic Petrography. 

Sample Preparation and Procedure - The 1 cm t h i c k  s labs  were converted t o  

standard and oversize t h i n  sections following conventional procedures 

( w i t h  the following exceptions) t o  minimize chemical a l t e r a t ion  of t he  

sample. Fluid i n  contact w i t h  the  sample was a pure vegetable cooking 

. ' 

- 
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oil .  Temperatures during the th in  sectioning process did not exceed 

30°C. 

minimize contact of f l u id  acetone w i t h  the sample. 

Samples were put i n  dessication j a r s  during impregnation t o  

Microscopic Petrographic Description - Plates  7.7 through 7.12B are  

photomicrographs of t h i n  sections of r o c k  samples f ran the Permian Basin 

of wutheast  New Mexico. The samples are not from =A-9 core but are 

representative of mineralogies, l i thologies  and textures commonly 

encountered i n  the core. 

Plate 7.7 is a photomicrograph of re la t ively f inely c rys ta l l ine  euhedral 

t o  subhedral ha l i te .  

containing very f ine  c rys ta l s  of anhydrite) and Occurrence of f l u i d  

inclusions as both negative c rys t a l s  and subspherical forms a l l  suggest 

l i t t le  post-depositional a l t e r a t ion  w i t h  the exception of a l te ra t ion  of 

primary gypsum t o  anhydrite. 

The c rys t a l  form, re la t ive  c l a r i t y  (although 

I n  Plate 7.8 a l so  dominantly of hal i te .  ( typical  of the  rock i n  Plate  

7 . 4 ) ,  there is a s t a r t l i ng  contrast  to the texture i n  Plate 7.7. 

Crystals  i n  Plate 7.8 are anhedral to subhedral, cloudy, 'coarser and 

devoid of f lu id  inclusions (the apparent void i n  the lower l e f t  was . ' '  

produced by plucking of a cleavage fragment from the specimen during 

sectioning). Because the t e x t u r e  shown i n  Plate 7.7 is regarded a s  

indicative of l i t t l e  post-depositional a l terat ion,  t h e  texture i n  Plate 

7.8 is considered as indicative of extensive al terat ion,  greater than 

tha t  required for the postulated gypsum to  anhydrite a l te ra t ion  which is 

also postulated for very f ine c rys t a l s  of anhydrite w i t h i n  the ha l i te  i n  
Plate 7.8. These contrasting textures are a lso apparent i n  t h in  sections 

of carbonate r o c k s .  Bathurst, (1975, especially Chapter 12), deals w i t h  

recognition of chemically precipi ta ted ca l c i t e  (analogous t o  Plate  7.7) 

versus ca l c i t e  post-depositionally a l tered from a rgmi te  or some other 

form of pre-existing calcite (analogous t o  Plate 7.8).  Bathurst uses and 

bu i lds  upon terminology and concepts of the  causes and processes of these 

a l te ra t ions  developed by Folk (1965). 

.~ 

,; 

.<' 

I 
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Plate  7.9 shows an occurrence of ha l i t e  w i t h  sylvi te .  The irregular 

bodies and irregular contacts of the sy lv i te  (as well as  the anhedral 

nature of the ha l i te  and bodies of intimately mixed ha l i te  and sy lv i te )  

are  interpreted to be the  product of post-depositional a l terat ion.  Th i s  

interpretat ion is a lso  favored by t h e  f a c t  t ha t  sy lv i te  does not occur as  

a primary precipi ta te  i n  the marine evaporite succession. 

Plates  7.10A and 7.10B show the irregular and gradational nature of the 

contact between polyhalite and halite and the concentration of opaques, 

probably hematite, along t h e  contact. These observations and those 

discussed under Plate 7.3 are interpreted to be products of 

post-depositional a l te ra t ion  of e i ther  anhydrite or h a l i t e  t o  polyhalite. 

Plate  7.11 shows the microscopic t ex tu re  typical of many laminated or 

banded anhydrites of the Cast i le  and Salado Formations. Neither x-ray 

diffractometry nor staining techniques have been used to determine the 

mineralogy of the carbonate. This texture is interpreted as  annual 

varves by Anderson et al. (1972). 

Plate 7.12A and 7.12B show dominately massive anhydrite, typical of much 

of the unlaminated anhydrite i n  t h e  Salado Formation but atypically c u t  
by a veinlet  of gypsum. The r o c k  sample was t aken  from outcrop and the 

gypsum veinlet  is interpreted to have been produced by a l te ra t ion  of 

anhydrite to gypsum during up l i f t  and exposure. 

The petrographic descriptions and interpretat ions generally agree w i t h  

those i n  t h e  c l a s s i c  and relevant report of Schaller and Henderson (1932). 

7.4.7 Interpretat ions and Tentative Conclusions 

1. A l l  of the samples discussed under macroscopic and microscopic 

petrography exhibit  mineralogy, lithology and textures which are  

indicative of post-depositional a l te ra t ion  of the sediments (dated a t  

204 million years i n  Section 7.8). I t  is believed tha t  f lu ids  
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migrating through the sediments are responsible for most of these 

alterations. Interestingly, the alteration of primary gypsum to, 

anhydrite would liberate abundant volumes of fluid. 
. .  

2. The abundance of polyhalite and the atypical mineral assemblages 

(sylvite-langbeinite vs kainite/carnallite-kieserite) of the ore zones 

suggest either drastic recrystallization or a former primary evaporite 

depositional environment. The areal extent of the Ochoan rocks and 
their great thickness coupled with paleogecgraphic evidence and the 

marine character of the underlying Permian strata appear to preclude 

the second alternative. Further evidence of the post-depositional 

origin of the present assemblage includes the l o w  and highly variable 

bromine values in the Salado Formation rock salts (Eolser, 1966; 

Adams, 1969). Age dates on K-bearing salts, discussed later in this 
chapter, further suggest recrystallization shortly after deposition. 

3. The general mineralogy and chemistry of the EDTA-insoluble (silicate) ?.... 

fractions of the evaporite beds throughout the Salado and uppermost 
Castile Formations preclude their detrital origin. 

4. The silicate assemblages and their chemistry further supports the 

hypothesis of post-depositional alteration of these rocks - at least 
throughout much of the Salado Formation. 

a. The predominance of saectities (saponite) and trioctahedral 

.1 

smectite-bearing clays suggest.re1atively imature assemblages. 

The silicate assemblages of the Zechstein (Permian) of Germany are 

almost entirely nonsmectitic except for the well-crystallized, 

well-ordered regular interstratified 

chlorite-(smectite/vermiculite) mineral corrensite (Fuchtbauer and 

Goldschmidt, 1969). The Iiaselgebrige (Permo-triassic) of the 

AUStTian alps similarly contains no smectites nor even 

saectite-bearing mixed-layered clays (Bodine, 19711, and the same 

is true for the Silurian salts of New York (Bodine and Standaert, 

1977). The developnent of the unusual illite-saponite/talc/ 

saponite phase with polyhalite suggests immaturity of the silicate 

- 
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phase w i t h  respect to t h e  evapori te  phase. Any fu r the r  phase 

changes t h a t  would t a k e  place i n  the s i l icate  appear to  be 

k i n e t i c a l l y  inh ib i ted .  

b. The v a r i a b i l i t y  of the  c lay  assemblages and their  lack of 

c o r r e l a t i o n  w i t h  major evapor i te  l i thologies bespeaks s t rongly  of  

r e c r y s t a l l i z a t i o n  accompanying migrating post-deposi t ional  pore 
f lu ids .  

on ly  other l i t h i c  correlations are: (1) reasonably well 

c r y s t a l l i z e d  c o r r e n s i t e  as the only expandable c l a y  i n  the 

discreet c lay  seams and (2) the  Occurrence of serpent ine  i n  the  

uppermost C a s t i l e  Formation. The former is t e n t a t i v e l y  a t t r i b u t e d  

t o  the "closed system" nature  of the impermeable s a l z t o n  beds; 

they were not subject to the  a t t acks  by a v a r i e t y  of migrating 

pore f l u i d s  of d i f f e r e n t  composition. The la t ter  relates to the 

v e r t i c a l  d i s t ance  between K-Mg-bearing salt beds and t h e  Cast i le  

Formation, which e s s e n t i a l l y  comes i n  con tac t  only w i t h  less 

mobile f l u i d s  i n  e q u i l i b r i u m  w i t h  hal i te-anhydri te .  

Except fo r  the unusual 1 0 . 3 i p h a s e  w i t h  po lyha l i t e ,  the 

c. It is very t e n t a t i v e l y  suggested that many of the s a l z t o n  seams 

formed through accumulation of s i l i c a t e  d e b r i s  included i n  s a l t s  
which have been dissolved; their a s soc ia t ion  w i t h  t h e  so lub le  K-Mg 

salt ore zones and w i t h  the extensive po lyha l i t e  replacement of 

anhydr i te  beds appears remarkable and may provide the geometry for 

t h e  "plumbing system" i n  w h i c h  migrating pore f l u i d s  c i r cu la t ed .  

I t  is also recognized t h a t  some of the salzton beds may well 

represent  r e c r y s t a l l i z e d  d e t r i t a l  accumulations during periods of 

no evapor i te  deposi t ion as suggested by Adams (1969). If 

migrating groundwaters do flow i n  sane such con t ro l l ed  p a t t e r n ,  

ore mineral  d i s t r i b u t i o n  i n  each ore zone should reflect t h i s ,  

i.e. remnants of the primary c a r n a l l i t e - k i e s e r i t e  farthest from 

the source of the br ines ,  enveloped by l angbe in i t e  and 

langbein i te -sy lv i te  assemblages, i n  t u rn  enveloped by l angbe in i t e  

and langbein i te -sy lv i te  assemblages, i n  t u r n  enveloped by s y l v i t e .  

and f i n a l l y  by barren h a l i t e .  S imi la r ly  po lyha l i t e  

- 
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crystallization should be at a maximm under the 

langbeinite-sylvite assemblage within a given .cell" and would 

likely decrease both away from and toward the lateral pore fluid 

source. 

In summary, substantial evidence has been accumulated that there has been 

cxtensive salt recrystallization, most noticeably within the McNutt ore 

zone. This is considerably less noticeable in the lower Salado and 

Castile Formations, but may simply reflect the far simpler evaporite 

mineralogy and persistence of substantially more homogeneous compositions 
within the pore fluids. 

Preliminary computer lnodeling does, for example, substantiate that a 
typical primary marine evaporite salt assemblage of 

carnallite-kieserite-halite can, when under continued attack by migrating 

halite-gypsum saturated pore fluids flowing down dip in a hypothetical 
cell, generate a progression of salt facies with remnants of the primary - 
assemblages farthest from the source. Toward the source, the following 

succession of assemblages would be found: langbeinite-carnallite-halite 

(or langbeini te-kieser i te-halite) then langbeinite-halite, then 

langbeinite-sylvite-halite facies, then sylvite-halite, culminating 

toward the source in a barren halite facies. At the same time, the K-Mg 

rich pore fluids which were generated through ore mineral dissolution and 

alteration would no longer be in equilibrium with anhydrite; anhydrite 

would alter to plyhalite until the solution chemistry reached the 

polyhalite-anhydrite equilibrium composition. The precise thermodynamic 

conditions and mineralogic reactions which governed these alterations are 
not known; however, the age of this recrystallization of evaporites has 

been determined to be in excess of 204 million years. For m r e  details 

regarding this recrystallization which closely followed deposition, the 

reader is referred to Section 7.8. 
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7.5 VOLATILES AND FLUID INCLUSIONS I N  MINERALS OF TAE SALAD0 FORMATION 

7.5.1 In t roduct ion  

Sources of l i q u i d s  and gases na t ive  to the evapor i tes  m u s t  be 

considered. One source is the in t e rg ranu la r  f l u i d  to be found i n  the 

pore spaces between mineral  c r y s t a l s  and l i t h i c  fragments. 

are discussed i n  d e t a i l  i n  a subsequent s ec t ion  (7.7). Another f l u i d  

source is t h e  water of c r y s t a l l i z a t i o n  chemically bound i n  hydrous 

minerals. Yet a t h i r d  source is f l u i d  inc lus ions  in s ide  the mineral  

c r y s t a l s  themselves, which can behave as separate micro-geochemical 

systems. 

These f l u i d s  

Data presented i n  the  overview Sec t ion  7.5.2, and Sect ion 7.5.3 r e s u l t  

frm heating b u l k  r o c k  samples to recover a l l  types of f lu id .  I n  the 

major por t ion  of the Salado, the total recovered amounted to  less than 

0.5 weight percent  of t h e  r o c k .  As discussed i n  the overview sec t ion ,  it 

was poss ib l e  to sepa ra t e ly  ident i fy :  (1) loosely-bound volatiles, ( 2 )  

chemically-bound v o l a t i l e s ,  and (3) f l u i d  inc lus ions .  

- 

The sec t ions  on mineral sources of water and on f l u i d  inc lus ions  endeavor 

to place the data i n  the context  of the mineralogy of the rocks serv ing  

as hosts for the v o l a t i l e s .  I t  w i l l  be noted that geochemistry i n  t h e  

context  of the mineralogy is a pervasive theme i n  a l l  parts of t h e  

geochemistry sec t ion  of this report. This is t r u e  for t h e  sec t ions  which 

follow on groundwater geochemistry and radiometr ic  age-dating also. It 

w i l l  also be noted tha t  the  cha rac t e r i za t ion  of geochemical properties of 

so lu t ions  i n  the Salado confirm the q u a l i t a t i v e  measurements of f l u i d  

inc lus ion  s o l u t e  contents .  

Th i s  chapter conta ins  oonsiderable  data which w i l l  assist i n  t h e  

a n t i c i p a t i o n  of short and long term physic-chemical condi t ions  l i k e l y  to 

arise during the  experiments involving heat-producing rad ioac t ive  wastes. 
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7.5.2 Overview of Volat i le  Contents of Evaporites 

Themogravimetric analyses of 35 selected core samples from EPDA No. 9 

were made. These were many of the same samples w h i c h  were qua l i ta t ive ly  

examined for mineralogy by x-ray diffract ion (refer  t o  Section 7.2.3). 

These analyses were m a d e  by suspending powdered samples from a 

microbalance while dry nitrogen flowed above the sample. The samples . 

were heated by S°C/minute u n t i l  the temperature reached SOOOC and 

were held there u n t i l  gas evolution had ceased. A hygrometer was 
inser ted downstream t o  register qua l i ta t ive ly  whenever moisture wa 

evolved. 

.. 

The as-received salt core specimens were massive pieces approximately 4 

inches i n  diameter and 1-2 inches th ick .  No  attempt w a s  made t o  obtain 

homogenized samples by powdering the  en t i re  piece. Instead nuggets were 

chiseled from the center of t h e  specimen. The nuggets were crushed and - 
ground t o  a m d e r  j u s t  prior t o  the weighing and t ransferr ing t o  the 

microbalance system. A maximum of t en  minutes elapsed between tbe s t a r t  

of crushing and the s t a r t  of analysis. Thus,  t h e  possible loss or gain 

of moisture prior to tes t ing was minimized. Powdered samples were 
necessary to minimize decrepitation. 

The complete test  r e su l t s  are presented i n  Table 7.12. Figure 7.7 

i l l u s t r a t e s  the typical kinds of weight-loss curves observed. About half 

the SpecirPens showed 0.5% weight-loss (curve A ) .  Curve B is common w i t h  

the rapid weight-loss occurring sometimes a t  300° and above 

40OoC. Some samples show two stages. Only t w o  samples followed curve 

C, where weight-loss was observed from the beginning of the run. 

weight-loss curves for a l l  samples are f i l e d  and are  available for 

inspections. 

The 

Replicate runs were made i n  several cases, predominantly those which 

showed the larger weight-losses, and good agreement, i.e. within 5%, was 

observed. 
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All mass-loss is not due solely to water. Only the weight-loss below 

3OO0C can be attributed largely to water: the weight-loss at higher 

temperatures is in part due to decomposition of carbonates or other 

volatile-bearing minerals. 

Results were correlated with the x-ray diffraction results previously 

reported in an effort to identify which minerals may be decomposing. No 

definite conclusions could be reached so selected samples were analyzed 

for the evolved gases by gas chromatography/mass spectrometry. In 

particular, this was done for the samples 2302.6, 2516.3, 2658.5, 2786.5 

and 2821.0. 

The highest weight-loss was experienced by sample 2302.6. Its total ion 

chromatogram (Appendix 7.E) shows data channel numbers calibrated 

approximately in terms of temperature. Conspicious peaks occur at 

100°C, 25OoC and 30OOC. Detailed mass spectra are given for 

50°C, 100°C, l5O0C, 2OO0C and 250OC: the most prominent mass 

peak is 18, corresponding to water. At higher temperatures, mass 14 

(monoatomic nitrogen) becomes abundant. 

28 (diatomic nitrogen) is present. 

.-. 

Even at lower temperatures, mass 

I ,  ;r. 
' , I  :: 

Sets of peaks separated by 12 mass units, corresponding to carbon, (95; ' I 

. .@,  ' , _ i  
83, 71; 81, 69, 57, 45) probably represent fragments of hydrocarbons 

present in the diesel oil which was the lubricant used to core the hole. 
The contribution of mass 44 (CO ) to the spectrum is a minimum at 

2OO0C and rises again at higher temperatures. 

contribution is again probably due to the contaminant diesel oil. 

2 
The lOW-temperatUre 

At the highest temperatures, the mass peaks 15, 16, and 17 (CH3, CH4, 

0, OH) are accentuated along with 14, 18, and 28 (N, H20 and N2). 

All the individual ion chromatrograms for mass numbers 14, 18, 19, 20 and 

44 have coincidental peaks at about 25Oc and 300'~. 

dioxide are almost continuously evolved over the entire temperature 

range, but the coincidence of all the peaks for N, H20, F(?) and C02 

(mass peaks 14, 18, 19, and 44, respectively) implies that evolution of 

Water and carbon 
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these  components a t  25OoC and 3OO0C is r e l a t e d  to a ccmunon source. 

Since h a l i t e  dec rep i t a t e s ,  r e l eas ing  its f l u i d  inc lus ions  a t  about 

25OoC, those inc lus ions  appear to be the  mst probable source of 

v o l a t i l e s  evolved a t  25OoC. 

temperature s l i g h t l y  above 30Ooc, f l u i d  inc lus ions  i n  t h a t  mineral  

might be als ,  re leased  a t  that temperature (see Sec t ion  7.3). A d e t a i l e d  

treatment of f l u i d  inc lus ions  appears i n  a subsequent discussion. 

S imi l a r ly  s ince  po lyha l i t e  dehydrates a t  a 

Mass numbers 32, 48, 64 and 80 have sharp co inc iden ta l  chromatogram p e a k s  

a t  channel 517. These mass numbers most probably represent  0 

(possibly 0 made inside the mass spectrometer) SO2 and SO3 

released from the sudden deromposition of a s u l f a t e .  S imi la r ly  mass 36 

(ECl)  is released i n  major quan t i ty  a t  t h i s  point.  A l l  these phenomena 

occur at a s l i g h t l y  lower temperature than the main 2OO0C event ,  and 

their r e l a t i o n s h i p  wi th  that event poss ib ly  i n d i c a t e s  the presence of a 
very v o l a t i l e  s u l f a t e  phase rap id ly  decomposing when t h e  hal i te  f l u i d  

inc lus ions  begin to rupture .  Daughter c r y s t a l s  of gypsum i n  ha l i te  f l u i d  

inc lus ions  w u l d  ind ica t e  a high concentrat ion of s u l f a t e  i n  t h e  

inc lus ions  (see subsequent d i scuss ion)  and such a so lu t ion  might g ive  

rise to the observed s u l f u r  species i n  the  mass spectrum. 

SO+2, 2' 

3 

I 

The sample wi th  t h e  next g r e a t e s t  total mass loss (2786.5, 3.64%) is 
considered next. Many of the same fea tu res  of t h e  chromatograms i n  

Appendix 7.E are observed here as i n  the previous sample. The main 

d i f fe rence  is the appearance of a large hump of many v o l a t i l e s  ( E 2 0 ,  P, 

N2, 02) released a t  less than 100°C. 

Occurrence of c l ay  minerals which can absorb var ious  v o l a t i l e s  a t  su r f ace  

and in t e r l aye r  sites. Volatiles would be expected to  be weakly bound at  

these sites. The same hump as before appears a t  250 C, incorporat ing 

N, H20,  EE'(?), N2, 02,  HC1, C02 and SO+2, but  Only the 

pos tu la ted  SO species appears to be ca ta s t roph ica l ly  released and is 

probably a product of i on iza t ion  i n  the mass spectrometer. 

T h i s  is cons i s t en t  w i t h  the 

0 

2 
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+2 A hump incorporating N, E20, HF, N2, 02, EC1, C02 and SO 

occurs substantially below 30OoC. 

release of water and other volatiles born of OA and fluid inclusions in 

the clay minerals, when the clays decompose upon dehydration. 

This peak probably corresponds to 

Sample 2516.3 (2.15% mass loss) was unusual in that it contained 

magnesite. As is seen in the chromatograms in Appendix 7.E,  the loss of 

E 0 and N from various sources provides most of the pattern, which 

was not sampled at a temperature greater than about 24OoC. 

almost a continuum of absorbed 0 released. The most significant 2 
feature of this sample is the high-temperature loss of C02,  presumably 

f r m  the decomposition of magnesite. 

2 2 
There is 

Finally, the most abundant-type sample is considered: 

mass losses less than 0.5%. These are characteristic of most of the main 
evaporite section and contain very little other than halite and 

anhydrite. Typical exaples of these rocks are samples 2658.5 and 2821.0 

(Appendix 7 . E ) .  The main difference between these two is the apparent 

larger number of types of volatile sites in the shallower.sample. 

Absorbed N, H 0, N2, and O2 form a large, broad hump at l o w  

temperature, with catastrophic release (of fluid inclusions?) of E 0, 

N2, EU, and C02 at higher temperature in 2821.0. 

those which have 

- 

2 
2 

In 2658'.5, the 

catastrophic release of E20, N2, EC1, and C02 (with possibly some . .  
+2 , I  SO ) appears to occur in smaller episodes as various sets of fluid ,,' . 

inclusions are ruptured at higher temperature. 
f 

7.5.3 Mineral Sources of Water in the Salado Evawrite Sequence 

Introduction. The purpose of this section is to describe the mineralogy 
and petrologic characteristics of samples taken from two coreholes of the 

Salado salt f r m  the boreholes AB N o s .  7 and 8 in Lea and Eddy Counties, 

near Carlsbad, New Mexico, and the degree to which the evaporite rocks 

present would dehydrate if subjected to the heat generated by containers 

of radioactive wastes (radwaste). In a previous study, (Fallis, 1973) 

the general characteristics of evaporite deposits and their minerals were 

I 
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- 
described and a detailed mineralogic and petrologic study of t w o  cores 

from the Iiutchinson S a l t  near Lyons, Kansas, was made. The r e su l t s  a t  

that time indicated t h a t  water losses ranging from 0.4 t o  19.0 weight % 

might be anticipated i f  the surrounding rocks were heated t o  100°C. 

Sample s p l i t s  corresponding to ones i n  t h i s  s ec t ion  were a l so  d iscussed  

in Section 7.3. A comparison of those resu l t s  and these is presented i n  
the fo l lowing  section. 

Sampling and Sample Preparation. Segments of the  or iginal  4 i nch  (10.2 

cm) cores were spli t  i n  half ,  lengthwise, for chemical analysis and 

weight loss determination by thermogravimetric analysis (previous 

s e c t i o n ) .  Eighty-three samples (coded by core number and depth) arrived 

wrapped i n  p l a s t i c  t o  reduce the  poss ib i l i ty  of absorption of moisture 

during shipping and handling. Core AEC-7 was d r i l l ed  i n  T.ea County, New 

Mexico, and core AEC-8 i n  Eddy County, New Mexico. 

Throughout the sample preparation, care was taken to  not expose any 3f 

the samples to water; however, since it was necessary t o  c u t ,  grind 9 

sieve various portions of the samples, it was not possible to complet-ly 

protect  t h e m  from exposure t o  moisture i n  the a i r .  During those periods 

when samples were not actively being worked upon, they were kept i n  

p l a s t i c  bags, tightly-stoppered bot t les ,  etc. 

Since several d i f fe ren t  analyses were M be made, it was necessary t o  

obtain representative sample s p l i t s  which would correspond t o  each other 

a s  closely as possible. A more complete discussion of sample preparation 

is given i n  the thesis by Combs. Bowever, for convenience, a brief 

sumnary of the methods used  i n  sample preparation is given below: 

1. A representative segment of each core sample was chosen and 

removed by sawing the or iginal  core (normal t o  the ax is  of the 

core) w i t h  a dry blade, masonry-type saw. T h i s  new segment was 

typ ica l ly  about three inches (8 cm) long. .-. 
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2 .  Next, a slice was c u t  from each core segment ( p a r a l l e l  to the a x i s  

of the core) w i t h  t he  approximate dimensions 3 x 2 x 1/2 inches (8 

x 5 x 1 cm) fo r  u s e  i n  preparing t h e  t h i n  sect ions.  The s e c t i o n s  

were prepared by Fred Roberts Petrographic Sect ion Service,  

Monterey Park, Cal i forn ia .  They were c u t  using oi l  rather than 

water and mounted w i t h  an epoxy cement which w a s  not heated. 

3. About one-half of t h e  remainder of each core segment was crushed 

and sieved, and r ep resen ta t ive  por t ions  selected to be analyzed by 

x-ray d i f f r a c t i o n ,  x-ray spectroscopy and by s t a t i c  heating 

methods  for water loss determination. (Later, some add i t iona l  

separa t ions  were made and por t ions  of the samples selected f o r  

bromine ana lys i s  using x-ray spectrocopy. These procedures w i l l  - 
be described b r i e f l y  i n  t h e  following sec t ions . )  

Analy t ica l  Methods Used i n  Th i s  Study. Several  d i f f e r e n t  kinds of 

ana lyses  were performed on the samples received. The methods used 

include s ta t ic  weight loss determinations (water loss), mineralogical  and 

p e t r o l o g i c a l  ana lys i s ,  and some chemical analyses using x-ray spectrocopy. 

The weight loss determinations were made i n  e s s e n t i a l l y  the  same manner 

as f o r  samples s t u d i e d  from Lyons, Kansas, and which w a s  reported 

previous ly  (Fall is .  1973). S p l i t s  of the  severa l  samples (sample s i z e  

gene ra l ly  ranged from 1.5 to 2.0 gms and i n  t h e  60 to 120 mesh s i ze  
f r a c t i o n )  were heated to l02+5 C for periods ranging from 2 to  42 

days. The results of repeated analyses  ind ica ted  t h a t  the p rec i s ion  of 

weight loss determinations was general ly  5 0.1 to 0.2%. 

splits were used, t h e  'precision" dropped to approximately + 0 . 2  to 

0.3%. 

0 

When new sample 

Some data concerning prec is ion  a re  presented i n  Appendix 7.P. 

0 
I n  add i t ion  to the weight loss determinations performed near 100 C, 

weight loss determinations were also made for seve ra l  samples which had 

been heated to 170+5O (for 2 days) and 30O+lO0C for ( 2  to  3 days).  

The r e s u l t s  of the weight loss analyses are reported i n  Appendix 7 .6  and 

d iscussed  i n  the following sec t ion .  

- 
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Mineralogical and petrological analyses were made using x-ray diffract ion 

and standard petrological techniques. A summary of important 

mineralogical and petrological data is given in  Appendix 7.H and 

discussed follaving the next section. The chemical analyses were made 
using two variants of the x-ray spectrographic method, x-ray fluorescence 

analysis (wave length dispersive) and x-ray emission spectroscopy 

(non-dispersive). The chemical analyses were made primarily for bromine, 

which can be used to a id  i n  the interpretat ion of the or igin of evaporite 

deposits, and semi-quantitative analyses were made for chlorine, s u l f u r  

and iron. 

Weight Losses for Cores, AEC NO. 7 and 8. Weight loss data for t h e  

samples studied are tabulated i n  Appendix 7.6 and i l l u s t r a t ed  i n  Figure 

7 . 8 .  

samples from the site a t  Lyons, Kansas. 

a t  lO2+5OC for t h e  Carlsbad samples (Salado s a l t ) ,  Cores Nos.7 and 8 

was from 0.0 t o  3.5% w i t h  the majority of samples showing losses less 

than 0.5%, while  the Hutchinson salt ,  Cores Nos. 1 and 2 was from 0.5 to 

19.0%. and most of the samples showed weight losses from 1 to 5%. A plot  

of approximate range of water loss at lO2+S0C to be expected at  var ious  

I n  general, the weight losses are much less than those found for 

The range of weight loss values 

depths is shown i n  Figure 7.9. This is based on data from both Lyon 

Kansas and Carlsbad, New Mexico sites. 

Based on the r e s u l t s  of the various heat treatments, the following 

conclusions can be drawn concerning the  behaviour of the samples from 

Carlsbad: 

1. Samples consisting almost en t i re ly  of halite and/or anhydrite 

show weight losses (up  t o  30OoC) which are typically less 

than 0.5% and probably less than 0.3%. The f ina l  t o t a l  loss 

w i l l  depend on t h e  amounts of clay minerals and minor hydrated 

evaporite minerals, such  as polyhalite, which are present. 

Larger water losses (>1% a t  ~ o z + ~ O C )  are  generally 

associated w i t h  the presence of clay minerals  (and/or gypsum) 

in  more than t race amounts. The exact losses  w i l l  depend on 

2. - 
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the kinds and amounts of c l a y s  present ,  t h e  temperatures t o  

which they are heated and t h e  l eng th  of time for which they 

are heated. 

0 3. A t  s o m e  temperatures between 170° and 300 C,  po lyha l i te ,  

which is a common accessory mineral  c o n s t i t u e n t  i n  some parts 

of the Salado salt ,  w i l l  s tar t  to break down. It can 

con t r ibu te  water to the ex ten t  of about 6% of its weight i n  

t h e  r o c k  being heated. 
. .~.. - I_ .. 

, (.' L.'.' ,h< 
5 '  :;' :jl ' 

f*.! 
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~, I/ 4. Although present  i n  only minor amounts (or absent) i n  the  .. r < ,  , i ,  

samples that were analyzed, there are other evapori te  mine ra l s .  . .. 
such as c a r n a l l i t e ,  k a i n i t e ,  l e o n i t e ,  etc., near the potash 

ore zones ( the  m u t t  potash zone a t  approximately 1600' to  

. ,  * :,' 1 

1800'). 

The weight losses determined i n  Sect ion 7.3 are compared w i t h  these i n  

APpendix 7.6. It should be noted that the earlier data were determined 

by thermogravimetric ana lys i s ;  hence, weight losses were not determined 

at any f ixed temperatures but a t  the a c t u a l  temperatures a t  which t h e  

decompositions were detected.  I n  order to make t h e  data more comparable, 

the  previous data were rearranged and weight losses taking place within .'. 
' certain temperature ranges were d i n e d .  The reader is r e fe r r ed  to 

Sect ion 7.3 f o r  the s p e c i f i c  temperatures a t  w h i c h  weight losses 
occurred. It should also be noted t h a t ' t h e  two sets of data are not  

d i r e c t l y  comparable, s ince  the weight losses of t h i s  s ec t ion  were 

accomplished by heating under static heat ing Conditions for periods of 2 

or more days, while the previous data were obtained under dynamic 

condi t ions (much more rap id  hea t ing) .  As a genera l  ru l e ,  t he  

decomposition temperature of any given mineral  w i l l  be higher under 

condi t ions of dynamic heating rather than  s ta t ic  heating. 

Even so, there is genera l ly  good agreement between the two sets of data 

which were obtained by d i f f e r e n t  i n v e s t i g a t o r s  using d i f f e r e n t  

techniques. 

- 
Most minor d iscrepancies  can be explained on the  b a s i s  of 
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d i f f e rences  i n  t h e  methods of ana lys i s .  Only a f e w  real d i sc repanc ie s  

seem to exist (such as for  sample a t  1697 i n  Core 117). T h i s  is t o  be 

expected s ince  each group rceived d i f f e r e n t  halves of the core and s i n c e  

Sec t ion  7.3 involved sample s p l i t s  of the  e n t i r e  core segment w h i l e  t h i s  

work involved only a sample s p l i t  corresponding to the  po r t ion  of t h e  

core used i n  preparing the  t h i n  sect ion.  Since there are both v e r t i c a l  

and l a t e r a l  v a r i a t i o n s  i n  mineral  content  within the  cores, samples might  

occas iona l ly  have been analyzed which were mineralogical ly  d i f f e r e n t .  

The r o c k s  being considered a t  the proposed WIPP site, New Mexico, appear 

t o  be much more favorable  than those from Lyons, Kansas. Even so, some 
mineral  water is s t i l l  present  and is apt to be re leased  during t h e  

period when the  r o c k s  a r e  heated by the  waste containers .  It w i l l  be 

important to determine the maximum temperatures to be reached, the volume 

of r o c k  which w i l l  be heated, and t h e  probable maximum volume of water 
which w i l l  be re leased.  

Mineralogy and Petrology of Cores No. .7 and 8. I n  m e  respec t s  t h e  

mineralogy and petrology of the  core samples from Carlsbad a r e  similar to  

those of the core samples from Lyons. 

evapor i te  sequences and hence encountered sedimentary sequences 

containing typical saline minerals  such as halite, anhydri te  and 

po lyha l i t e .  In  addi t ion ,  c l a y  minerals ,  magnesite, gypsum, quar t z ,  

feldspar, c a r n a l l i t e ,  celestite (?), glauconi te  and k a i n i t e  ( 1 ) .  were 

de tec ted  i n  smaller amounts. The presence of any of the other less 

common evapor i te  minerals  i n  the samples s t u d i e d  is uncertain.  I n  

genera l ,  they only occur i n  such small amounts and/or such f ine g r a i n  

sizes that p o s i t i v e  i d e n t i f i c a t i o n  was mt possible using t h e  

d i f f rac tometer  and petrographic miscroscope. I n  Sec t ion  7.3 it w a s  noted 

t h a t  s eve ra l  of these less common minerals  a re  apparent ly  present  i n  many 

of the  samples analyzed. Readers of t h i s  s ec t ion  should be aware t h a t  

t h e  analyses  are based on the  ac tua l  minerals  observed ( m o d a l  ana lys i s )  

i n  t h i n  sec t ion  as supplemented by X-ray d i f f r a c t i o n  w h i l e  t h e  ana lyses  

presented i n  Sect ion 7.3 were done by computer manipulation of the 

chemical analyses  determined for each sample (normative ana lys i s )  . Such 

Both  cores were taken through 
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normative analyses  can be q u i t e  usefu l ,  espec ia ly  when working w i t h  

f i n e  grained or g las sy  mater ia l s .  However, it should be noted t h a t  

nonnative analyses may genera te  mineral assemblages which do not agree 

w i t h  t he  ac tua l  minerals  present ,  a s  was pointed out  i n  sec t ion  7.3. 

Summaries of the mineralogic  and pe t ro log ic  f ea tu res  of the ind iv idua l  

samples s t u d i e s  are presented i n  Appendix 7.H. For t he  reader's 

convenience, some genera l  conments about the mineralogy and petrology of 

these samples are presented below. An exce l l en t  study of the mineralogy 

and petrology of the r o c k s  i n  t h i s  region is given by Schal le r  and 

Henderson, 1932. B r i e f  description of the  major minerals  noted i n  the  

Carlsbad samples follow. 

Halite. MOst of the halite is colorless and shows exce l l en t  cubic  

cleavage. These f ea tu res ,  coupled w i t h  less low relief and isotropic 

o p t i c a l  charac te r ,  make its i d e n t i f i c a t i o n  easy. Sometimes the h a l i t e  is 

colored red or orange by minute inc lus ions  of hematite (or other i ron  

oxides) or other minerals  such as polyhal i te .  

w i d e  range, from less than 1 nun ( f i n e  g ra ined ) ,  to g rea t e r  than 1 cm ' 

(coarse grained). Grains  between 1 mm and 1 cm a r e  considered to be 

medium grained. 

- 
The g ra in  s i z e  showed a 

B e c a u s e  halite f r a c t u r e s  and c leaves  so readi ly ,  it is d i f f i c u l t  to 
determine whether the numerous breaks observed i n  t h i n  sec t ions  were 
a l ready  present  a t  depth or whether they developed during t h e  cor ing 

opera t ion ,  shipping, handling, t h i n  s e c t i o n  preparat ion,  etc. More 

fractures are noted a t  the outer margins of each of the  t h i n  sec t ions .  

However, some of t h e m  m u s t  have occurred p r i o r  to the  taking of the core 

because they are f i l l e d  ( a t  least in  part) w i t h  other minerals ,  

p e t r o l i f e r o u s  ma te r i a l ,  etc. In  seve ra l  cases  f r a c t u r e  zones could be 

t r aced  across  the e n t i r e  wid th  of a t h i n  sect ion.  

Inc lus ions  ( l i q u i d ,  so l id  and gas) a re  common i n  the hali te.  During t h e  

prepara t ion  of some samples hydrogen s u l f i d e  (gas) was re leased.  I n  many 

cases the inc lus ions  are or ien ted  w i t h  respect to t h e  cubic c r y s t a l  

- 



7-42 

planes. These oriented inclusions appear t o  represent hopper c rys t a l s  

which grew a t  t h e  water surface in  times of quiet  water and are inferred 

to  represent deposition frcm shallow water. 

Intergrowths of relat ively well-formed, cubic c rys ta l s  of ha l i t e  w i t h  

clay and s i l t - s i ze  minerals are l i k e w i s e  inferred t o  represent very 

shallow conditions, perhaps even subaerial  exposure for brief period. 

"Patches" (regular t o  irregular,  more or less equidimensional areas) and 

'stringers" (regular t o  irregular areas which a r e  generally elongated i n  

one direct ion)  of anhydrite, polyhalite, clay and s i l t -s ized minerals are  

cornon i n  halite. Sometimes these patches and s t r ingers  follow grain 

boundaries, but  of ten they c u t  across grains. Where they follow grain 

boundaries, they may represent (nearly) simultaneous growth of t h e  h a l i t e .  

c rys t a l s  and snaller amounts of t h e  other mineral phase(s). Where they 

c u t  across grains, they presumably represent deposition of the  minerals 

along zones of w e a k n e s s  or along which solutions passed. Enough of t h i s  - 
l a t t e r  material is present to demonstrate tha t  there were o p p o r t u n i t i e s  

for s o l u t i o n s  to migrate through these relat ively impermeable r o c k s ,  even 

though i t  is not p s s i b l e  to determine j u s t  how fa r  the So lu t ions  
actual ly  traveled. 

Anhydrite. Anhydrite was recognized on the basis of i ts  re la t ive ly  high 

birefringence, differences i n  re l ie f  upon rotation and cleavages a t  r igh t  

angles. Normally, anhydrite s h o w s  para l le l  extinction, tm, b u t  because 
of twinning, replacement phencmena, etc., t h i s  charac te r i s t ic  was not 

always useful. 

Anhydrite occurs i n  three major types. "Primary" anhydrite, which is 
commonly bedded, is very fine' grained (much less than 1 mm) and s o m e w h a t  

f ibrous i n  character. It also occurs i n  coarser-grained c rys t a l s  and 

twinned c rys t a l s  (sometimes over 1 cm long). A t  l e a s t  some of t h e s e  

larger c rys ta l s  appear t o  be pseudomorphs (replacement) a f t e r  
previously-existing gypsum crystals .  Sometimes, very w a l l  amounts of - 
questionable gypsum are noted nearby, perhaps as a result of p a r t i a l  
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rehydration of the anhydrite. Finally, there are more or l e s s  isolated 

c rys ta l s  and crys ta l  clusters of anhydrite which occur i n  patches and 
s t r ingers  wi th in  the halite or are intergranular with halite. These may 

be associated wi th  polyhalite and/or Clay and sil t-sized minerals.  Th i s  

type of anhydrite is thought t o  be authigenic (formed in  place from 

f l u i d s  contained i n  the  pores of t h e  rock or passing through the rock). 

Anhydrite can be replaced by polyhalite if f l u i d s  containing potassium, 

magnesium and additional sulfate ions are present. Many examples of t h i s  

replacement were observed. 

A few examples of bedded, nodular anhydrite were observed. The nodules 

may have or iginal ly  been composed of gypsum which was l a t e r  replaced by 

anhydrite. The or igin of such bedded nodules is thought by some workers 

to represent depositions i n  very shallw water which was periodically 

exposed (Sabkha facies) . - 
Polyhalite. Polyhalite was recognized on the basis of i ts  re la t ive ly  l o w  

birefringence, inclined extinction and complex twinning. (Unfortunately 

i n  s o m e  fine-grained material and/or mixtures, polyhalite and anhydrite 

can be confused because their opt ical  properties of relief and 

birefringence are almost the same i n  cer ta in  orientations).  

Much of the polyhalite observed is rather f ine grained (much less than 1 

w i n  s i ze  for the individual cy r s t a l l i t e s )  and often fibrous. However, 

some larger  c rys t a l s  are numerous, isolated c rys ta l s  and crys ta l  c lus t e r s  

were observed. Polyhalite is often reddish due to  iron oxide inclusions, , I 

but t h i s  is not universally t rue.  

Some of the polyhalite appeared to  be a bedded form associated primarily 

w i t h  halite and lesser  anhydrite. Polyhalite a l so  is found replacing 

anhydrite and associated w i t h  nearby patches and s t r ingers  of clay and 

s i l t -s ized minerals.  Whether the clay, etc., provided some of the ions 

necessary for formation of polyhalite or j u s t  acted as  a pathway for 

solutions passing through the r o c k  cannot be determined. 

~, . .  . .  
. 1  i I 

' t, , ,, 'I 
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Minor Minerals. Minor minerals  were i d e n t i f i e d  on the bas i s  of t h e i r  

o p t i c a l  properties and X-ray d i f f r a c t i o n  analyses ,  which were 

occasional ly  aided by information contained i n  t h e  w e l l  logs f o r  t h e  

cores. J u s t  a few brief cOmments fo r  each mineral  are given here. 

Clay minerals.  Overa l l ,  much less c lay  is p resen t  i n  t h e  samples from 

Carlsbad than was present  i n  the Lyons samples. X-ray d i f f r a c t i o n  p e a k s  

a t t r i b u t e d  to c lay  minerals were noted i n  nine samples from Core (7 and 

i n  fourteen samples from Core 118. Based on the X-ray p a t t e r n s  and p e a k s  

noted a t  approximately 7,  10, 11.5, 1 4  and 15 angstroms, major c l ay  

minerals  present  include illite, chlorite, mixed-layer c lays  and possibly 

some kao l in i t e .  

Magnesite. Although wel l -c rys ta l l ized  magnesite was not de tec ted  i n  t h i n  

s ec t ions ,  m e  very fine-grained, r e l a t i v e l y  high b i r e f r ingen t  phase was 

noted i n  s o m e  t h i n  sec t ions  and magnesite p e a k s  were detected i n  some 

t h i n  sec t ions  and magnesite peaks were detected i n  a number of X-ray 

pa t te rns .  Schal le r  and Henderson (1932) stated that many of t h e  c l a y s  i n  

the samples they s tudied  were magnesit ic.  The common as soc ia t ion  .of 
po lyha l i t e  w i t h  c l ay  and s i l t - s i z e d  minerals  may be due i n  part to  t h e  . ' 

magnesium ions i n  t h e  magnesit ic s h a l e s  and clays.  , 

- 

Gypsum. Gypsum is m n o c l i n i c  and i n  t h i n  sec t ion  has low b i re f r ingence  

and low,  negative relief.  Twins ("swallowtail")  are f a i r l y  common. 

Well-crystal l ized gypsum was detected i n  only one t h i n  sec t ion  among the 

samples studied. I n  addition, seve ra l  of the  sec t ions  contained small 

amounts of ques t ionable  gypsum i n  assoc ia t ion  w i t h  anhydri te  and/or 
polyhal i te .  However, t he  amounts present  were much less than 1% and 

could not be confirmed by X-ray d i f f r ac t ion .  

Q u a r t z  and fe ldspar .  These minerals  a r e  present  i n  two forms, as 

d e t r i t a l  (si l t  and very f i n e  sand-sized) material deposited along w i t h  

t h e  c lays ,  and also as au th iqenic  minerals  which formed i n  or near 

patches and s t r i n g e r s  of c lay  and s i l t - s i z e d  minerals.  1 
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Sylv i te .  A f e w  t h i n  s e c t i o n s  conta in  small amounts of s y l v i t e  which was 

recognized on the basis of its d i s t i n c t i v e  reddish purple color (due to 

i ron  oxide inclusions)  and lower r e l i e f  than h a l i t e .  Most of the s y l v i t e  

observed was associated w i t h  po lyha l i t e  as well as w i t h  hal i te .  There 

were 110 samples from the s y l v i n i t e  (mixed halite and s y l v i t e )  zones. 

A d a ~ r s  (1967) reported that not a l l  s y l v i t e  is colored; however, i n  t h e  

t h i n  sec t ions  s tud ied ,  t h e  d i s t i n c t i v e  color was useful  i n  loca t ing  the  

small amounts present .  

Ca rna l l i t e .  Only one sec t ion  conta ins  de t ec t ab le  c a r n a l l i t e .  This  

mineral  w a s  suspected on the basis of nearby c a r n a l l i t e  as noted i n  t h e  

w e l l  log. 

inc lus ions  were used to confirm its presence. 

Its high negat ive relief and "metallic" l u s t e r  due to  

Celestite ( 7 ) .  I n  t w o  or three t h i n  sec t ions  some i so la t ed  spear-shaped 

c r y s t a l s  and c l u s t e r s  of c r y s t a l s  w i t h  r e l a t i v e l y  h igh  relief were 

noted. Although no p o s i t i v e  i d e n t i f i c a t i o n  could be made, it is 
, 

suspected that  these are celestite, which is the most conunon s t ront ium . \  

mineral  present  i n  evapor i te  deposits. 

Glauconite. 

genera l ly  assoc ia ted  w i t h  the  c l ay  and sil ' t -sized minerals. N o t  enough 

of t h i s  material was present to attempt to determine its o r i g i n  or source. 

A few greenish, ' rounded g r a i n s  of g lauconi te  were noted, 

Ka in i t e (? ) .  Kaini te  ( 7 )  was observed i n  only one t h i n  sec t ion .  I t  is a 

monoclinic mineral  w i t h  moderate b i re f r ingence  and negative relief. 

Summary and conclusions. The results of t h i s  s tudy ind ica t e  t h a t  the  

Salado S a l t  i n  the samples received is composed pr imar i ly  of f i n e  to 
coarse-grained halite w i t h  po lyha l i t e ,  anhydri te ,  and c lay  minerals.  

O the r  minerals  detected i n  small amounts include gypsum, magnesite, 

qua r t z ,  f e ldspa r ,  s y l v i t e ,  c a r n a l l i t e ,  celestite (?), glauconi te ,  and 

k a i n i t e ( ? ) .  I t  should be noted t h a t  t he  samples received for ana lys i s  

were se l ec t ed  from halite-rich zones i n  most cases; hence, some of the  

rarer evapor i te  minerals  such a s  kieserite,  langbein i te ,  leonite, 



7-46 

bischofite,  etc., noted by Schaller and Henderson (19321 were not  
detected either because they were absent from the specimens analyzed or 
present i n  amounts too mall (or too f i n e  grained) to identify.  

There is much petrographic evidence tha t  the Salado s a l t  was deposited i n  

rather shall-  water and may have been exposed subaerially a t  times. 

T h i s  evidence includes the  presence of numerous hopper c rys ta l s  (which 

can develop a t  the air-water interface of quiet ,  shallow seas) and the 

intergrowth of euhedral grains of hal i te  w i t h  clay and sil t-sized 

minerals, anhydrite, and polyhalite.  The l a t t e r  texture can develop i n  

an exposed, mud-flat type environment. Previous workers, such as 
Anderson, e t  a l .  (19721, have concluded that the  underlying, C a s t i l e  

Formation was deposited i n  deep water, perhaps as much as  2100' (650 m) * 

deep. Hence, there m u s t  have been a major change i n  environmental 

condi t ions  between the deposition of Cast i le  and tha t  of the Salado. 

' .  . .  

. .L  

Petrographic evidence also suggests t h a t  loca l  f l u ids  native to the I 

Salado have been able t o  move through the Salado s a l t  (during 

recrys ta l l iza t ion)  along beds and seams of clay and silt, and to a lesser 
degree along f rac tures  (see Section 7.8).  These paths are now m a r k e d  by 

entrapped f lu id  inc lus ions ,  zones of a l tered minerals and zones along 

which new minerals have been deposited. 

Water loss determinations for over eighty samples from cores #7 and 1 8 ,  

indicate a range of water loss (upon heating to lO2+S0C) from 0.0 t o  

3.5%, which is considerably below the water losses  for samples from 

Lyons, Kansas. I t  whould be noted tha t  the samples from the  Lyons s i t e  
came from much  shallower depths than  those fran t h e  Carlsbad area. I n  

the section on weight losses, the ranges of dehydration t o  be anticipated 

wi th  respect t o  depth are shown graphically. I t  appears tha t  the ranges 

determined for the re la t ive ly  shallow Lyons site merge w i t h  the  ranges 

determined for  the deeper Carlsbad site. 

c M o s t  of t he  dehydration water a t  re la t ive ly  low temperatures (near 

100 C) appears to come from clay minerals, although gypsum may make a 0 
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con t r ibu t ion  f o r  samples taken a t  shallow depths. A t  higher 

temperatures,  po lyha l i te  w i l l  s tar t  to  cont r ibu te  to the dehydration of 

water. Th i s  dehydration t a k e s  place somewhere between 170° and 

30OoC. Pure polyhal i te  r o c k  can lose up to 6% water. 
purer ha l i te  beds have weight losses below 0.3 to 0.5%. 

In  general ,  t he  

A s  f a r  as can be determined from the samples ava i l ab le  for study, t h e  

r o c k  u n i t s  present  i n  t h e  Salado sa l t  s e e m  to r e l ease  much less water 

when dehydrated than do t he  r o c k s  of the  Butchinson s a l t  from Lyons. 

Hence, t h e  si te near Carlsbad would s e e m  to be more favorable  ( i n  so far  

as dehydration water goes) than Lyons. Bowever, these rocks are not  

t o t a l l y  w i t h o u t  water, and most u n i t s  w i l l  lose from 0.0 to 0.3% water 

when heated and s o m e  units may lose up to 3.5% water. 

F i n a l l y ,  it tias noted during the preparaton of some of t h e  samples t h a t  

€I S (and poss ib ly  sane na tu ra l  gas) w a s  re leased  when the samples were 
crushed. N o  B S was detected mass spec t romet r ica l ly  (previous 

s e c t i o n ) ,  which probably attests to a s e n s i t i v i t y  of the human nose for 
H2S t h a t  is unapproachable even w i t h  the most sophisticated ava i l ab le  

2 

2 

- 
inst rmnentat ion.  

7 .6  J?LUID INCLUSIONS I N  CORE SAMPLES PROM ERDA NO. 9 

7.6.1 In t roduct ion  

F l u i d  inc lus ions  i n  the host rock  are of i n t e r e s t  to seve ra l  aspects of 

nuclear waste disposal .  u, determination of their o r i g i n  and na tu re  

may provide in s igh t  in to  the complex sequence of processes and events  

frm o r i g i n a l  deposi t ion of the sa l t  through to the present:  such  i n s i g h t  

may w e l l  be of value i n  site evaluation. 

provide one source of water (and other v o l a t i l e s )  that would c e r t a i n l y  

a i d  i n  the corrosion and eventual  breach of the  waste conta iners ,  and 

subsequent leaching of the  waste itself. Third, f l u i d  inc lus ions ,  and 

their  r eac t ion  under the  thermal pulse  from hot wastes, could have an 

effect on important phys ica l  p rope r t i e s  of t h e  hot host rock, such as 

deformation r a t e s  and p a r t i c u l a r l y  melting. 

Second, f l u i d  inc lus ions  
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7.6.2 Samples Studied 

Most samples studied were taken from ERDA core No. 9, and came from the 

following footage intervals: 

From 

1799 .O 

1902.0 

2065.0 

2095.1 

2272.4 

2391.0 

2611.5 

2658.7 

2760.0 

2820.8 

2058.8 

2070.4 

2606.5 

2617.2 

2626.7 

2659 .O 

2665.0 

2692.4 

2699.8 

To 

1799.5 

1902.3 

2065.4 

2095.5 

2272.7 

2391.3 

2611.8 

2659.0 

2760.2 

2821.2 

2059.0 

2070.6 

2606.9 

2617.7 

2627.0 

2659.2 

2665.1 

2692.6 

2700.0 

, . -- 
! 

[\ 

In addition to the above "representative. samples, four nonrepresentative 

samples from ERDA No.9 were selected because they contained plainly 

visible large inclusions, suitable for special tests: 
2061.2 - 2061.6 
2064.5 - 2065.0 
2614.7 - 2615.0 
2518.5 - 2619.0 
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I n  order to test c e r t a i n  sample p repa ra t ion  and inc lus ion  e x t r a c t i o n  

procedures with no loss of important mre. two pieces of core from AEC 8 

were also picked:  

2059.5 - 2059.8 

2462.0 - 2462.9 

I n  the Kerr-McGee potash mine, Lea County, New Mexico, northwest of the 

W I P P  s i t e  a 4-m igneous d ike  has c u t  potash ore beds. As t h i s  r ep resen t s  

a natural  s imulat ion of sane of the heat effects of c a n i s t e r  storage, it 

is i n s t r u c t i v e  to examine the f l u i d  inc lus ions  i n  samples taken a t  
measured d i s t ances  from this dike: 

MB-77-8 White ha l i t e .1 -2  cm from d i k e  

MB-76-3 Barren s a l t  0.2 m fran dike  

MB-76-4 "Ore" horizon 2.5 m from dike  

MB-76-5 "Ore" -21 m fran d i k e  

Of these samples, the f ie ld  evidence i n d i c a t e s  t h a t  only MB-77-8 has been 

molten. The o the r s  show sane minera logica l  effects of the  heat ing,  bu t  

as sedimentary s t r u c t u r e s  are preserved,  they have presumably not melted 

(M. Bodine, personal  comunica t ion)  . 

L 

7.6.3 Sample Prepara t ion  

Sect ions.  A t h i c k  slice was cat from each sample using a diamond saw and 

e t h y l  alcohol lub r i can t .  One side w a s  f i n e  ground w i t h  an alcohol s l u r r y  

of abras ive  (1200 g r i t ) ,  u l t r a s o n i c a l l y  c leaned i n  alcohol, mounted on 

g l a s s  w i t h  cold-set t ing epoxy r e s i n ,  and cured i n  16 hrs. a t  roan 
temperature. The s e c t i o n  w a s  then ground down on a l a p ,  using an alcohol 
s l u r r y ,  to 3-8 w th ickness  (depending on opac i ty )  and then polished by 

finer abras ives ,  ending w i t h  either 1200 g r i t  or 0.3 IIm A 1  0 

P l a t e s  w i t h  f i n e g r o u n d  surfaces were examined using a matching s i l i c o n e  

o i l  or sa tu ra t ed  br ine  and mverg la s s .  C o a r s e  cleavages could be 

examined d i r e c t l y ,  without po l i sh ing .  

2 3' 

A mall sec t ion  ( - 2 X 4 cm) was Cut  f i rs t ,  perpendicular  to the core 

a x i s  (when na ture  of sample permi t ted  o r i e n t i n g ) ,  then one or more l a r g e r  

plates ( 5  x 8 cm) were c u t  parallel w i t h  t h e  core axis. 

c 
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Coarse water-soluble res idues.  100- to 150- gram samples were dissolved 

i n  tap water a t  room temperature w i t h  f requent  s t i r r i n g .  The s o l u t i o n  

was decanted f r equen t ly  to  remove dissolved salts and f i n e l y  divided ,...: --.~ 
solids such as clays.  

7.6.4 Methods of s tudy  

Petrographic  Examination. All slides and preparat ions 

the petrographic  microscope, but phases present  other  than ha l i t e  were 

no t  determined due to  the  short t i m e  ava i l ab le  and t h e  redundancy w i t h  

ex t ens ive  mineralogical  work by others. M o s t  examination time was spent  

on f ind ing  and cha rac t e r i z ing  t h e  na ture ,  s i ze ,  frequency and 

d i s t r i b u t i o n  of t h e  f l u i d  inclusions.  

Considerable time was spent  determining the  volume of f l u i d  inc lus ions  i n  

t h e  plates, through counts  of representa t ive  port ions.  T h i s  

determination was based on measurements w i t h  a graduated ocular  

( c a l i b r a t e d  with a stage micrmeter) and severa l  assumptions. First, the  - 
i nc lus ions  were considered to be cubes (based on observat ion);  one edge 

w a s  measured and then  the volume calculated. Larger i nc lus ions  [ - Imm 
edge length)  that  were obviously not  cubes were estimated frm the  

summation .of a series of smaller cubes. Second, s ince  bubbles were very 

rare (only about 0.1% of the i nc lus ions ) ,  and small ( ,- 1% of inc lus ion  

volume), they were ignored. 

of one or the other of two types ( e s s e n t i a l l y  the same as the types 'A" 

and "B" discussed i n  a later sec t ion  on R e s u l t s ) ,  and any given mall  
po r t ion  of s a l t  contained only one type. As t h e  bulk of the  sample i n  

any plate could be charac te r ized  e a s i l y  i n t o  these two types the 

approximate volume percent of the  samples fo r  each type could be 

estimated. 

type, v i s u a l l y  estimated to be repqesentat ive of tha t  t y p e  i n  that plate, 
and the  volume percent  of inc lus ions  determined i n  it by measurement and 

counting, using a t ransparent  g r i d  template a t  500X. The total  volume 

percent  of inc lus ions  w a s  then ca lcu la ted  from the weighted average. 

weight percent of i n c l u s i o n  f l u i d  w a s  ca lcu la ted ,  assuming t h e  s a l t  to 
3 

MVe a dens i ty  of 2.2 and t h e  b r ine  t o  be 1.3 g/m . Large nIJmberS of 

very t i n y  inc lus ions  were estimated fram counts and es t imates  of mall  

w, most inc lus ions  i n  these  samples were 

A -500 mm3 volume of the plate was then se l ec t ed  from each 

The 
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but  v i s u a l l y  representa t ive  volumes. Although the r e l a t i v e  errors 

involved i n  this s t e p  a re  large, the  total  cont r ibu t ion  by these  small 

i nc lus ions ,  even though they are extremely abundant, was very small. 

Most of the f l u i d  found was present  as a small number of l a r g e  inc lus ions  

that could be measured more accurately.  All inc lus ions  over 200 pm 

(edge length)  i n  the count volume were measured. The o v e r a l l  measurement 

error i n  volume percent  of inc lus ions  present  is bel ieved to be on t h e  

order of 25% of  the value s t a t e d  for a given p la te .  

p a r t i c u l a r l y  rare, still l a r g e r ,  centimeter-sized inc lus ions  t ha t  were 

opened during coring or sample prepara t ion  (and hence not  counted),  and 

the large d i f f e rence  between d i f f e r e n t  plates from the  same sample, 

introduced much larger errors. 

Other va r i ab le s ,  

Heating Stage. The l i q u i d  i n  inc lus ions  trapped as holaogenous f l u i d  a t  

above sur face  temperature sh r inks  on cool ing,  forming a bubble t ha t  

provides  a measure of the amount of d i f f e r e n t i a l  shrinkage of l i q u i d  and 

host c r y s t a l .  As the bubbles i n  t h e  inc lus ions  were small ,  r e l a t i v e l y  

l i t t l e  heat ing was needed to  cause homogenization. Hence a n e w  heat ing 

stage was set up, cons is t ing  of a bath of silicone o i l  w i t h  an electric . 
immersion heater and thermometer. Temperature e q u i l i b r a t i o n  was achieved 

through convection and frequent  s t i r r i n g .  The ind iv idua l  runs were 

approximately 2-3 hrs. i n  length.  Mapy inc lus ions  t h a t  had no bubble as 
received developed one on cool ing t h e  s i l i c o n e  to 

W2. 
persist as a very small bubble a t  rwm temperature. Heating was done on 

the s t age  of a low power binocular microscope, s ince  the  inc lus ions  were 

large and sca t t e red .  

- 

- -6OC w i t h  s o l i d  

On subsequent heating t h i s  bubble would decrease i n  volume but 

Freezing s tage.  The depression of the f reez ing  point  of the f l u i d  i n  an 

inc lus ion  (i.e., the "freezing temperature") is a funct ion of the 

composition of the f l u i d .  Using t h i s  techique under the microscope can 

p e r m i t  a quick measure of the s a l i n i t y  of 10-l' 

smaller sample than  can be measured.by any other method. Metastable 

supercool ing is common, so mst inc lus ions  had to be cooled to very low 

temperatures (three hours i n  C02-acetone a t  -78O or even Ihl 

-196 C) to  cause f reezing.  

of f l u i d ,  a far 

- 
a t  2 

0 Subsequent slow warming of the sample w h i l e  
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A 

surrounded by rap id ly  c i r c u l a t i n g  r e f r i g e r a t e d  acetone of  known 

I, 
temperature under the microscope permits recording the temperature of  , _-._ . 
disappearance of the var ious solid phases formed on f reez ing  (salts ,  I 

hydrates ,  and ice), under equi l ibr ium condi t ions.  

If an inc lus ion  is frozen completely t o  a mixture of solids, w i t h  no W 
l i q u i d ,  it becomes rather opaque. On warming, t he  first melting wets  the 

c r y s t a l  i n t e r f a c e s ,  suddenly making the mass more t rans lucent ,  and 

permi t t ing  r e c r y s t a l l i z a t i o n  to  coarser c r y s t a l s  w i t h  time. This  is 

called t h e  " f i r s t  melting temperature." 

N a C l  s o l u t i o n s  to -51°C fo r  CaC12 so lu t ions .  

I t  ranges from -21OC f o r  pure 

Crushing s tage .  If a host c r y s t a l  containing an inc lus ion  w i t h  a bubble 

is surrounded by a f l u i d  and gradually crushed while  under the microscope 

so tha t  the behavior of the bubble can be observed, the presence of 

noncondensable gas i n  the bubble, and its pressure, can be determined. 

The test  is only crudely q u a n t i t a t i v e  i n  terms of pressure  (based on the - 
volume precent  expansion),  but it is extremely s e n s i t i v e  a s  a de t ec to r  of 

small amounts of gas. Less than one b i l l i o n  molecules of gas can be 

detected readi ly .  

types of inc lus ions  were crushed on seve ra l  models of crushing s t ages  to  

determine the amount and pressure of any noncondensable gases present .  

Numerous cleavage fragments of salt containing var ious 

Coarse water-soluble residues.  These were s tudied  i n  o i l  i m e r s i o n  

mounts i n  hopes that s o m e  of these phases were s u f f i c i e n t l y  coarse to  

conta in  f l u i d  inc lus ions  that would provide da ta  on their condi t ions  of 

formation. 

Decrepi ta t ion.  

s p l i t  o u t  w i t h  a r o c k  s p l i t t e r ;  where possible the outs ide core s u r f a c e  

was avoided, due to the p r o b a b i l i t y  of phys ica l  deformation and r e s u l t a n t  

leakage of inc lu ions .  T h i s  piece was wrapped loose ly  i n  aluminum foi l ,  

weighed, and heated to the run temperature (lSO-25O0C) over a per iod  of 

A por t ion  of the  core weighing approximately 100 g was 

8 hours to avoid thermal s h o c k ,  held a t  run temperature for 3-4 days, - 
cooled and reweighed t o  determine weight loss. Following t h i s  the 

homogenization temperature range was redetermined for a series of 
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i nc lus ions  that appeared, an petrographic examination, to be 

representa t ive .  Crushing tests were also repeated on the heated samples 

to detect the presence of noncondensable gases  under pressure.  

7.6.5 Resul t s  of Petrographic Examination 

Inc lus ions  type A. T h i s  is the most abundant type by f a r .  It c o n s i s t s  

of s l i g h t l y  rounded cubic  c a v i t i e s  (Plates 7.13 and 7.14) f i l l e d  wi th  

l i q u i d  and gene ra l ly  no other phase, except f o r  rare t i n y  vacuum 

(shrinkage) bubbles that  comprise -1% by volume of those inc lus ions  

having bubbles. Only about 0.1% of t h e  inc lus ions  have bubbles, usua l ly  

t h e  l a r g e r  inc lus ions  only,  but  t he re  are exceptions (see below). Type A 

inc lus ions  occur as dense i r r e g u l a r l y  shaped clouds of randomly 

d i s t r i b u t e d  but c rys t a l log raph ica l ly  o r i en ted  inc lus ions  (e.g., P l a t e  

7.16). I n  such dense arrays,  ind iv idua l  i nc lus ions  are rarely over 20U 

m on an edge (P la t e  7.18), few are > 5  m, and most are i n  the range 

0.5-2.0 u m, w i t h  the highest  concent ra t ions  i n  the  smal les t  sizes (P la t e  

7.19). E s t i m a t e s  of the maximum number of such inc lus ions ,  based on 

counts of representa t ive  volumes, show about one inc lus ion  per 1 0 0 ~  

m , or lolo per an . 
volume, such cloudy h a l i t e  would conta in  about one volume percent  of 
f l u i d .  

- 
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I n  add i t ion  to these i r r e g u l a r  clouds, abundant type A i nc lus ions  occur 

i n  c rys t a l log raph ica l ly  arranged (cubic) p lanes  and zones i n  the host 

ha l i te ,  f requent ly  w i t h  p a r a l l e l  inclusion-free zones (Plates 7.13 and 

7.14). 

I n  some zones type A inc lus ions  grade i n t o  more sparse ly  d i s t r i b u t e d  b u t  

l a rge r  i nc lus ions  ( < 100 1-1 m ) ,  as seen i n  P l a t e s  7.14 and 23-24. These 

coarser inc lus ions  may represent  i n c i p i e n t  r e c r y s t a l l i z a t i o n  of the 

host. The d i s t i n c t i o n  between these l a r g e r  type A i nc lus ions  and type B 

(next  s ec t ion )  may seem inexact ,  but a c t u a l l y  there is l i t t l e  overlap.  

- 



Inc lus ion  type B. Type B inc lus ions ,  although f a r  less abundant than 

type A, c a r r y  most of the inc lus ion  f l u i d  i n  these samples, s i n c e  they 

are much larger ( > 100 ?J m to seve ra l  millimeters). Although l a rge ,  

many have m bubble as found ( P l a t e  7.20), b u t  may develop one if cooled 

s l i g h t l y  ( -  -7 C) and warmed back to room temperature. They are 
gene ra l ly  i r r e g u l a r  i f  l a r g e  ( > 500 p m) and a r e  more near ly  euhedral 

nega t ive  cubes if smaller ( P l a t e s  7.15 and 7.17). They occur  a s  s i n g l e  

i so l a t ed  inc lus ions  i n  otherwise almost o p t i c a l l y  clear hal i te ,  and as 

dense groups of many inc lus ions ,  i n  part interconnected w i t h  tubular  

extensions ( P l a t e  7.15). 

- 

0 

- 

The host halite for type B inc lus ions  may occas iona l ly  have cloudy wisps 

of type A inc lus ions ,  bu t  they are never immediately adjacent  to  a large 

inc lus ion  ( P l a t e s  7.15 and 7.17). These f e a t u r e s  suggest t h a t  salt 

o r i g i n a l l y  containing only clouds of 'primary" type A inc lus ions  has been 

p a r t l y  or completely r e c r y s t a l l i z e d  to form coarser crystals of clear 
salt wi th  type B inc lus ions .  This  i n t e r p r e t a t i o n  is supported by the I 

g r a i n  s i z e  of the  host sa l t ,  which is almost always coarser i n  those 
par ts  of a sample containing type B i nc lus ions  (see Table 7.13 i n  next 
s e c t i o n  on weight percent  of f l u i d ) .  

and clear r e c r y s t a l l i z e d  salt is sanetimes curved (P la t e  7.16). I f  it 

were s t r a i g h t ,  it might not be poss ib l e  to d i s t ingu i sh  it from a primary 

growth zone boundary between fas t  cloudy and slow clear growth. Most 

areas of type A occur as i r r e g u l a r  masses wi th in  s i n g l e  c r y s t a l s  of 

mainly r e c r y s t a l l i z e d  halite ( P l a t e s  7.15 and 7.17). 

The boundary between cloudy primary 

Re la t ive ly  few samples, p a r t i c u l a r l y  sample 1902.2, show b i re f r ingen t  

c r y s t a l s  of an unidentified phase ins ide  what appear otherwise to be type 

B inc lus ions .  These are equant to  bladed c r y s t a l s  of moderately high 

b i re f r ingence  ( - 0.06) and moderate index of r e f r a c t i o n  (but  w e l l  above 
tha t  of the surrounding br ine) .  Many are twinned (Plates 7.25 and 7.26), 

and when p r i sma t i c  or bladed, the ex t inc t ion  pos i t i ons  a r e  s t rongly  

inclined to the  c r y s t a l  e longat ion.  As t h e  d i s t r i b u t i o n  of these 

c r y s t a l s  is i r r e g u l a r ,  and as a s imi la r  b i r e f r ingen t  phase occurs  i n  some 

of the same samples (Plate 7.27) the Occurrence i n  t h e  inc lus ions  might 

be i n t e r p r e t e d  as acc identa l  t rapping of s o l i d s  present  a t  the time of 
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t rapping of the inc lus ions .  A l l  10 inc lus ions  i n  one group i n  sample 

1902.2 (P la t e  7.27) con ta in  these  c r y s t a l s ,  i n  roughly the same amount 

(es t imated a t  - 5% by volume), thus  suggest ing t h a t  they are true 
daughter c r y s t a l s ,  formed by p r e c i p i t a t i o n  from the trapped f l u i d .  

Another plane of inc lus ions  i n  t h i s  same sample, only 4 0 0 ~  m away, 

conta ins  only l i q u i d  ( P l a t e  7.28) so it is concluded t h a t  the f l u i d s  

p re sen t  during r e c r y s t a l l i z a t i o n  changed i n  composition w i t h  time. 

Inc lus ions  Type C. This  type is similar to type B i n  s ize ,  shape, and 

Occurrence, but rarer, and d i f f e r s  only i n  containing a r e l a t i v e l y  l a r g e r  

gas  bubble, of v a r i a b l e  volume, but > 1% by vol.  (P l a t e  7.29). A l a r g e r  

gas  bubble can o r i g i n i a t e  by seve ra l  processes -- leakage, necking d k ,  

higher temperature of t rapping ,  or primary gas. The gas  bubbles i n  these 

inc lus ions  are found to be under pressure  (see " R e s u l t s  of crushing s t a g e  

s t u d i e s " ) ,  so it is bel ieved t h a t  such inc lus ions  have trapped a mixture 
of gas  and l i q u i d  (i.e.,  primary gas) .  I n  SaPe (e.g., P l a t e  7.30), such 

inc lus ions  have apparent ly  formed by a r e f i l l i n g  of an e a r l i e r  type B 

i nc lus ion  w i t h  a gas- l iquid mixture along a crack. 

Inc lus ion  Type D. This type occurs i n  curving planes o u t l i n i n g  some of 
the ind iv idua l  c r y s t a l  boundaries ( P l a t e s  7.31 and 7.32). It was 

probably f u l l  of f l u i d  under na tu ra l  condi t ions,  but  as the g r a i n  

boundary permitted leakage and desiccat ion,  these are now f u l l  of gas  

(presumably a i r ) .  

7.6.6 Weight Percent of F lu id  

A s m a r y  of the r e s u l t s  of measurements of the volume percent  of f l u i d  

i n  the inc lus ions  is given i n  Table 7.13. I n  ca l cu la t ing  these volumes 

some s impl i fy ing  assumptions had to be made, i n  addi t ion  to  those 

mentioned i n  Sec t ion  7.6.5. For s impl i c i ty  the host sa l t  volume counted 

was ca tegor ized  as type A or B on the basis of the maximum s i z e  of 

i nc lus ions  it contained. If these were - < 1 m, it w a s  called type A. 

T h i s  d iv i s ion  is not the same as given i n  the  desc r ip t ions  of type A and 

B i nc lus ions ,  where - 100 m inc lus ions  are considered as probably 

i n d i c a t i v e  of r e c r y s t a l l i z a t i o n ,  but t h i s  has l i t t l e  e f f e c t  on the 

results, s ince  on the average, over 90% of the  f l u i d  is present  as type B 

I_ 
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inc lus ions  > lw i n  about 30% of t h e  volume of the sa l t .  Table 7.13 

shows that  these samples now conta in  a total of from 0.17 to 2.868 f l u i d  

by volume, and average 0.61. 

weight percent f l u i d  as extremes, and average 0.36 weight percent. These 

results are compatible wi th  those reported i n  Sec t ions  7.5.2 and 7.5.3. 

These values  correspond to  0.1 to 1.7 

These v a l u e s  have a measurement error of about  5 5% of the  amount found. 

Much l a r g e r ,  however, is the v a r i a b i l i t y  introduced by the  samples 

themselves. Thus three parallel p l a t e s  were c u t  a t  - 3-cm i n t e r v a l s  

through samples 2272, and y ie lded  1.23, 0.36, and 0.20 volume percent  

f l u i d .  

Even mre important to consider is the  bias inherent i n  these 

measurements due to s u b s t a n t i a l  and unpreventable loss of inc lus ions .  

Examination of the cores showed some centimeter-sized c a v i t i e s ,  the sites 

of former f l u i d  inc lus ions .  No inc lus ion  t h i s  s i z e  could poss ib ly  be 

included i n  our count s ince  the p l a t e s  counted had to be <1 an i n  ,...- 
th ickness  to be t rans lucent .  In  addi t ion,  i n  s i t u  a l l  natural 

in t e rg ranu la r  poros i ty  i n  these sa l t  beds was poss ib ly  f u l l  of f l u i d s .  

The type D inc lus ions  found represent  probably only a t r i v i a l  part of the 

total  -- i n  s i t u  water content  present '  as such " imperfect ly  sea led  f l u i d  

inclusion..  Large scale i n  s i t u  po ros i ty  tests would be needed to  

eva lua te  t h i s  var iable .  

7.6.7 Resul t s  of Heatinq Stage S tudies  

Only 35 inc lus ions  were run, as listed i n  Table 7.14. These are most 

f r a n  type B inc lus ions .  Some of these  inc lus ions  had to be cooled to 
below room temperature to nucleate  a bubble before the run ( P l a t e s  7.20, 

33 and 34) .  Why m e  very t i n y  inc lus ions  have vapor bubbles ( P l a t e  

7-36) ,  yet many l a r g e  ones hatre p e r s i s t e d  metastably as s t r e t c h e d  l i q u i d  

(i.e., one phase) is puzzling. The data are too spa r se ly  d i s t r i b u t e d  to  

determine whether the  range of values  (20.4 to 45.S°C) represents  a 

real d i f f e rence  between samples. One group of inc lus ions  i n  sample 2821 
w i t h  b i r e f r ingen t  daughter Crys ta l s  showed no change i n  the c r y s t a l s . o n  - 

0 heat ing  to 24.5 C. 

i 
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7.6.8 R e s u l t s  of Freezing Stage S tudies  

Inc lus ions  i n  N a C l  have a special type of behavior on freezing, as a 
result of reac t ion  of the water of the inc lus ions  w i t h  t h e  walls to form 
the  new incongruently-melting phase hydrohal i te  (NaC1.2R20), a t  

temperatures below +0.15 C. As a resul t ,  the inclusion en larges  and 

becomes f u l l  of b i r e f ingen t  c r y s t a l s  upon being held a t  low 

temperatures.  Evidence of #is expansion remains on warming to  room 
temperature. Furthermore, the volume r e s u l t i n g  from expansion to form 

ice is f requent ly  l a rge r  than the  o r i g i n a l  volume of the inclusion,  and 

the inc lus ion ' s  w a l l s  crack to r e l i e v e  the pressure  (P la t e  7.35). 

0 

-. 

The f r eez ing  da ta  are summarized i n  Table 7.15. If the  so lu t ion  present 

is simply N a C l  and H20, t h e  las t  crystal of hydrohal i te  w i l l  m e l t  a t  

+O.1S0C, assuming equi l ibr ium has been obtained (which is an extremely 

slow process for t h i s  phase).  Although only r e l a t i v e l y  few l a r g e  type B 

inc lus ions  were run, many smaller type A inc lus ions  were also watched a t  
the same time. lJOne were 'found to  have e i t h e r  f i r s t  mel t ing a t  -21 or 
f r eez ing  a t  +O.1S0C, so none consis t  of e s s e n t i a l l y  pure NaCl 

s o l u t i o n s .  Much hydrohal i te  formed i n  these inclusions,  but as there 

, were b i r e f r ingen t  c r y s t a l s  (genera l ly  w i t h  birefr ingence less than t h a t  

of hydrohal i te )  t ha t  persisted well above +0.15OC, the las t  s o l i d  is a 

phase other than hydrohal i te ,  and the so lu t ions  must conta in  s i g n i f i c a n t  

q u a n t i t i e s  of materials other than N a C l  (P l a t e  7.37). This  is also very 

0 

evident  from the first melt ing temperatures. , ., 

1 '  ',, . ' 

7.6.9 Resu l t s  of Crushing Stage S tud ie s  

Bubbles i n  types B and D i nc lus ions  from seve ra l  samples were examined on 

t h e  crushing stage.  A l l  disappeared m e d i a t e l y  on opening, i nd ica t ing  

that they c o n s i s t  of water vapor ( a t  - 20 mu p res su re ) ,  and hence 

collapse a t  one atmosphere. The bubbles i n  seve ra l  type C inc lus ions  

showed considerable  expansion, however, i nd ica t ing  gas  under pressure.  

Thus t h e  bubble i n  the  inc lus ions  shown i n  P l a t e  7.38 expanded 270% by 

v o l m e  on opening (P la t e  7-39] ,  i nd ica t ing  that near ly  three atmospheres 

of concondensable gas is present. The composition of t h i s  gas is unknown 

a t  present .  

- 
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A previously unrecorded inc lus ion  deformation phenomenon was also 

observed i n  some inc lus ions  t h a t  were i n  a sample t h a t  w a s  under uniax ia l  

stress on the crushing s tage  a t  room temperature but  had not been broken 

to release the inclusions.  These inc lus ions  developed a scalloped 

p a t t e r n  along the corners  ( P l a t e  7 - 4 0 ) ,  presumably due to s o l u t i o n  a t  

p o i n t s  of stress concentrat ion and redeposi t ion elsewhere. Th i s  p a t t e r n  

developed over a r e l a t i v e l y  few minutes a t  e f f e c t i v e l y  cons tan t  stress. 

A t  least some volume change occurred i n  t h i s  process, s i n c e  the bubble i n  

the inc lus ion  disappeared a t  cons tan t  temperature. 

7.6.10 R e s u l t s  of Study of Coarse Water-Insoluble Residues 

The weight percent  of such res idues  ranged from 0.005% (sample 2391 t o  

0.3% (sample 2821). Unfortunately,  however, although there were a 
v a r i e t y  of phases present  i n  the residues, none of the  c r y s t a l s  contained 

v i s i b l e  f l u i d  inclusions.  Some samples emit ted a p e t r o l i f e r o u s  odor and 

showed o i l y  f i lms  on t h e  water su r face  during leaching: it is no t  known 

whether 

used i n  part of the coring,  or na tu ra l  o i l  i n  the samples (as is p resen t  

i n  Other s a l t  deposits, as in tegranular  f i lms  and inc lus ions ) .  No oi l  

these represent  contamination from t h e  oil-based d r i l l i n g  mud - 

i nc lus ions  were seen i n  t h i s  work. 

7.6.11 Decrepi ta t ion Tes ts  . .  
These tests were run only on the l a s t  nine samples of the f i r s t  19. A .  .:- 

sununary of the test data and results is given i n  Table 7.16. On 

examination of the material after the  dec rep i t a t ion  tests, s e v e r a l  

genera l  f e a t u r e s  were evident.  The nature  of the  test is such that 

sys temat ic  inclusion counts before and after the test on t h e  same sample 
are impossible. I t  was obvious that although most of the larger 

inc lus ions  had decrepi ta ted ,  and were empty, many small i nc lus ions  

( < - 100 urn) had not. These mall inc lus ions  appear'perfectly normal 

i n  d i s t r i b u t i o n ,  but  almost a l l  had developed apprec iab le  vapor bubbles 

(P la t e  7.411, w i t h  a vapor/l iquid r a t i o  that  is obviously higher after 

hea t ing  than that present  i n  two-phase inc lus ions  before  heat ing.  Only 

- 

t h e  150°C sample still had inc lus ions  without bubbles: a few 10-20 p m - 
one-phase l i q u i d  i nc lus ions  were found there. 
some "steam" inc lus ions  - cubic  negat ive c r y s t a l s  w i t h  fillets of l i q u i d  

All three samples showed 
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- 
i n  the corners.  No gas under pressure was found 

_- 

n any of ? hea ed 

inclusions.  I n  most cases ,  the weight losses increase  w i t h  increas ing  

run temperature: t h e  seve ra l  except ions a r e  probably a result of 

nonhomogeneous d i s t r i b u t i o n  of inc lus ion  i n  the sample a l i q u o t s  taken. 

Homogenization temperatures were determined on two-phase inc lus ions  

remaining i n  the samples after t h e  dec rep i t a t ion  tests. The r e s u l t s  are 
given i n  Table 

estimated from measurements of bubble diameters. 
7.17, along w i t h  t h e  volume percent  of vapor phase, 

7.6.12 Study of Su i t e  of Samples from Kerr-McGee 

The three samples closest to t h e  lamprophyre d i k e  (See Chapter 3) yie lded  

usable  inclusions.  (Sample MB-76-5 was too f i n e  grained and opaque to be 

usable  by the sample prepara t ion  techniques used here, and w i l l  not be 

considered fu ther  i n  t h i s  repor t . )  I n  a l l  t h r e e  samples about 15% of t h e  

small inclusions ( < - 20 p m) were without bubbles as received. Most 

inc lus ions  i n  a l l  three samples were normal, two-phase inc lus ions  with a 

small  bubble. Homogenization temperatures were determined on a 

representa t ive  group of these two-phase inc lus ions  i n  each, w i t h  results 
as shown i n  Table 7.18. 

Freezing runs were made on i nc lus ions  i n  t w o  of these samples. I n  both 

cases the f irst  melt ing temperatures were w e l l  below that of a pure 

NaC1-H20 system ( < -28OC for MB-77-8 and 

On warming, the las t  s o l i d  phase to dissolve i n  both samples was an 

un iden t i f i ed  phase, presumably a hydrate  other than NaC1'2H20. 

dissolved a t  +11 to +18Oc (MB-77-8) and a t  +4 to  +7.Zoc (m-76-4). 

< -31.0°C for MB-76-4). 

This  

One 75- pm inc lus ion  was found i n  MB-77-8 t h a t  yielded an e n t i r e l y  

d i f f e r e n t  f reezing behavior. 

f l u i d  at  .room temperature, presumed to be gas  (Plate 7.43a). On cool ing 

to  the range -70 to -75OC t h i s  inc lus ion  develops a number of g r a i n s  of 

an unident i f ied  s o l i d  (Plate 7.43f). On warming t o  about -68 C,  a 
liquid/vapor meniscus becomes v i s i b l e  ( P l a t e  7.43e). w i t h  sol id  g r a i n s  

Th i s  inc ius ion  conta ins  a s i n g l e  homogenous 

0 

I 
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still present .  The last of these grains disappears  a t  

7.436); on f u r t h e r  warming the  l iquid/gas  meniscus becomes f a i n t  ( P l a t e  

7 . 4 3 ~ )  and the two homogenize, by expansion of the l i q u i d ,  a t  -20.9 c 
( P l a t e  7.43b). This  behavior is d i f f i c u l t  to i n t e r p r e t  i n  terms of 

composition. CO has its t r i p l e  p o i n t  a t  -56 C, i n  exact  agreement 

w i t h  the disappearance of the  so l id  phase a t  -56 C observed here, but  

ObViOUSly the  inc lus ions  Cannot conta in  just CO , as there is l i q u i d  

present  a t  a lower temperature. The nature  of t h e  mixture of gases  can 

only be guessed a t  t h i s  time. 

--56OC (Plate 

0 

0 

0 
2 

2 

The crushing tests i n  the Kerr-McGee mine samples were most reveal ing.  

The normal, mal l -bubble  inc lus ions  conta in  a vacuum bubble (i.e., water 

vapor at  -20 mm presure) .  Many inc lus ions  t h a t  either had a very l a r g e  

bubble or appeared to con ta in  gas only,  f rm a l l  three samples, were 

found t o  con ta in  either vacuum (Plates 7.44 and 7.45). or a partial  

vacuum (Plates 7.46 and 7.47). These are probably frm the trapping of 

bubbles of steam, w i t h  or w i t h o u t  some noncondensable gas and br ine.  All - 
t h r e e  samples also contained a few inc lus ions  w i t h  gas  under g r e a t e r  than 

atmospheric pressure.  These inc lus ions  were one-phase as f i rs t  observed, 

and except under special circumstances, it is not poss ib l e  to d i s t i n g u i s h  

between a vacuum, dense'gas,  or even l i q u i d ,  i n  such s i n g l e  inclusions.  

It is only on crushing,  when these inc lus ions  formed bubbles of 

noncondensable gas  i n  the surrounding f l u i d ,  that  the  i n t e r n a l  pressure  

became evident.  By measuring the s i z e  of t h e  inc lus ions  before  crushing, 

and t h e  diameter of the bubbles evolved, we ob ta in  a crude measure of t h e  

i n t e r n a l  pressure ,  assuming each u n i t  volume expansion corresponds to one 

bar pressure.  I n  a f e w  inc lus ions ,  t h e  conten ts  changed to a two-phase, 

l i q u i d  + vapor system during t h e  expansion (Plate 7.48),  but usua l ly  the 

pressure  release was too sudden to revea l  if the re  was a t r a n s i e n t  

two-phase condi t ion.  The volume expansion v a r i e s  f o r  d i f f e r e n t  

inc lus ions ,  from 30- t o  40-fold ( P l a t e s  7.49 and 7.50) to  a maximum of 

perhaps 100-fold (Plate 7.51). As the  irmnersion m e d i u m  used is an o i l  i n  

which methane is probably r ead i ly  soluble, t h i s  gas  is more l i k e l y  C02, 
s ince  the bubbles d i s so lve  i n  the  o i l  very slowly. -. 
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I n t e r p r e t a t i o n  of the  data  from the  Kerr-McGee mine samples is d i f f i c u l t  

a t  t h i s  time. The presence of an inc lus ion  f i l l ed  w i t h  a dense 

C02-rich (?) gas i n  sample MB-77-8, ( i n  ha l i te  t ha t  was probably molten 

a t  the  time of i n t r u s i o n  of the d ike )  is not unexpected, s ince  there is a 

small amount (0.2-2%) of magnesite i n  the  adjoining r o c k  (M. Bodine, 

personal  communication). The d i k e  shows no evidence of carbonate 

a l t e r a t i o n ,  however, and there is a problem i n  explaining the  presence of 

inc lus ions  of low-temperature, gas-free br ine,  apparent ly  pure steam, and 

dense CO i n  the same sample. Formation of these types a t  d i f f e r e n t  

times is obviously required,  but there is no other ind ica t ion  of 

d i f f e rences  i n  condi t ions  or time of o r ig in .  

2 

The temperature a t  which t h e  dense gas  inc lus ion  w a s  trapped is of 
i n t e r e s t .  Although t h e  mel t ing po in t  of pure N a C l  is 800°C, other 

materials present  here i n  the potash ore zone (such as KC1) w i l l  lower 

t h i s  temperature. I f  we assme t h a t  the gas  inc lus ion  conta ins  pure 

C02, t h e  -21OC homogenization ind ica t e s  a f i l l i n g  dens i ty  of about 

1.03 g/cm (Roedder, 1965). Combining t h i s  w i t h  t h e  estimate of 

confining pressure  of - 38 MPa (380 bars)  y i e l d s  an obviously erroneous 

" t rapping temperature" of O°C. 

d i f f i c u l t i e s  i n  i n t e r p r e t a t i o n  of the data  frcm the Kerr-McGee samples 
cannot be resolved u n t i l  add i t iona l  s t u d i e s  are made. 

3 

The seve ra l  incons is tenc ies  A d  

7.6.13 Discussion 

Geological Signif icance.  Several  aspects are evident  from these various 

results. 

s a l t  c r y s t a l s  and type B i n  r e c r y s t a l l i z e d  sal t ,  are s t rongly  s a l i n e  

b r ines ,  w i t h  s i g n i f i c a n t  amounts of other s a l t s  p resent  i n  addi t ion  to 

NaC1. These b r ines  differ from one inc lus ion  to  another, i nd ica t ing  t h a t  

a range of f l u i d s  has been p resen t  a t  var ious times i n  these beds, b u t  no 

inc lus ions  w i t h  simple N a C l  so lu t ions  were found, as are found i n  other 

s a l t  beds and as might be expected if pure sal t  beds have been f r ac tu red  

i n  the  presence of meteroically-derived (fresh) ground water. The 

o r i g i n a l  deposi t ion of salt occurred from highly-concentrated br ines ,  and 

First, the  f l u i d s  i n  a l l  the inc lus ions ,  both type A i n  primary 
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presmab ly  a l l  waters that have passed through these samples s i n c e  have 

had dissolved i n  t h e m  amounts of other minerals  i n  addi t ion  to NaC1. 

Such f l u i d s  have caused extensive r e c r y s t a l l i z a t i o n  of t h e  salt ,  and 

presumably other mineralogical changes, so t h a t  l i t t l e  of the o r i g i n a l  

Sal t  texture remains. Second, a t  SOme s t age  i n  t h i s  r e c r y s t a l l i z a t i o n ,  

gas- l iquid mixtures were present  i n  the pores of these beds. 

r e c r y s t a l l i z a t i o n  occurred a t  near-surface temperatures (20-45OC). 

Fourth, the movement of these f l u i d s  must have been slow, as t h e  evidence 

of extensive inclusion m e t a s t a b i l i t y  i n d i c a t e s  very c lean  so lu t ions ,  free 

frm the s o l i d  nuclei  p resent  i n  most fast-moving near-surface waters. 

Third, t h i s  

The f l u i d s  from which the sa l t  c r y s t a l s  making up these beds o r i g i n a l l y  

c r y s t a l l i z e d  were exceedingly saline br ines  with much material other than 

N a C l  i n  so lu t ion ,  as shown by t he ' f r eez ing  data on primary inc lus ions  i n  

hopper salt. These hopper c r y s t a l s  appear to  have grown on t h e  su r face  

and then to have sunk, as described by D e l l w i g  (1955). A l l  b u t  about 1% 

of t h i s  o r i g i n a l  hopper salt t ex tu re  has been e l imina ted  by 

r e c r y s t a l l i z a t i o n  a t  s o m e  unknown later time, y i e ld ing  coarser, clearer 

c r y s t a l s  of salt, and presmab ly  gross changes i n  t he  mineral  assemblage 

other than halite. Some of the clear salt surrounding the chevron 

s t r u c t u r e s  may represent c r y s t a l l i z a t i o n  of these hopper nucle i  on the 

bottom of the bas in ,  bu t  most is bel ieved to be from r e c r y s t a l l i z a t i o n .  

This  r e c r y s t a l l i z a t i o n  occurred i n  the presence of exceedingly s a l i n e  

brines and w i t h  much ma te r i a l  other than NaCl  i n  so lu t ion .  The b r i n e  may 

have been composed e s s e n t i a l l y  of f l u i d s  f run  the primary f l u i d  

inc lus ions ,  released during the r e c r y s t a l l i z a t i o n .  

l a r g e  inc lus ions  i n  the r e c r y s t a l l i z e d  s a l t  and comprised the bulk of t h e  

l i q u i d  n o w  present  i n  the samples as s tudied  i n  the laboratory.  Although 

the sa l t  beds nar  appear dry to the eye, t h e  samples conta in  0.1 to 1.7 

weight % f l u i d  as examined, and may contain more i n  s i t u .  A t  some s t a g e  

or stages ea r ly  i n  the h i s t o r y  of these beds, t h e  f l u i d s  present  i n  these 

r o c k s  var ied i n  composition. (See sec t ion  7.7) A very f e w  were 
sa tu ra t ed  w i t h  organic  gases  s u c h  as methane and a c t u a l l y  contained 

It was trapped as 

bubbles of a separate gas phase. O t h e r s  contained add i t iona l  sa l ts  i n  - 
so lu t ion ,  r e su l t i ng  i n  t h e  p r e c i p i t a t i o n  of var ious  c r y s t a i 2 i q e  solids 
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from t h e  l i q u i d  wi th in  inc lus ions  i n  h a l i t e .  The r e l a t i v e  t i m e  sequence 

of the'se var ious  f l u i d s  is not known, and most inc lus ions  have ne i the r  

methane nor c r y s t a l l i n e  s o l i d s .  The l a t e s t  episode of any 

r e c r y s t a l l i z a t i o n  has been dated a t  204 m i l l i o n  years ,  s l i g h t l y  younger 

than Permian. 

Homogenization temperatures of inc lus ions  i n  r e c r y s t a l l i z e d  s a l t  range 

from 20.4 to 45.5OC. During b u r i a l ,  c reep  from r e c r y s t a l l i z a t i o n  i n  a 

s a l t  bed w i t h  i n t e rg ranu la r  films of s o l u t i o n  should result  i n  the 

hydros t a t i c  pressure  on f l u i d s  (during t rapping  i n  a c r y s t a l )  being 

e s s e n t i a l l y  equal to the l i thostatic pressure .  If an overburden of SO00 

ft. (1524 m) is assumed to have been p resen t  during the  r e c r y s t a l l i z a -  

t i o n ,  the maxiumum pressure  ( l i thostat ic)  would have been - 38 MPa 

(380 b a r s ) .  There are no PVT data on the  s p e c i f i c  f l u i d s  present  i n  t h e  

inc lus ions ,  but if the data on a 25-percent NaCl s o l u t i o n  are used, t h i s  

pressure would suggest a maximum pressure  correction of 36 C ( P o t t e r ,  

19771, and hence trapping ( i . e . ,  r e c r y s t a l l i z a t i o n )  temperatures of 
56-82OC. 

p a r t i c u l a r l y  s ince  t h e  f l u i d s  are more s a l i n e  than 25-percent NaC1. Thus 

there is a drop of 12OC i n  the  pressure  co r rec t ion  on changing from 

20-percent NaCl to  25-percent N a C l .  

0 

.- 

However, t he  t r u e  pressure co r rec t ion  may be lower, 

,,. .- 'L 

*; .,. , 
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\. cy*. 

,, . 
. .  . -. . y :  ' : 

, ~ ( * .  .., , .  . 
The presence of snooth planes of primary hopper sa l t  inc lus ions  of 

var ious  s izes ,  separated by planes  of inclusion-free s a l t ,  w i t h  the plane 

o r i e n t a t i o n  hor izonta l ,  proves t h a t  these minute inc lus ions  have not  

moved measurably s ince  depos i t ion ,  although they have been i n  a 

geothermal g rad ien t  presumably similar to t h a t  of t h e  present  for about 

225 m.y. 

The widespread Occurrence of metastable  phenomena i n  these inc lus ions ,  

even i n  =me large ones, sugges ts  t h a t  f l u i d  f l o w  i n  t h e  past through 

these  beds has been very slow. Also, t h e  fact t h a t  i nc lus ions  that 

have been frozen prove to conta in  b i t t e r n s ,  and none was found w i t h  j u s t  

NaC1-H 0 so lu t ion ,  proves t h a t  a t  no time during the h i s t o r y  of these 

samples d i d  ground water, s a t u r a t e d  only w i t h  respect to  NaC1, ever 

pene t r a t e  i n t o  these p a r t i c u l a r  samples. 

- 
2 
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lease holders w i t h i n  the s i t e  area. Eowever, these s tudies  deal w i t h  the  - 
present value of specif ic  land tracts and as such are  not p e r t i n e n t  t o  

s i t e  chacterization. 

8.3 FOTENTIAL RESOURCES I N  RELATIONSHIP To STRATIGRAPHY AT TEE WIPP SITE 

Resource evaluation a t  the WIPP s i t e  t o o k  i n t o  consideration the exis t ing 

stratigraphy of the  s i t e  area. Each formation was evaluated for mineral 

deposits t h a t  were ei ther  known or tha t  could  ex i s t  based on t h e  

charac te r i s t ics  of the sediments present. 

A st ra t igraphic  colunn is given i n  Table 8-5 t h a t  indicates  where i n  t h e  

geologic section specific types of deposits are considered t o  have a 

reasonable l i k e l i h o o d  of occurrence. The table  br ie f ly  describes t h e  

character, thickness, and median depth of each formation. 

8.4 RESOURCE DESCRIPTION BY SPECIPIC COMKODITIES 

The description of resources commences w i t h  the shallowest formation and 

proceeds down the s t ra t igraphic  colmn t o  the Precambrian. 

8.4.1 Caliche 

A t h in  layer of ca l i che  (a whitish, calcium carbonate-rich material) 
underlies most of the s i t e  area. Exposures are normally obscured by dune 

sand, but it has been estimated tha t  the caliche blanket covers 
approximately 80% of the site area. The average thickness is 4.3 feet, 

and the t o t a l  resource has been estimated a t  185 mill ion tons (Siemers e t  

al.,  1978). The qual i ty  of caliche as  determined by insoluble content 

(ranging fran 21 t o  69%) appears t o  be typical for caliche for t h i s  

region. 
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Caliche is o f t en  used to sur face  d i r t  roads i n  southeas t  New Mexico. 
Small q u a r r i e s  dot the landscape, and seve ra l  provided material for road 
cons t ruc t ion  to  var ious d r i l l  l oca t ions  within the  WIPP site. T h i s  is 

the sole use fo r  ca l i che  i n  t h i s  region. Cal iche is so extensive i n  t h i s  

region that  it can not be considered as either a limited resource or one 

t h a t  has s ign i f i cance  to  road cons t ruc t ion  of surrounding areas i f  l and  

is withdrawn for the WIPP site. 

8.4.2 Uranium 

9 
~. . 

Uranium could occur i n  sediments such as those of the  Gatuna, Santa Rosa 

or Dewey Lake  Formations. However, no s i g n i f i c a n t  occurrence of uranium 

has been found wi th in  the Delaware Basin. Reducing environments favoring 

uranium depos i t ion  are absent  as evidenced by the lack of organic  deb r i s ,  
pyrite or humates i n  these formations. No s i g n a l  i nd ica t ive  of economic 

or even marginal uranium concentrat ions was observed on gamma ray  logs of 

the  36 holes  d r i l l e d  through these beds during s i t e  evaluation. The 

conclusion is that s i g n i f i c a n t  uranium deposits a r e  most unl ike ly ,  even 

i n  beds which are considered to be t he  most favorable.  

8.4.3 Gypsum 

Disso lu t ion  of sa l t  from the Rust le r  Formation has occurred over much of 

the site area.  Waters accompanying t h i s  d i s so lu t ion  have caused partial  

conversion of anhydri te  wi th in  the Rus t le r  to  gypsum. The conversion is 

not complete, however, and it is doubtful that high-quality gypsum would 

be p e r s i s t e n t  i n  any s i n g l e  bed. The maximum amount that could be 

present ,  assuming an aggregate thickness  of 40 f e e t ,  amounts t o  1.3 

b i l l i o n  tons  (Siemers et al., 1978). The q u a l i t y  and bed thickness  are 

i n f e r i o r  to  those i n  beds west of the WIPP site. S t i l l  f a r t h e r  west and 

. south,  ex tens ive  outcrops of high q u a l i t y  gypsum of t h e  Cast i le  Formation 

occur. The nearby a v a i l a b i l i t y  of superior  q u a l i t y  gypsun that can be 

mined by open p i t  methods leads  to the  conclusion that gypsum i n  the 

Rus t le r  Formation can not be considered a l i k e l y  economic resource. 
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8.4.4 Halite ( S a l t )  

Halite is the dominant cons t i t uen t  of the Ochoan evapori tes .  The 

shallowest salt is i n  the  Rus t l e r ,  but  d i s so lu t ion  of t h i s  formation has 

removed much of the Rust ler  salt except i n  the southeast quadrant of the 

WIPP site. On t h e  other  hand, salt beds persist under the si te i n  t he  

Salado and Cast i le  Formations. The t h i c k e s t  and pu res t  salt beds i n  the 

region are i n  t h e  Casti le.  The S t a t e  Bureau of Mines and Mineral 

Resources estimated 118 b i l l i o n  tons  of salt i n  t h e  Salado wi th in  the 

WIPP boundary (Siemers et al.,  1978). The Cas t i le  Formation would add 

approximately 80 b i l l i o n  tons of add i t iona l  salt resource. 

As w i t h  gypsun and ca l i che ,  t h e  immense ha l i te  deposits are no t  

considered to have economic s ign i f i cance  because of the prevalence of 

these deposits throughout the genera l  area and the ex is tence  of adequate 

supp l i e s  closer to areas where salt is i n  demand. 

8.4.5 Sul fur  

A s i g n i f i c a n t  deposit of na t ive  s u l f u r  is being explo i ted  by t h e  Brasch 

process approximately 50 miles south of the WIPP site i n  nor theas te rn  

Culberson County, Texas. The Occurrence is associated w i t h  brecc ia ted  

and carbonatized anhydri te  beds of the  Castile Formation. Considerable 

explora t ion  has been under way s ince  discovery of the Culberson deposit, 

but t ha t  explora t ion  has been al igned along the southern and western 

parts of the Delaware Basin where the  Castile Formation either lacked 

ha l i te  during deposi t ion or the halite has been removed by d i s so lu t ion .  

The genesis  of the deposits is believed t o  depend on a combination of 
b a c t e r i a l  ac t ion ,  induced f r a c t u r e  permeabi l i ty  and a source Of 

hydrocarbons (presumably f r a n  u p a r d  escape of na tu ra l  gas  or crude o i l  
along fractures fran t h e  D e l a w a r e  Mountain Group). The closest analogy 

to such a s e t t i n g  i n  the  northern part of the Delaware Basin and the  

v i c i n i t y  of the m P P  site would be either "breccia pipes' or HZS-laden 

b r ine  reservoi rs .  Careful a t t e n t i o n  was given i n  s e l e c t i n g  the  WIPP site 

t o  avoid such s t ruc tu res :  fur ther  i nves t iga t ion  has not revealed any such 

s t r u c t u r e s ,  therefore, no su l fu r  deposits are expected. 
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8.4.6 L i t h i u m  

L i t h i u m  occurs i n  a concentration of 140 mg/L i n  a saturated brine 

reservoir t h a t  w a s  encountered during t h e  d r i l l i ng  of ERDA 6. The hole 

was located 2 miles northeast of the outer boundary of t h e  WIPP s i t e .  A 

similar reservoir was found i n  the Belco Hudson Federal No.1 gas w e l l  1 /4  

m i l e  outs ide Zone I V  on the southwest side of the site. No analyses were 

done for  l i t h i u m  i n  t h e  l a t t e r  well, but  both reservoirs were a t  

equivalent s t ra t igraphic  posit ions (middle Cas t i l e ) ,  contained H S, and 

were f u l l y  saturated brines. The concentration of 140 ppm l i t h i u m  i n  
ERDA 6 verges on being economically extractable if the reservoir is of 

suf f ic ien t  size. Griswold (1977) estimated the reservoir volume a t  ERDA 

6 to be on the order of 100,000 t o  1 m i l l i o n  bbl. If reservoirs are 

l i m i t e d  t o  t h i s  s ize ,  they would not warrant development. A t  cu r ren t  
market pr ice  the in-place value of the  l i t h i u m  would not exceed $1 

m i l l i o n .  

2 

There has been a deliberate attempt to locate the  WIPP s i t e  i n  an area 

free of brine reservoirs i n  the C a s t i l e .  Extensive seismic surveys have 

been run across the area to ensure tha t  m anomalous s t ructures  occur i n  

the Cas t i le  Formation. The occurrences a t  ERDA 6 and a t  t h e  Belco w e l l  
are  associated w i t h  complex an t ic l ina l  s t ructures  and are  eas i ly  

recognizable on seismic survey traces. 

8.4.7 Potash 

M e t h o d  of Evaluation. Sylvite (KC1) and langbeinite 

(Kpg2(S04)3) exist under portions of the WIPP site (see Figures 

8 . 2 ,  8.3, 8.4) - Although an attempt w a s  made t o  avoid s u c h  deposits 

during the  s i t e  selection process, it was not possible t o  do so 

completely because other s i t e  selection factors  s u c h  a s  avoiding deep o i l  

and gas test wells and the desire for uniform and t h i c k  salt beds a t  

reasonable depth t o o k  precedence. 
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The potash evaluat ion commenced i n  August, 1976, a f t e r  the  s i t e  w a s  
chosen for d e t a i l e d  cha rac t e r i za t ion .  When chosen, t he  site was loca ted  
mostly ou t s ide  the Known Potash Area def ined by t h e  Conservation Divis ion 

of t h e  U.S. Geological Survey. Considerable p o t a s h  exploratory d r i l l i n g  

had been done on the f l a n k s  of the site area by p r i v a t e  industry,  but it 

is a requirement that the results of t h a t  d r i l l i n g  be held i n  confidence 

by the USGS. Emever ,  Sandia Laborator ies  w n t a c t e d  each mining company 

that  had d r i l l e d  i n  the v i c i n i t y  and was granted access to the d r i l l  

records on a p r i v a t e  basis. These records indica ted  that deposits of 
ccaarmercial q u a l i t y  probably extended i n t o  the site area. The Department 

of Energy (then W A )  authorized an exploratory d r i l l i n g  program to 

eva lua te  the potash deposits wi th in  t h e  WIPP site. Technical d i r e c t i o n  

of t h i s  exploratory d r i l l i n g  program was given to  the  USGS. The d r i l l i n g  

program colmaenced i n  August and was completed by the end of November, 

1976. 

The R o s w e l l ,  New Mexico, o f f i c e  of the Conservation Divis ion of the USGS 

w a s  given t h e  task  of determining potash resources by combining t h e  - 
results of DOE-sponsored d r i l l i n g  w i t h  records of d r i l l i n g  i n  the  

v i c i n i t y  of the site. Findings have been reported by John et  al. (1978). 

The DOE also engaged the services of the  U.S Bureau of Mines (USBM) t o  
eva lua te  the ex ten t  to which the resources  def ined by the USGS could be 

produced a t  a p r o f i t  using e x i s t i n g  mining and benef ic ia t ion  practices. 

The results of the  s tudy have been reported by the USBM (1977). The 

e s s e n t i a l  conclusion was that l angbe in i t e  i n  t he  4 t h  ore zone m u l d  be 

p r o f i t a b l y  mined i n  the nor theas t  quadrant of t h e  WIPP site. A band of 

s y l v i t e ,  contained mostly wi th in  t h e  10 th  ore zone on the nor th  and w e s t  

s i d e s  of the sites, verged on being economically explo i tab le .  P r o f i t a b l e  

mining of the s y l v i t e  would require a higher price for muriate (KC1) than 

cu r ren t  m a r k e t  value ($52/ton versus  a cu r ren t  price of $43/tOn). 

Descr ipt ion of t h e  Potash Exploration D r i l l i n g  Phase. Figure 8-1 is a 

map showing a land b lock ,  centered on t h e  WIPP site, t h a t  measures 8 

miles on a s ide .  T h i s  land block c o n s t i t u t e s  the area inves t iga ted  by 
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the USGS and USBM. A l l  loca t ions  of d r i l l  holes are shown from which 

information was ava i l ab le  a s  to the depth, thickness ,  grade,  and mineral  

s u i t e  of ore beds. Note that a d i f f e r e n t  symbol is used to denote holes 

dril led by DOE from those drilled by mining ccmpanies. 

the  d i s t r i b u t i o n  of hole loca t ions  r evea l s  that the  d r i l l i n g  plan 

d i r e c t e d  by the  USGS included t e s t i n g  the  e n t i r e  WIPP area on a spacing 

of not less than one hole per square m i l e .  The objective was to 

cctapletely cover t h e  site area f o l l m i n g  industry practice for 
reconnaisance kxplorat ion.  The dens i ty  of the holes is judged to be 

q u i t e  adequate for resource appra isa l .  

Examination of 

D r i l l i n g  c l o s e l y  followed standard indus t ry  practices (Jones, 1978) . 
Rotary techniques were used f r a n  the surface down to a po in t  j u s t  above 

the uppermost ore zone. D r i l l i n g  opera t ions  were then converted to  

cor ing  using a . b r i n e  sa tu ra t ed  w i t h  potassim chloride a s  the d r i l l i n g  

f l u i d .  Core recovery was exce l len t  i n  all 21 holes. The core recovered 

was  examined, and zones of interest were "split" for chemical ana lys i s .  

Routine check analyses  were done by an independent laboratory.  A l l  

cores, including the remaining half of sample sp l i t s  and sample rejects 

(excess a f t e r  assay) ,  have been permanently stored. 

,- 

The results of the analyses of t h e  21 explora tory  holes are a t tached  as 

Appendix 8A. Included i n  the list are hole AEC 8 ( d r i l l e d  a t  the old 

ORNL site) and 17 holes f o r  which information is ava i l ab le  f o r  release 

either by permission of the mining colnpany involved or because the lease 

or permit on which the hole was drilled has expired. 

Ca lcu la t ion  of Potash Resource Dis t r ibu t ion ,  Volume and Grade. As 

previous ly  s t a t e d ,  ca l cu la t ion  of t h e  in-place volume and grade was 

undertaken by the  R o s w e l l  office of the Conservation Divis ion of the 

USGS. Technical a s s i s t a n c e  w a s  a l s o  provided by t h e  Spec ia l  P r o j e c t s  

Branch of the  USGS. 

There are 61  explora tory  holes i n  the  8 x 8 mile land b l o c k  shown i n  

F igure  8-1. 
- 

Ore i n t e r c e p t  information w a s  ava i l ab le  to  t h e  USGS on a l l  
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- 
of t k s e  holes. Thus, while  their ca l cu la t ions  used a l l  a v a i l a b l e  data, 
sane s p e c i f i c  information pe r t a in ing  to 22 i ndus t ry  d r i l l ed  holes is not 
reported i n  Appendix 8 A  to protect p ropr i e t a ry  information of indiv idua l  

companies as they  so requested. 

The reserve c a l c u l a t i o n  commenced with ass igning  depth i n t e r c e p t s  to 

s i g n i f i c a n t  minera l iza t ion  within the var ious ore zones. There are 11 

such ore zones wi th in  the MCNutt member of the Salado Formation (see 

Figure  4.3-3b). The next step cons is ted  of ex t r apo la t ing  con t inu i ty  of 
indiv idua l  ore zones between holes. The f i n a l  step was to calculate the 

volume and grade for continuous blocks of minera l iza t ion .  I n  addition, 

the Conservation Divis ion u t i l i z e d  criteria they  b v e  established for 

c l a s s i fy ing  resources  as either measured, i nd ica t ed ,  unevaluated, or 

barren. The c r i t e r i a  are: 

Measured potash reserves - Tonnage is computed f r a n  'dimensions 

revealed i n  workings and dr i l l  holes. The grade is caaputed f r a n  

the results of d e t a i l e d  sampling and analyses .  A minimun of three 

data p o i n t s  i n  any one ore zone meeting q u a l i t y  and th ickness  

s tandards ,  no more than 1 1/2 miles (2.4 km) apart, have been used 

to de l inea te  measur.ed reserves .  

- 

Indicated potash reserves - Tonnage and grade aze computed p a r t l y  

f r a n  specific measurements, samples, or production data and p a r t l y  

frmn projection fo r  a reasonable d is tance  on geologic  evidence. The 

sites a v a i l a b l e  for inspec t ion ,  measurement, and sampling are too 

widely or inappropr ia te ly  spaced to  p e r m i t  the mineral  bodies to be 

ou t l ined  completely or the  grade es t ab l i shed  throughout. 

Unevaluated potash areas - Tonnage and grade have not  been canputed 

due to  lar dens i ty  d r i l l i n g  and sampling, but  are surrounded by 

measured and (or) ind ica ted  reserves.  

Barren and/or minor potash minera l iza t ion  areas - Subeconomic 

resources  that would r equ i r e  a s u b s t a n t i a l l y  higher m a r k e t  value or 

a major cost-reducing technology for economical production. 

- 
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Subeconomic resources  a l s o  include other b i t t e r n  minerals  not 

present ly  being recovered. 

Potash resources  were then quant i f ied  a t  three minimum grade and 

th ickness  l e v e l s .  Standard condi t ions for each class are shown i n  Table 

8 . 6 .  

The intermediate  condi t ions,  termed "lease", conform w i t h  e s t ab l i shed  

policy of the Department of I n t e r i o r  t ha t  any area known to  conta in  

potash minera l iza t ion  meeting or exceeding that standard and located on 
Federal land can be acquired only through competit ive bid. The s tandard  

is based on judgment along w i t h  recogni t ion that ores  as low as these 

grades have been success fu l ly  t r ea t ed  fran time t o  time a t  one or more of 

the potash r e f i n e r i e s  i n  the  Carlsbad d i s t r i c t .  The condi t ions  termed 

"high" are roughly equiva len t  to the grade of langbein i te  and s y l v i t e  

ores cu r ren t ly  being mined i n  the d i s t r i c t .  

.- Resu l t s  of t h e  USGS Resource Estimate. The e s s e n t i a l  r e s u l t s  of t h e  USGS 

resource ca l cu la t ions  are best sham by three consecutive maps (Figures 

8-2, 3 and 4 )  w h i c h  colllnence w i t h  the lowest resource grade s tandards  and 

progress to the highest .  

resources  were combined. The majori ty  of t h e  resource meets the  cr i ter ia  
for "measured' because the e n t i r e  WIPP s i t e  has been d r i l l e d  on one m i l e  

centers .  The resource m a p s  do not  segrega te  t h e  severa l  mineral ized ore 

zones, and a t  times they are "stacked", e.g. t h e  4 t h  and 10 th  may be 

mineral ized i n  t h e  same area i n  plan even though they are 

s t r a t i g r a p h i c a l l y  separated by about 180 feet. 

For s impl ic i ty ,  measured and ind ica ted  

Most of the WIPP s i te  area is underlain by potash resources t h a t  meet t h e  

l o w  standards.  No s i g n i f i c a n t  planimetric change occurs on r a i s i n g  the  
s tandard to  lease grades. However, a t  t h e  high standard, which is 

roughly equivalent  to the cur ren t  standard of producing mines, t h e  WIPP 

is near ly  clear of potash deposits of i n t e r e s t  ( p a r t i c u l a r l y  ZOneS 

1-111). Mining opera t ions  may be allowed i n  Zone IV, t h e  outer  boundary 

of t h e  WIPP s i te ,  under cont ro l led  condi t ions.  _I 
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As grade s tandards  are increased, the potash resources reduce, a t  more 
rap id  rate on a mass weight basis than on a p lan imet r ic  basis .  

lists the tonnage of by ore zone, type, and l o c a t i o n  by Zone boundaries 

wi th in  t h e  WIPP site. 

Table 8-7 

For ease i n  i n t e r p r e t a t i o n ,  the data i n  Table 8-7 has been char ted  on 
Figures  8-5 and 8-6 f o r  l angbe in i t e  and s y l v i t e  resources, respec t ive ly .  

The USGS recognized the 4 t h  ore zone ( langbein i te )  and the  10 th  (mainly 

s y l v i t e )  as t h e  two major mineralized ore zones i n  the WIPP site a rea  

(John et  al., 1977). A t  lease grade, t h e  4 t h  ore  zone contains  115.4 

mi l l i on  tons of l angbe in i t e  resource,  of which only 24 mil l ion  tons  (21%) 

lies inside the outer  boundary of Zone 111. A t  t he  higher grade (8% 

‘20 as l angbe in i t e )  the tonnage under the  WIPP reduces to 59 m i l l i o n  
tons ,  of which only 14.6 mi l l i on  tons  (25%) l i e s  i n s i d e  the  ou te r  
boundary of Zone 111. 

The 10th  ore zone conta ins  mostly s y l v i t e ,  bu t  a mixed assemblage 

containing both l angbe in i t e  and s y l v i t e  e x i s t s  on the  e a s t  side of t h e  - 
withdrawal area. 

has a r e f i n e r y  capable of handling such ores. This .opera tor  is the 

leaseholder over part of this mixed ore zone. However, the l angbe in i t e  

i n  the 10th  ore zone would be d i f f i c u l t  to  bene f i c i a t e  according to  the 

USBM study (USEM, 1977, p.103). Therefore,  the 10 th  ore zone is 
considered t o  be viable  on ly  f o r  its s y l v i t e  content.  W i t h  t h i s  

r e s t r i c t i o n ,  the 10 th  ore zone contains 53.5 mi l l i on  tons  of ore a t  lease 
standard under the e n t i r e  WIPP site, of which 30.4 mi l l i on  tons  (57%) are 
located wi th in  the outer  boundary of Zone 111. A t  the high s tandard,  the 

total tonnage reduces to  38.8 mil l ion  tons ,  of which only 9.8 mil l ion  

tons  (25%) are ins ide  Zone 111. 

R e s u l t s  of the  USBM Valua t ion  of Potash Resources. The USBM has 

performed an econiJmic assessaent .of  the potash resources  t h a t  were 

def ined by the  USGS. The USBM study included benef ic ia t ion  t e s t i n g  to  
determine the amenabi l i ty  of t h e  var ious mineral  assemblages to  r e f in ing  

i n t o  marke tab le  products. The USBM engineers v i s i t e d  most of the mines 

i n  the dis t r ic t  to gather  data  concerning mining and r e f in ing  techniques,  - 
power oonsumption, water use, etc. Then, knowing t h e  loca t ion  and grade 

A t  p resent  only one operator i n  the Carlsbad dis t r ic t  
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A 

of potash deposits i n  the WIPP s i t e  area, they devised conceptual designs 

of var ious minins and processing f a c i l i t i e s  t ha t  would provide both the 

highest  p r o f i t  and e f f i c i e n t  recovery of marketable products from the 

potash deposits. The approach followed what p r i v a t e  indus t ry  would do i n  

an evaluat ion of a potash prospect. No r e s t r i c t i o n  w a s  placed as t o  

where physical  mining could be done, or problems r e l a t e d  to land 

acqu i s i t i on  or permitt ing.  Resources adjacent  t o  the  WIPP site were 

considered i n  the  mine developaent plans.  I n  a l l ,  t h e  USBM conceived 12 

d i f f e r e n t  conceptual plans for explo i t ing  potash i n  t h i s  area. Each 

plan,  c a l l e d  a mining u n i t ,  was evaluated leading  to a conclusion t h a t  8 

were worthy of f u l l  cost analysis .  The f u l l  f ind ings  have been reported 

by the  USBM (1977). 

The USBM concluded t h a t  only one mining &it (Unit B-1) could be 

considered economic under e x i s t i n g  m a r k e t  condi t ions and technology (see 

Table 8.8). 

-~ 
Unit A-1 almost m e e t s  the economic requirement of 15% r a t e  of r e tu rn  on 

invested capital set by t h e  USBM. To m a k e  it v iab le  one needs a price of 

$52.04 per ton of muriate without any increase  i n  prcduction costs. 

Muriate is c u r r e n t l y  s e l l i n g  at  $43.40 f o r  standard grade containing 62% 

K20 (Source: 

however, the  price for muriate  has exceeded $60 per ton  i n  t h e  pas t .  

J u l y  1978 i s sue  of Engineering and Mining Journa l )  ; 

Data wi th in  the USBM report ind ica t e  that  t h e  l angbe in i t e  resources  

associated w i t h  the  Unit  B-1 t h a t  l i e  within the boundary of WIPP amount 

to  48.46 mil l ion  tons ,  of which only 13.33 mil l ion  tons (27.5%) l i e  

i n s i d e  the outer boundary of Zone 111. For U n i t  A-1 the corresponding 

numbers are 27.41 mil l ion  and 0.9 mil l ion  tons. 

Summary of Conclusions Concerning Potash Resources i n  t h e  WIPP S i t e .  The 

site conta ins  economically mineable reserves  of langbein i te  and poss ib ly  

s y l v i t e .  If total  r i g h t s  withdrawal is a requirement to  s a t i s f y  waste - i s o l a t i o n ,  then the re l evan t  q u a n t i t i e s  of potash resources  are much 

g r e a t e r  than i f  mining is allowed i n  the Zone I V ,  t h e  outer buffer zone. 

The r e l evan t  q u a n t i t i e s  are presented i n  Table 8-9. 
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.- The USGS has estimated that potash resources  i n  southeast New Mexico 

(excluding the WIPP s i te)  that  meet lease s tandards are on t h e  order  of 

5000 m i l l i o n  tons  of cambined s y l v i t e  and l angbe in i t e  ores. Therefore,  

total withdrawal of potash lease r ights  a t  t h e  WIPP site would account 

f o r  about 7% of those resources: withdrawal of Zone I ,  11, and I11 r ights  

would account for about 2%. No da ta  a re  a v a i l a b l e  f o r  the  Carlsbad 

potash district  regarding w h a t  percentage of these resources would meet 

the s tandards deemed by the USBM to be mineable under today's 

condi t ions.  I n  addi t ion ,  the  p r inc ipa l  p t a s h  resource a t  the WIPP s i t e  
c o n s i s t s  of l angbein i te .  N o  estimates, either by USGS or USBM s tandards ,  

are ava i l ab le  for t h i s  ore alone. The Carlsbad d i s t r i c t  is the only  area 
mining l angbe in i t e  i n  t h e  free world. Langbeinite equiva len t  is produced 

i n  quant i ty ,  however, by combining sulfates bf potassium and magnesium 

obtained from b r i n e  lakes .  When the site was i n i t i a l l y  s e l e c t e d ,  most of 
t h e  WIPP l a y  ou t s ide  the  Known Potash Area, however the 21 hole d r i l l i n g  

program conducted as part of the WIPP potash eva lua t ion  r e s u l t e d  i n  

d i scove r i e s  s u f f i c i e n t  to  warrant expansion of t h a t  boundary ( see 'F igu re  

8-1). The expansion conforms w i t h  USGS po l i cy  t h a t  p o t a s h  resources 
meeting the lease standard m u s t  be placed wi th in  the  enclave. 

. 

8.4.8 Hydrocarbons 

Method of Evaluation. The WIPP si te s e l e c t i o n  criteria d i c t a t e d  tha t  

deep d r i l l  holes (defined as those that pene t r a t e  through t h e  Ochoan) be 

excluded from Zones I, 11, and 111. The objective w a s  to maintain a one 

m i l e  buffer betwe- deep holes and Zone 11, the  zone i n  which waste is to  
he stored. This  particular c r i t e r i o n  is r e s t r i c t i v e ,  because much of the 

Delaware Basin has been penetrated by wildcat  test holes w i t h  an average 
dens i ty  of about one hole per square mile. The present  s i te is one of 

the few remaining por t ions  of t h e  Delaware Basin i n  New Mexico which w i l l  

s a t i s f y  the c r i t e r i o n  per ta in ing  to deep holes. The absence of ex tens ive  

d r i l l i n g  is due i n  part t o  t h e  g r e a t  depth (greater than 10,000 feet) to 

p o t e n t i a l l y  favorable  gas formations. I n  addi t ion ,  potash depos i t s  nor th  

and w e s t  of t h e  site area precluded o i l  and gas exp lo ra t ion  i n  those 

d i r ec t ions .  Federal  and S t a t e  regulations have set  a s ide  potash 
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i n e r a l i z e d  areas to  p ro tec t  underground mining opera t ions  from 
acc iden ta l  entrance of methane gas. Therefore, m o s t  of the  WIPP s i t e  is 

untested for  deep re se rvo i r s  t h a t  might conta in  crude oi l  and n a t u r a l  

gas. The evaluat ion m u s t  r e l y  on pro jec t ion  of surrounding s u b s u r f a c e  
geologic  information i n t o  the s i te  area.  There are four  petrolem test 
holes i n  Zone I V  of the WIPP s i te .  Three holes tested t h e  Delaware.sands 

and were unproductive. The fou r th  w a s  a deep gas test  (15,000 feet) t h a t  

w a s  also unproductive. 

The S t a t e  Bureau  of Mines and Mineral Resources performed a reg iona l  

eva lua t ion  of the hydrocarbon reMurceS i n  southeas t  New Mexico which  was 
then used to fu r the r  evaluate  a four township a rea  centered on the 

o r i g i n a l  O m  site (Foster ,  1974). This  report is u s e f u l  for t h e  c u r r e n t  

WIPP si te because, as ind ica ted  i n  Figure 8-7, the  present  s i t e  is still 

wi th in  the area  s tudied.  

Data contained i n  F o s t e r ' s  report provide a basis for  es t imat ing  total 
hydrocarbon resources that might under l ie  the site area. By using a 
s ta t is t ical  approach, Foster a r r ived  a t  a poss ib l e  hydrocarbon content  

for each p o t e n t i a l  productive zone, consPencing w i t h  the "Ramsey Sand," 

down to  the t o p  of the Precambrian basement. The Ramsey, the f i r s t  
p o t e n t i a l  pay zone, is loca ted  i n  the upper part of t h e  D e l a w a r e  Mountain 
Group. The lowest zones he considered to  be p o t e n t i a l l y  product ive were 

dolomitic r e se rvo i r s  i n  t h e  Silurian/Devonian. E i s  estimate w a s  based on 

f u l l  developnent of any prospect ive area; the re fo re ,  to ta l  resources were 
est imated rather than the economics associated w i t h  their ex t r ac t ion .  

H i s  resource estimate was based on the premise that geologic  condi t ions  

beneath t h e  site were as favorable  as elsewhere i n  t h e  s tudy area and 

t h a t  each p o t e n t i a l  zone beneath an untested s e c t i o n  would conta in  a 

propor t iona te  share of t h e  statist ical  average of hydrocarbons for t h a t  

zone. The average was derived from success ratios and a conserva t ive  

estimate of primary recovery of hydrocarbons as e s t ab l i shed  by past 

explora t ion ,  developnent and production. 

- 
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A consul t ing  petroleum engineering f i rm,  Sipes ,  Williamson and Aycock, F 

Inc  (SWhA), was engaged by Sandia Laborator ies  to  conduct an e c o n m i c  

eva lua t ion  of hydrocarbons i n  the s i t e  area. Based on known d r i l l i n g  

costs and m a r k e t  condi t ions ,  they  made a judgnent as to  what po r t ion  and 

which formations under the s i te  were worthy of t e s t ing .  The basic 

c r i t e r i o n  was  reasonable prospect fo r  discovery with an economic reward 

to  the operator of a t  l e a s t  10% r e t u r n  on h i s  investment plus f u l l  
recovery of costs. The e s s e n t i a l  conclusion of the  SWhA study was t h a t  
t h e  Morrow u n i t  has a high p o t e n t i a l  for successfu l  discovery of na tu ra l  

gas. A l l  other formations present  were considered too high a r i s k  to be 
t h e  ob jec t ive  of a prudent wildcat test. Natura l ly ,  once a Morrow w e l l  

w a s  d r i l l ed  it could encounter shallower productive pay zones, but  t he  

odds of such  happening were deemed too specu la t ive  to be considered i n  

the o v e r a l l  ecoiomics. 
reported by Keesey (1976). 

The f u l l  f ind ings  of t h i s  s tudy have been 

S t ruc tu re  maps of several horizons beneath the Ochoan evapor i tes  have 

been compiled fran seismic surveys that were either purchased fran - 
exis t ing  surveys or conducted as part of the WIPP site study. While t h e  

main purpose of these seismic surveys has been to  understand the geologic  

aspects of the s i t e  area, they are also valuable  for i n t e r p r e t a t i o n ' o f  

p o t e n t i a l  hydrocarbon r e se rvo i r s .  These s t r u c t u r e  maps were n o t  

a v a i l a b l e  t o  Foster for h i s  1974 s tudy,  but they were to  SWhA during 

their 1976 evaluat ion.  

Mmi l l an  (1976) and G. J:Long 6 Associates (1976). Updated s t r u c t u r a l  

i n t e r p r e t a t i o n s  based on later seismic s t u d i e s  are now ava i l ab le .  

recent  changes have had l i t t l e  i m p a c t  on the  o v e r a l l  hydrocarbon 

evaluat ion.  

The sei&ic s tud ie s  have been reported by 

The 

Total Elydrocarbon Resources a t  the WIPP S i t e .  The New Mexico Bureau of 

Mines s tudy forms the b a s i s  of t h e  eva lua t ion  of the total hydrocarbon 

resources i n  the si te area (Fos te r ,  1974). W e  assume there is a 
reasonable p r o b a b i l i t y  t h a t  Foster's estimated resources  could ex i s t  
under the site. Bowever, t h i s  probably represents  the upper bound of 

exp lo i t ab le  hydrocarbons. 
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- The v a l i d i t y  of the resource estimate rests on the subsurface geology and 

s t a t i s t i c a l  p robab i l i t y .  The geologic s e t t i n g  under t h e  Ochoan 

evapor i tes  is considered to be q u i t e  t yp ica l  for t h i s  por t ion  of the  

Delaware Basin: therefore the chance of f ind ing  o i l  or gas s h o u l d  

approximate w h a t  has been found i n  similar areas near the si te which have 

been more f u l l y  tested. However, s ince  it is a reg iona l  s ta t is t ical  
approach, i t  is poss ib l e  that much more or much less than the average 

expected resource would be found if t h e  site was a c t u a l l y  d r i l l e d .  The 

hydrocarbon evaluat ion is mt  as d e f i n i t i v e  as that for potash,  wh ich  w a s  

a c t u a l l y  confirmed by explora tory  d r i l l i n g .  T h i s  would be se l f -defea t ing  

i n  the case of the deeper hydrocarbon resources s ince  the area w a s  

s e l e c t e d  to avoid such deep d r i l l  holes. 

F o s t e r ' s  eva lua t ion  (Foster, 1974) t o o k  i n t o  account t h e  occurrence of 
a l l  known o i l  and gas accumulations i n  much of southeas t  N e w  Mexico 

(Figure 8-7). The s t a t i s t i c a l  base encompassed about 42 f u l l  townships 
equiva len t  to almost 1 mil l ion  acres. The reserves  for each oi l  pool or \$' i 

gas reservoir were estimated from the standpoint  of ac tua l  or, where 

possible, pro jec ted  production. A r e a s  were then c l a s sed  as developed or 

undeveloped based on the  dens i ty  and depth of d r i l l i n g .  Prom these data, 

Foster (1974) then determined the expected resource per s e c t i o n  of land  

by a s s m i n g  that the success of f u t u r e  d r i l l i n g  would have t h e  same 
success ratio a s  i n  t h e  past. A coincident  assumption was  t h a t ,  w h i l e  

past wildcat  d r i l l i n g  avoided the cur ren t  WIPP site, t h e  past economic 

incen t ive  for d r i l l i n g  w a s  low. Also, d r i l l i n g  r e s t r i c t i o n s  pe r t a in ing  

t o  the K n o w n  Potash Enclave have prevented d r i l l i n g ,  p a r t i c u l a r l y  on the 

w e s t  s ide of t h e  WIPP area. There were more a t t r a c t i v e  areas ava i l ab le  

throughout the bas in  that  s a t i s f i e d  the a v a i l a b i l i t y  of p r i v a t e  venture  

for explora t ion  capital. These pas t  c o n s t r a i n t s  do not en te r  i n t o  the  

hydrocarbon p o t e n t i a l  estimates because the characterization of the si te 

m u s t  t a k e  i n t o  cons idera t ion  the long-term needs for mineral resources .  

Figure 8-8 is taken from Foster (1974). Formations t h a t  he mnsidered  as 
p o t e n t i a l l y  productive are shown opposite the stratigraphic collwn of 

I. sedimentary rocks underlying the  Ochoan evapori tes .  Table 8-10 then  
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shows the potent ia l  resource he assigned t o  the various specific 

in t e rva l s  but  which were cornposited t o  more gross intervals.  Further 

explanation is required pertaining t o  "wildcat" and "acreage" assignment 

of reserves. 

The acreage method tests the success r a t i o  of producing acreage versus 

the acreage considered t o  have been tested by wildcat d r i l l i ng .  The 

wildcat method considered a f i e l d ,  regardless of the nmber of w e l l s  i n  

that f i e l d ,  a s  a single discovery. A success r a t i o  w a s  then determined 

by dividing the number of wildcat discoveries by t h e  nmber of dry holes 

that were dril led t o  tha t  formational depth. The acreage method normally 

results i n  a higher success r a t i o  and, therefore, higher reserve 

estimates. In-place hydrocarbon resources for each zone w i t h i n  the WIPP 

s i te  can be readily calculated from Foster 's  data by combining h i s  

estimate of in-place hydrocarbon resources per section (640 acres) w i t h  . 
the  known area for each zone of the  WIPP site. The acreage method was 

used to prepare Table 8-11. 

While the quant i t ies  given i n  Table 8-11 may appear large, they a re  
brought i n t o  perspective by s ta t ing  tha t  all of the nearby region, i.e., 
the area studied by Foster, would contain 51 times the resource quantity 

under the  WIPP site. The factor is simply the r a t i o  of the t o t a l  area 

evaluated by Foster (1512 square miles) divided by the area of the WIPP 

si te (29.62 square miles). I n  addition, if hydrocarbon developoent is 
allowed i n  Zone IV,  e.g., by deviated d r i l l i ng ,  then  the resource that 

would be withdrawn is reduced i n  proportion t o  the excluded area, i.e., 

f r o m  29.62 square miles down t o  12.73 square miles for a 43% reduction i n  

r e s t r i c t ed  resources. The hydrocarbon resources remaining i n  Zones I, 

11, and I11 would account for only 0.84% of the to t a l  hydrocarbon 

resources Foster has estimated i n  the area m e d i a t e l y  surrounding the 

WIPP site. 

Estimate of the Economically Recoverable Hydrocarbon Resources. Sipes, 

Williamson, and Aycock, Inc. (SWhA) estimated the potent ia l ly  economic 

hydrocarbon resources (Keesey, 1976). Thei r  approach w a s  t o  review the 
- 
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e x i s t i n g  geologic information per ta in ing  to  the area i n  and around t h e  

site and then to  determine if the p robab i l i t y  of o i l  and gas occurrences 

j u s t i f i e d  the r i s k  of d r i l l i n g  and completing a well. The base area 

s tud ied  by SW&A cons i s t ed  of a 20 x 20 m i l e  block centered on the WIPP 

s i t e  (Figure 8-7). All ava i l ab le  da ta  were evaluated on each test t h a t  

had been d r i l l e d  wi th in  t h i s  400 square m i l e  area, w i t h  p a r t i c u l a r  

emphasis placed on d e l i v e r a b i l i t y  and recoverable reserves .  

SW6A found t h a t  60 wells i n  t h i s  area were producing o i l  and/or gas f r m  

r e s e r v o i r s  i n  the Delaware Mountain, Bone Spring, Wolfcamp, Strawn, Atoka 

and Morrow. Wi th  the exception of t h e  Atoka  and Morrow, all  other zones 

were considered as present ing too high a r i s k  to j u s t i f y  the cost of 

wildcat  d r i l l i n g .  Furthermore, even though an Atoka r e se rvo i r  is being 

produced from a w e l l  loca ted  near the southwest corner of the  WIPP site, 
SWSA concluded t h a t  t h a t  particular r e se rvo i r  is being e f f e c t i v e l y  

drained by the s i n g l e  w e l l .  O f f s e t  d r i l l i n g  would enhance recovery rate 

but  not  total recovery. 
- 

The Morrow was considered to  be worthy of t e s t i n g ,  because of the high 

success  ratio of w e l l s  d r i l l ed  t o  that formation i n  t h e  area around the 

site. 

were success fu l ly  completed as gas w e l l s .  A study of these w e l l s  
revea led  that the projected ultimate recovery ranged from i n s i g n i f i c a n t  

to  as much as 5.20 b i l l i o n  cubic  feet (bcf) of na tu ra l  gas. From t h e  

d i s t r i b u t i o n  of recoveries they concluded t h a t  the average successfu l  

Morrow w e l l  would recover 2.074 bcf of gas. T h i s  is i n  fa i r  agreement 
w i t h  F o s t e r ' s  estimate f o r  Pennsylvanian gas w e l l s ;  he estimated 3.2 bcf 

per Morrcnr gas well if spaced a t  320 acres per w e l l .  

Of 26 wells dr i l led  to s u f f i c i e n t  depth to test the Morrow, 23 

D r i l l i n g  and completion wsts were then estimated for w e l l s  d r i l l ed  to 

. t h e  Morrow (approximately 14,000 ft.). The es t imate  was $1.4 mi l l ion .  

Using discounted cash flow ana lys i s  and the expected de l ive ry  rate and 

cu r ren t  gas price ($1.42 per 1,000 CU. f t .  w i t h  4% yea r ly  e sca l a t ion )  

they  concluded that i f  a well produced 0.7 bcf over its lifetime it  would - 
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recover costs. Since the average w e l l  was more than twice t h i s  -. 

production, it was apparent that d r i l l i n g  i n  the site area could  be 

j u s t i f i e d .  

U s e  was t h e n  made of t h e  structure map on a limestone re f lec tor  horizon 

i n  t he  Morrow based on data f r m  seismic surveys (Figure 8-9) (Long, 

1976). 

flanks of an t ic l ines  because local experience indicates tha t  productive 

sand lenses would more l i ke ly  occur a t  such l oca l i t i e s .  A total of 20 

d r i l l  sites w a s  selected (Figure 8-9). I n  favorable s t ruc tura l  areas 

wel ls  were placed on a spacing of 320 acres per w e l l .  T h i s  spacing is  

standard pract ice  for  wells of t h i s  depth  i n  New Mexico. Depending on 
proximity to  producing w e l l s  and s t ruc tura l  favorabi l i ty ,  the  20 trells 

were ranked as proven, probable or possible. The proven category was 
l imited t o  locations that  would o f f se t  producing w e l l s  i n  the Los Medanos 

f i e ld .  Two locations were designated as  proven, nine as  probable, and 

nine as  possible. 

Tentative d r i l l i n g  sites were picked w i t h  weight given t o  the 

~- 
The ultimate remvery of wells was adjusted t o  take i n t o  account the r i sk  

factor  associated w i t h  wildcat dr i l l ing .  Proven wells were assigped 

production of 2.07 bcf, probable wells 1.64 bcf, and possible wells 1.33 

bcf per w e l l  for  the southwest quadrant of the WIPP site. The estimated 
reserves for locations i n  other parts were placed a t  2.09 bcf for 
probable and 1.67 bcf for  possible reserves. No locat ions could be 

considered as  proven. The higher reserves assigned t o  these locations 

were considered j u s t i f i a b l e  because Shallower pay zones may be discovered 

on the way down t o  the  Morrow. This  calculation yielded a t o t a l  reserve 

of 36.85 bcf of natural  gas under t h e  WIPP s i t e  (Table 8-12). Some 

d i s t i l l a t e  would accompany t h i s  gas production. Foster (1974) estimated 

t h a t  Pennsylvanian gas is accompanied by 14,950 barrels  of d i s t i l l a t e  per 

bcf of natural gas produced. Therefore, the 36.85 bcf of reserve under 

t h e  site should be expected t o  be accompanied by 550,900 bbl d i s t i l l a t e .  

O f  the 20 d r i l l i n g  s i t e s  selected,  7 l i e  i n  Zone IV,  2 of which are 
ranked as proven, 4 as  probable, and 1 as  possible. The aggregate - 
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reserve  of these 7 w e l l s  is 13.38 bcf of na tu ra l  gas  and 200,000 bbl  of 

d i s t i l l a t e .  I f  d r i l l i n g  is allowed i n t o  Zone I V  these hypothe t ica l  

reserves c o u l d  be recovered. The net  balance t h a t  would be 

non-recoverable because of r e s t r i c t i o n s  on d r i l l i n g  i n  Zones I,  11, and 

I11 is 23.47 bcf of na tu ra l  gas  and 350,000 bbl  of dis t i l la te .  

Summary of Conclusion Concerning Hydrocarbon Resources. 

srnmaarizes the f ind ings  of the New Mexico Bureau of Mines resource s tudy 

and the  SWhA economic eva lua t ion  of t h e  part of those resources  

considered attractive enough to  be developed by the petroleum indus t ry  a t  
1977 p r i c e s  and d r i l l i n g  costs. 

Table 8-13 

The hydrocarbon resources  remaining under the WIPP, if Zone I V  is 

developed, amount to about 0.84% of that projected by Fos te r  for the  

v i c i n i t y  of the WIPP site. The total' economic reserve,  inc luding  Zone 

I V ,  amounts to approximately 90 days production of dry gas  f r m  southeas t  

N e w  Mexico. 

8.4.9 Meta l l i fe rous  Deposits i n  the Precambrian 

Even the deepest oil/gas test near t h e  WIPP site has not penetrated deep 

enough to  endounter the Precambrian basement. A regional  survey of test 
holes has been done by Foster and S t i p p  (1961). The basement may c o n s i s t  

of s l i g h t l y  metamorphosed r h y o l i t e s  and tuffs known as the Panhandle 

Volcanic Complex (Flawn, 1954).  Such r o c k s  hold p o t e n t i a l  for s u l f i d e  

depos i t s .  Geophysical techniques (induced po la r i za t ion  or 
e l e c t r m a g n e t i c s )  have a de t ec t ion  c a p a b i l i t y  s ca rce ly  exceeding 1000 

f e e t ,  w h i l e  the Precambrian is at median depth of 18.000 feet beneath 

ground l e v e l  a t  t h e  WIPP site. No evalua t ion ,  therefore, is f e a s i b l e  for 

s u l f i d e  deposits. The depth is g rea t e r  by a fac to r  of almost two over 

the deepest mines i n  the world. Therefore,  resources i n  the basement 

r o c k s ,  should they ex i s t ,  are not l i k e l y  t o  be a t t r a c t i v e  targets for 

exp lo i t a t ion .  
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8.5 SummRY 

Potassium salts and f l u i d  hydrocarbons are the  only two resources thought 

to  be economically s i g n i f i c a n t  i n  t h e  WIPP site area. The depth,  volume 

and r ichness  of the depos i t s  are the principal factors which w i l l  

determine when and if  they might be exploited by a free-enterprise 
system. Such economic evaluat ion has been conducted and repor ted  i n  t h e  

W I F T  Environmental Impact Statement. Because economic aspects change, 

they  are not so re levant  to s i t e  cha rac t e r i za t ion  as they are t o  

assess ing  t h e  impacts of cons t ruc t ing  the WIPP f a c i l i t y .  Hence, i n  t h i s  

Chapter, amounts and types of resources  w i l l  be discussed rather than  -~ 

their present  economic value. The p r i n c i p a l  f i nd ings  of resource studies 

are slnmnarized i n  Table 8-1. 

1 If reasonable technologic and economic r e s t r a i n t s  are considered for 
'I 1.. . . 

ex t r ac t ing ,  processing and marketing t h e  resources  then both t h e  amOUntS 

and types of exploitable deposits are g r e a t l y  reduced. Only potash and 

na tu ra l  gas are considered t o  be s i g n i f i c a n t  i n  t h i s  respect (see Table 

8.2).  Even these reduced q u a n t i t i e s  should be considered as upper 

estimates because of these assumptions: 1) complete mineral  lease 
ownership by a s i n g l e  armpany and 2 )  no c o n f l i c t  between the simultaneous 

developnent of the shallow potash deposits and the deep gas r e se rvo i r s .  

-. 

Economic resources are f u r t h e r  reduced by allowing the  mining of potash 

and recovery of o i l  and gas  by deviated d r i l l i n g  i n  Zone I V ,  the ou te r  

buf fer  zone. I f  t h i s  is the case, then economic resources lying i n  the 

inner  zones are l imi t ed  t o  those given i n  Table 8-3. 

Caliche, sa l t ,  and gypsum are also present ,  but  t h e  abundance of these 

minerals  throughout the region leads to the conclusion that land. 

withdrawal for the WIPP w i l l  have l i t t l e  effect on present  or f u t u r e  

requirements for them. Consideration was also given t o  the  poss ib l e  

presence of uranium i n  redbed-type sediments that o v e r l i e  t h e  

evaporites. The conclusion is that no s i g n i f i c a n t  uranium deposit 

exis ts .  Lithium occurs i n  a b r ine  r e se rvo i r  w i th in  t h e  Cast i le  Formation - 
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northeast of the  present s i t e  and may be present i n  a similar reservoir 

to the southwest. However, care has been taken t o  avoid such  brine 

reservoirs w i t h i n  the site area. Consideration was also given to  the  

possible existence of metall iferous deposits i n  t h e  Precambrian basement 

under the site. However, t h e  depth (about 18,000 f e e t  below the ground 

surface) t o  Precambrian rocks would preclude mining even i f  mineral 

concentrations were present. No geologic or geophysical evidence ex i s t s  

t o  suggest t ha t  deposits are any more l ike ly  i n  t he  basement rock of the 

WIPP area than  elsewhere i n  the region. 
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Resource 

Caliche 

Gypsull 

Salt 

Sylvite 

Langbeinite 

Crude Oil 

Natural Gas 

Distillate 

TABLE 8-1 

TOTAL ESTIMATED RESOURCES AT WIPP SITE 

Quantity 

185 x 10 tons 

1.3 x 10 tons 

198 x 1 0 .  tons 

88.5 x 10 tons 

264.8 x 10 tons 

37.7 x 10 bbls 
9 490 x 10 cu. ft. 

5.72 x 10 bbls 

6 

9 

9 

6 

6 

6 

6 

Depth 

at surface 

300-1,500 feet 

500-4,000 feet 

1600 feet 

1800 feet 

4,000-20,000 feet 

4,000-20,000 feet 

4,000-20,000 feet 

Richness 

21-69% Insol. 

Pure to mixed 

Pure to mixed 

11.8 K20 

6.10 K20 

31-46' API 

1100 BTU/cu ft 

53-56O API 



TABLE a-2 

POTENTIAL ECONOMIC RESOURCES AT WIPP SITE 

Resource guant i  ty  Depth Richness 

S y l v i t e  21.43 x 10 tons 1,600 feet 13.33% K 2 0  

Langbeinite 48.46 x 10 t o n s  1,800 feet 9.11% K20 

6 

6 

9 Natural Gas 36.85 x 10 cu f t  . 14,000 feet 1,100 m / c u  f t  

D i s t i l l a t e  . 0.55 x 10 b b l s  14,000 feet 53O API 6 



TABLE 8-3 

ECONOMIC RESOURCES WITHIN ZONE I, I1 AND I11 AT WIPP SITE 

Resource Q u a l i t y  Depth Richness 

Langbeinite 10 x 10 tons 1,800 f e e t  10% K20 

Natural Gas 20 x 10 cu f t  14,000 f ee t  1,100 BTU/cu f t  

D i s t i l l a t e  132 X lo3 bbls 14,000 f ee t  53' API 

6 

9 



TABLE 8-4 

ORGANIZATIONS RESPONSIBLE FOR RESOURCE EVALUATION AND 
KEY REPORTS CONCERNING RESOURCES 

Organization Responsibility Reports 

U.S. Geol s u m .  Potash Resources as John et a l .  (7978) 
related t o  ore grade and Jones (1978) 
volume 

extent the potash resources 
reported by U.S.G.S could 
be economically mined and 
refined under today's technology 

U.S. Bur. of Mines Determination as to w h a t  USBM (1977) 

and market 
N.M. Bur. of Mines Definition of resources Siemers et al. (1978) 

and economics for cal iche,  
sa l t ,  gypsum, br ine,  s u l f u r  
and uranium 

four township area which 
includes the WIPP si te 

N.M. Bur. of Mines O i l  and gas resources of a Foster (1974) 

- Sipes,  W i l l i a m s  and Determination of the Keesey (1976) 
Aycock, Inc. economic v i a b i l i t y  of 

hydrocarbons under the WIPP 
site 

G . J .  Long h Assoc. Intrepretat ion of s t ruc ture  Long (19761, 
Inc., Permain of Paleozoic sediments McMillan (1976) 
Exploration Co. beneath Ochoan evaporites. 

These s tudies  were useful 
i n  evaluation of hydrocarbons 

.. ., 



Table 8-5 

POTENTIAL RESOURCES CORRELATEXI WITH STRATIGRAPHY 

Formation Thickness(ft) General Character Potential Resources 

Mescalero Sand 0-15 Dune sand, fine grained None 

Caliche 0-5 Limestone, chalky Caliche (in road construction) 

Gatuna 0-375 Sandstone and siltstone Uranium 

Santa Rosa 
Sandstone 

Dewey Lake 

Rustler 

Salado 

487 

Sandstone Uranium 

Siltstone and sandstone Uranium 
some claystone 

3 10 Anhydrite and rock salt Gypsum and salt 
with subordinate dolo- ' 
mite, sandstone, clay- 
stone and polyhalite 

1976 Rock salt with subordi- Potassium salts, salt and gypsum 
nate anhydrite, ply- 
halite, potassium ores 
sandstone, and rnagnesite 

Evaluation 

No resource 

Caliche is abundant 
throughout the area 

Conditions apparently were 
oxidizing during 
deposition, and no uranium 
is apt to occur in the 
vicinity 

Conditions apparently were 
oxidizing during 
deposition, and no uranium 
is apt to occur in this 
vicinity 

Minor occurrences have been 
reported outside the WIPP 
site area. Gamma ray logs 
Of 36 holes drilled within 
the site area showed no 
anomalies. 

Abundant throughout the 
area, no advantage for site 
resources. 

Langbeinite and sylvite 
occur in commercial 
quantities 



1 
Table 8-, (Continued) 

1 

Formation Thickness( f t )  General Character P o t e n t i a l  Resources 

Castile 1400 

Delaware Mtn. 3800 
Group 

Bone Spring 3400 

Wolfcamp (Hueco) 1480 

Strawn 

Atoka 

Morrow 

300 

640 

Anhydrite and rock s a l t  S u l f u r ,  s a l t ,  l i t h i u m  i n  br ine  
with subord ina te  reservoirs 
l imestone 

Fine grained sandstone 
(poss ib ly  a s i l t s t o n e ) ,  
shale,  l imestone, and t h e  Ramsey sand 
dolomite 

Limestone, f ine-grained Oil and assoc ia ted  gas  
sandstone,  and black 
s h a l e  

Limestone, black s h a l e ,  Oil and gas  
red o r  green sha le ,  
sandstone,  and 
conglomerate 

Limestone, o o l i t i c  O i l  and assoc ia ted  gas  
l imestone and gray t o  
black s h a l e  

Limestone, o o l i t i c  Natural gas  
l imestone and gray t o  
black s h a l e  

O i l  and assoc ia ted  gas.  
Most favorable  zone is 

1300 Limestone, o o l i t i c  Natural 
l imestone,  gray to  
black s h a l e ,  and 
sandstone 

Evaluation 

S a l t  is abundant 
throughout t,h I a r ea .  
L i t h i u m  concei i t ra t ion i n  
br ine  is subeconomic 
today. Care has  been 
taken t o  exclude b r i n e  
r e se rvo i r s  from s i te .  
Conditions and structures 
f o r  s u l f u r  depos i t s  no t  
known t o  e x i s t  a t  s i te .  

Reservoirs may e x i s t ,  
but small  i n  comparison 
w i t h  t he  Morrow Formation 

Reservoirs may e x i s t ,  but 
a r e  small i n  comparison t o  
t h e  Morrow Formation 

Reservoirs may e x i s t ,  but 
a r e  small i n  comparison t o  
the  Morrow Formation 

Reservoirs may ex i s t ,  but 
are small  i n  comparison t o  
t h e  Morrow Formation 

Commercial gas  €8 being 
produced from near site. 
Atoka r e s e r v o i r s  are 
r e s t r i c t e d  i n  s ize ,  
t he re fo re ,  small 
l ikel ihood o f  ex i s t ence  
under t h e  s i t e  

Commercial q u a n t i t i e s  o f  
gas probably ex is t  



Table 8-5 (Continued) 

Formation Thickness(ft1 General Character Potential Resources 

MiSSiSSiPpiatl 740 Black, angillaceous None 
shale,  black calcareous 
shale or shaly lime- 
stone, sane sandstone 

Evaluation 

None likely 

s i luro 2100 Limestone, dolanite, Oil and gas. Most favorable O i l  and gas  may be present 
Ordovician chert, shale, black zone is beneath the Woodford Shale i n  anticlinal situations 

shale w i t h  rounded 
quartz grain i n c l u s i o n s ,  
and ma l l  amounts of 
sandstone 

Precambrian Not tested w i t h  i n  the Sulfide deposits 
WIPP s i t e  locality. 
Regional inference is 
that  it. consists of 
acidic volcanics or 
metaseclimente 

References: Siemers et a l . ,  1978; Foster, 1974.  

Considered too deep to  
exploit. 

I 



class 

Low 

Lease 

High 

TABLE 8-6 
STANDARD CONDITIONS FOR POTASH RESOURCES 

Type Ore % K 2 0  Thickness, ft 

Langbeinite 3 
Sylvite 8 

Langbeinite 
Sylvi te 

4 
10 

Langbeinite 8 
Sylvite 14 

Reference: John et al, 1978. - 



Table 8-7 

POTASH RESOURCES, TONS X lo6 

I. Sylvite Ores 

Ore Zone Low Grade Lease Grade 

I+IItIII - IV Total I+II+III IV Total - 
10 30.4 44.4 74.8 16.5 37.2 53.7 
9 3.7 6.6 10.3 1.2 4.8 6.0 
8 5.0 43.1 __ 48.1 1.0 27.8 ___ 28.8 

Total 39.1 94.1 133.2 18.7 69.8 88.5 
- 

11. Langbefnite Ores 

Ore Zone Low Grade Lease Grade 

IV Total - - I+II+III - IV Total ItIItIII 
10 25.0 30.6 55.6 24.6 24.8 49.4 
5 11.6 14.6 26.2 10.9 13.3 24.2 
4 46.5 114.5 161.0 24.0 91.4 115.4 .~ 

3 14.6 19.9 34.5 9.6 16.0 25.6 
2 24.2 49.5 - 73.7 18.7 31.5 - 50.2 

Tot a 1 121.9 229.1 351.0 87.8 177.0 264.8 
- 

Ore Zone 

10 
9 
8 
5 
4 
3 
2 

Total 

Low Grade 

ItIItIII - IV Total 
55.4 75.0 130.4 
3.7 6.6 10.3 
5.0 43.1 48.1 

11.6 14.6 26.2 
46.5 114.5 161.0 
14.6 19.9 34.5 
24.2 49.5 - 73.7 
161.0 323.2 484.2 

Reference: John et al., 1978. 

111. All Ores 

Lease Grade 

IV - I+II+III 
41.1 62.0 
1.2 4.8 
1.0 27.8 

10.9 13.3 
24.0 91.4 
9.6 16.0 

31.5 
106.5 246.8 
- 18.7 

6.0 
28.8 
24.2 

115.4 
25.6 

High Grade 

I+II+III - IV Total 
9.8 28.9 38.7 -- 0.7 0.7 

13.7 __ 13.7 
9.8 43.3 53.1 
-- - - 

High Grade 

I+II+III - IV Total 
9.7 0.9 8.8 

- 
-- 1.6 1.6 
14.6 44.4 59.0 -- -- -- 

9.8 
24.4 54.8 79.2 

- 7.9 - 1.9 - 

High Grade 

Total - ItIItIII IV 
17.7 29.8 47.5 
-- 0.7 0.7 -- 13.7 13.7 -- 1.6 1.6 
14.6 44.4 59.0 -- -- -- 

7.9 - 9.8 - 1.9 - 
34.2 98.1 132.3 



Mining 

Unit 

B- 1 

A- 1 

D- 2 

A- 2 

c-2 

0-3 

c- 3 

A-3 

Products 

Langbeinite 
Sulphate 

Mur iate 

Langbeinite 
Sulphate 

Mur i a te 

Muriate 

Langbeini te 
Sulphate 

Mur i a te 

Muriate 

Table 8-8 

ECONOMIC POTASH RESOURCES, TONS x lo6 

Recoverable Ore Recoverable Ore 
in in Percent in 

Mining Unit WIPP Site Zones 1.11.111 

79.78 48.46 27.5 
27.5 

57.60 27.41 3.2 

87.93 23.57 0.7 
0.7 

98.32 51.80 7.6 

57.19 36.49 54.2 

140.27 42.45 23.5 
23.5 

70.64 52.87 57.5 

135.02 73.77 14.9 

Price' that Provides 
a 15 Percent 

2 
ROR , $ 

35.00 
88.50 

52.04 

36.51 
92.31 

61.73 

61.74 

42.26 
106.86 

67.52 

70.28 

'Market price assuming no increase in production costs. 
ton of product, f.o.b., Carlsbad, New Mexico, used for evaluation. 

'Rate of return 

Estimated weighted average annual price per 

Reference: U.S.  Bureau of Mines, 1977. 



Table 8-9 

SUMMARY OF POTASH RESOURCES, l o 6  TONS 

I n  Place Resources 
(USGS Study) 

Lease Standard High Standard 

Tota l  Withdrawal 

Mining Permitted 
i n  Zone IV 

Mineable Today 
(USBM Study) 

Langbeinite S y l v i t e  Langbeinite S y l v i t e  Langbeinite S y l v i t e  

264.8 88.5 19.2 53.1 48.46 21.41* 

87.8 18.7 24.4 9.8 13.35 0.9 

*The USBM does tmt consider t h e  s y l v i t e  contained in u n i t  A-1  to  be mineable under today ' s  
market. To do so would requi re  the  p r i c e  f o r  muriate  t o  be $52.04 per ton,  or t h e  inves tor  m u s t  
be wi l l i ng  to accept a r a t e  of r e tu rn  less than 15%. 

c.. 

I 



Table 8-10 

POTENTIAL 1lYDROCARBON RESOURCES 
EXPECTED IN VARIOUS FORMATIONS WITHIN THE DELAWARE BASIN 

Rating Production Estimate Section (640 Acres) 
Geolog- Statis- P. Acreage Wlldcat Adjusted 

Gas Rating Stratlgraphlc lcal tical 0. 011 ASSOC. Gas Dist. Gas Oil Assoc. Gas Dist. 
(MFC) (bbls) (MCF) 011 Gas Unit Oil Gas 011 Gas F. (bbls) (MCF) (bbls) (MFC) (bbls) 

Ramsey IV V 

Bone Spring I l l  IV 
Wolfcamp I l l  I l l  I1 
Pennsylvanla 111 V 111 
Mississippian I 1 1 
Silurian/ 111 I11 IV 

DelFZWare I1 I1 
Mtn. Gp. 

Devonian 
Ordovician I 

Ramsey 
Delaware 

Mtn. Cp. 
Bone Sprlng 
Wo I fcamp 
Pennsylvan Ian 
Misslsslppian 
Sllurlan 

Devonlan 
Ordovician 

I1 I 

I1 
V 
I 
IV 

111 

62 412,350 
21 51,686 

39 193,952 

88 265.455 
23 20,800 

14 
I2 1,368,330 

63 

472.350 
25,8113 

145,464 
15,600 

265,455 

342.083 

Ratings 
I:  very lou 

11: LOU 

IV: HI& 
111: Moderate 

v: very ~ i g h  

1,266,795 
Calculated 9 

25 
50 
15 

100 
125 

156,324 
19,546 

15,052 120,141 
34.462 13,029 

I V  
I1 

319,138 88,170 112,610 I l l  
383.969 111 I11 228,462 32.5114 633,984 20,415 224,953 19,530 

299.188 1,784,199 94,596 6,441.672 IY I V  

656,616 36,120 4,244,310 343,422 164,804 36,562 4,225,491 I IV 

Table 8-10 (Continued) 

756,324 
9,113 

Adjusted Production Estimate Section (640 Acres) 

15,052 120,141 
11,231 6.515 

284,804 66,128 129,458 
111,341 24,408 475.488 15,356 168,115 14.648 281,919 

1,580,826 132.4'40 8,851,200 299,788 1,784,199 118,245 8,052,090 

164,169 36,720 4,244,310 85,856 41.201 36,562 4,225,495 

- --- 
193,568 13,516,998 559,'Ill 2,250,829 12,565,558 

Taken from: R. W .  Foster, 191'1 



Formation 

Ramsey 

Delaware 
Group 

Bone s p r i n g  

Wolf camp 

Pennsylvanian 

Miss i s s ipp ian  

S i l u r i a n /  
Devonian 

Ordovician 

T o t a l  

Tab le  8-11 

I N  PWLCE HYDROCARBON RESOURCES AT WIPP SITE* 

Zone ItII+III Zone I V  

Nat. G a s  Nat. Gas 
O i l  (C.F.) D i s t .  O i l  (C.P.) D i s t .  

( b b l s )  (X  10 ) ( b b l s )  ( b b l s )  (x l o 9 )  ( b b l s )  9 

6.0 x lo6 9.6 8.0 x 106 12.8 

3.3 105 0.1 4 . 4  x 105 0.2 

1.9 x 106 3.6 2.5 x l o 6  4.8 

2.0 105 8.2 3.1 105 2.6 105 10.9 4.0 x lo5 

3.4 x 106 132.9 1 .7  x lo6 4.5 x l o 6  176.3 2.2 x 106 

T o t a l  

Nat. Gas 
O i l  (C.P.) D i e t .  

l b b l s )  (x l o 9 )  (bb la )  

14.0 x l o 6  22.4 

7.7 x 105 0.3 

4 . 4  x 106 8.4 

4.6 x 105 19.1 7.1 x 105 

7 .9  x lo6 309.2 3.9 Y 106 

4.4 x 106 56.1 4.7 105 5.8 x 106 74.5 6.3 x l o 5  10.2 x lo6 130.6 1.1 x 106 

16.2 x l o6  210.5 2.5 x l o6  21.5 x l o 6  279.5 3.2 x l o 6  37.7 x lo6 490.0 5 .1  x l o 6  

* Based on Ad jus t ed  Product ion Est imate  per  S e c t i o n  (640 a c r e s ) ,  Acreage method, Table  8-10. 
WIPP si te m n t a i n s  29.6 squa re  miles or s e c t i o n s .  



Well 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
1 4  
15 
16  
17 
18 
19  
20 

TABLE 8-12 
ESTIMATE OF ECONOMIC HYDROCARBON RESOURCES AT WIPP SITE 

Natural Gas (BCF) 
Zone I, 11, I11 

Proven P r o b a b l e  P o s s i b l e  

--- 10.45 13.02 

T o t a l  23.47 

P l u s  D i s t i l l a t e  350,900 BBJS 

Reference:  Keesey, 1976. 

Natural Gas (BCF) 
zone IV 

Proven Probable  P o s s i b l e  

4.14 7.91 1.33 

T o t a l  13.38 

P l u s  D i s t i l l a t e  200,000 BBJS 

Natural GAS (BCF) 
Total  

Proven P r o b a b l e  P o s s i b l e  

4.14 18.36 14.35 

T o t a l  36.85 

P l u s  Dis t i l l a te  550,960 BBLS 



TABLE 8-13 
SUMMRRY OF IN-PLACE AND ECONOMIC HYDROCARBON RESOURCES AT THE WIPP 

IN PLACE RESOURCES 
(NMBM STUDY) 

MXlNOMIC RESOURCES 
(SW&A STUDY) 

Zone I , I I , I I I  zone IV Total Zone I , I I , I I I  Zone IV Total 

Crude Oil 16.2 21.5 31.1 
~ O ~ B B I S  

Natural Gas 210.5 279.5 4 90 23.47 13.38 36.85 
~ O ~ C U F T  

Distillate 2.5 
1 0 % ~ ~  

3.2 5 .1  0.35 0.20 0.55 

I I 



GCR Chapter 9 

SPECIAL STUDIES 

9.1 INTmDUCTION 

The special s tud ie s  presented i n  Chapter 9 cover issues of particular 
i n t e r e s t  because the site is being charac te r ized  for  rad ioac t ive  waste 

i s o l a t i o n  ( the  WIPP). The €irst special study presented is t h a t  of 

determining the  thermophysical behavior of Southeastern New Mexico (SENM) 

rocks for mine design and the  effects of heat-producing wastes, i f  placed 

i n  the WIPP. The second special study is to determine t h e  site-specific 
so rp t ive  capacities of SENM r o c k s  for rad ionucl ides  flowing w i t h  SENM 

groundwaters. Charac te r iza t ion  of the so rp t ive  capacities of SENM rocks 

is required for sa fe ty  assessment ana lys i s  of hypothetical  fa i lure  

events ,  not  f o r  site se l ec t ion .  Both of these s t u d i e s  a r e  by no means 

complete and are continuing. The information presented here is an 
i nd ica t ion  of the  s t a t u s  of these s tud ie s  i n  midyear 1978. Tabulations 

of test da ta  are lef t  to the re ferences  and f u t u r e  r epor t s  on specific 

s u b j  ects . 
9.2 TEERMOPHYSICAL PROPERTIES 

9.2.1 In t roduct ion  

The thermophysical properties of New Mexico rock sal t  a r e  being 

inves t iga t ed  to support  the s t r u c t u r a l  mine design and to evaluate  t h e  

o v e r a l l  s t a b i l i t y  of bedded salt fo r  t he  WIPP. A goal of t h i s  program is 

to develop c o n s t i t u t i v e  r e l a t i o n s  which can be used i n  design and 

long-term s t a b i l i t y  c a l c u l a t i o n s ,  cormonly by f i n i t e  element analyses  

(Dawson and T i l l e r son ,  1977). Specific concerns a r e  t h e  s t a b i l i t y  of t h e  

f a c i l i t y  during i t s  l i fe ,  the  inf luence of ground motions on waste 

r e t r i e v a l  capabili t ies,  and the e f f e c t  of waste emplacement on the long 

term containment po ten t i a l .  The program was i n i t i a t e d  i n  1975. 

Rock salts are w e a k ,  a n e l a s t i c  geological  materials. They e x h i b i t  

nonlinear response under p r a c t i c a l l y  al l  loading condi t ions a t  
temperatures and pressures  normally encountered i n  mining. Since salt  
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can experience large strains prior t o  fa i lure ,  openings even a t  very - 
shallow depths have been known to completely close and heal (Baar, 1977). 

I n  long-established active mining d i s t r i c t s ,  careful i n  s i t u  observations 

and measurements have provided a basis for making reasonably re l iab le  

predictions of room deformation and f a i lu re  (Baar, 1977). Some of t h i s  

knowledge is applicable to the WIPP, although it cannot be d i rec t ly  

applied to the WIPP because the behavior of rock salt is dependent upon 

t h e  si te,  f a c i l i t y  design, temperature and time involved. The rock 

mechanics program considers the particular problems posed by the 

longevity of the WIPP and by the unusual combination of mechanical and 

thermal loading anticipated i n  the repository. 

Laboratory experiments ha% been severely c r i t i c i zed  by sane for not  

r e a l i s t i c a l l y  representing i n  s i t u  conditions, (Baar, 1977). However, 

laboratory'experiments on r o c k  salt  are  a useful s tep  i n  material 

characterization, t o  establ ish limits of behavior. Ultimately, 

laboratory and i n - s i t u  test data coupled w i t h  modeling should lead t o  

representative descriptions of material and s t ructural  behavior. As the  

W I P P  is developed, i n  s i t u  monitoring should enhance the va l id i ty  of 
laboratory and modeling resul ts .  

I 

The thermophysical behavior of r o c k  s a l t  bas been modeled through various 

approaches, (e-g., Bradshar and McClain, 1975; Fossm, 1977; Langer, 

1967; Mraz, 1978: St. John, 1978; Serata, 1966, 1968, 1970: Serata and 

Cundey, 1978; Thompson and Ripperger, 1964; Thons et al . ,  1973; Wahi e t  
al., 1978). A widely accepted model which can translate laboratory data 

in to  a prediction of i n  s i t u  salt behavior has not been developed. 

Three  broad areas were studied to ident i fy  the re la t ive  and site spec i f ic  

importance of various southeast NewMexico r o c k  salt thermphysical 

properties. These three areas of study c o n s i s t  of: 1) petrography 

relevant to physical and mechanical properties, 2 )  general physical 

properties (density, moisture content, r e s i s t i v i t y ,  etc.) , and 3) 

thermal-mechanical properties (quasi-static and creep parameters). 
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Petrographic  studies were conducted on minera logica l ly  charac te r ized  core 
from AEC 7, AEC 8 and ERDA 9 to i n v e s t i g a t e  s t r u c t u r a l  pe t rographic  

changes between natural and experimentally-deformed samples (Callender & 

Ingwell ,  1977). I d e n t i f i c a t i o n  of f a i l u r e  mechanisms .by petrographic 

analyses  w i l l  assist i n  s e l e c t i n g  models to descr ibe  rock behavior. 

1 

Physical  properties being measured for se l ec t ed  core include dens i ty ,  

m i s t u r e  content ,  poros i ty ,  permeabi l i ty ,  electrical r e s i s i t i v i t y ,  

u l t r a s o n i c  ve loc i ty ,  and thermal conduct ivi ty .  Addit ional  gas and b r ine  

permeabi l i ty  measurements are i n  progress a t  Sandia both on 
experimentally undef omed and def omed samples. 

The follawing mechanical properties are being measured: un iax ia l  

compressive s t rength ,  i n d i r e c t  ( B r a z i l i a n )  t e n s i l e  s t r eng th ,  

s t r e s s - s t r a i n  behavior and ultimate stress i n  quasi-static t r i ax ia l  

compression, elastic m o d u l i ,  p r i n c i p a l  s t r a i n  r a t i o s ,  elastic l i m i t  

("yield' stress), and creep rates. Additional tests address the e f f e c t s  

of specimen machining, specimen aging due to stress r e l i e f  during and 

after core r e t r i e v a l ,  and specimen size,  a l l  of which could l i m i t  the  

f i e l d  a p p l i c a b i l i t y  of laboratory-determined r e s u l t s .  The inf luence of 

sample s i ze  may be partially in fe r r ed  from published da ta  (e.g., ci 
Uhlenbecker, 1968; Dreyer, 1972; Szeki, 1978). $j &f&Y 

,.,.I J C  \." I.) . .J,/ ".. .,-" 
The data base for physical  and thermal properties determined from core 

frm the WIPP study area is s t i l l  being compiled, and tests are 

continuing. Moreover, most of the  r e s u l t s  ob ta ined  to date p e r t a i n  t o  
r o c k  salt  alone, as opposed to o ther  members of the s t r a t i g r a p h i c  column 

above and belar the proposed repository horizons. 

9.2.2 Petrography 

Approximately 35 samples of experimentally undeformed and deformed sal t  

were macroscopically and microscopical ly  examined for mineralogy, fabric, 

and induced s t r u c t u r e  by J.F. Callender and T. Ingwell of the Universi ty  

of New Mexico (1977). Mineralogy of r o c k  salt from southeast New Mexico 

has been described i n  d e t a i l  i n  Chapter 7. - 
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Between t h e  depths  of 1,000 and 2,000 f e e t ,  t he  samples are predominantly - 
ha l i t e  (NaC1) (range 47-98 percent)  w i t h  lesser amounts of anhydr i te  

(CaS04) (range 0-15 percen t ) ,  po lyha l i t e  (K2MgCa2(S0 ) 2H20) 

(range 0-18 percent ) ,  and Clay and s i l t  (range 0-44 pe rcen t ) .  Halite is 

usua l ly  present  i n  the  core, except i n  samples from anhydr i te  layers and 

po lyha l i t e  seams. Anhydrite, c lay  and si l t  are genera l ly  p re sen t ,  w h i l e  

polyhalite occurs  less commonly. Deta i led  s t r a t ig raphy  of t h e  WIPP study 

area is presented i n  the EIlDA 9 corehole l i t h o l o g i c  log, Figure  4.3.3.b. 

4 4 '  

Fabric I n  general ,  the undeformed rock s a l t  specimens do not show 

well-developed l i n e a r  or planar  f a b r i c s ,  aside from uncommonly-observed 

bedding. Locally,  however, halite c r y s t a l s  show a f a i n t  to strong 

elongat ion,  probably due to readjustment to lo& stresses. Cer t a in  

f a b r i c  features within the cores may presumably have important local 
e f f e c t s  on sa l t  deformation. These f e a t u r e s  include bubble t ra ins ,  
hopper c r y s t a l s ,  cleavage, g l i d e  planes,  g r a i n  boundaries, and c l a y  zones 

(Callender and Ingwell, 1977). 

Bubble traiffi are comnonly aligned along. cleaveage traces or g r a i n  

boundaries i n  halite. The bubbles genera l ly  contain f l u i d ,  although SOme 

may also be gas or p a r t i a l l y  s o l i d - f i l l e d  (see sec t ion  7.6). 

i n  experimental ly  deformed cores l o c a l l y  fol lows the bubble t ra ins ,  and 

they are l i k e l y  the s i te  of mall-scale structural  weaknesses wi th in  

halite. Once s u c h  fractures heal, the zones they followed b-e 

s t ronger  than before  ( sec t ion  7.6) Hopper c r y s t a l s ,  gene ra l ly  f i l led 

wi th  c l ay ,  also tend to grow and be al igned along ha l i te  cleavage 

planes.  I n  a number of samples, small-scale f r ac tu r ing ,  induced by 

sample prepara t ion  or by disturbance during the coring opera t ion  i n  t h e  

f i e l d ,  is associated w i t h  zones of hopper c r y s t a l s .  

Frac tur ing  

Cleavage, and f r a c t u r e  r e l a t e d  to cleavage, is observed i n  halite. I n  

euhedral,  gene ra l ly  r e c r y s t a l l i z e d ,  halite, the cleavage d i r e c t i o n  and 

g r a i n  boundary are coincident .  I n  these cases ,  deformation along t r ends  

parallel to g r a i n  boundaries should c e r t a i n l y  be f a c i l i t a t e d .  Similar  

r e l a t i o n s ,  though less m m o n ,  ex is t  i n  subhedral halite. Trans l a t ion  - 
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glide i n  halite is an important d i s l o c a t i o n  mechanism and has been 

described i n  the  literature (c.f . ,  Buerge, 1930; Clabaugh, 1962). Two 

g l i d e  planes,  (110) and (0011, have been recognized i n  both undeformed 

and deformed s a l t .  

c 

I n  suramary, a local concentrat ion of discrete f a b r i c  elements (e.g., 

hopper c r y s t a l s ,  bubble t r a i n s )  may be as s t a t i s t i c a l l y  s i g n i f i c a n t  as 

planar or l i n e a r  elements (such as bedding, cleavage alignment, or 
elongat ion)  f o r  the s t r u c t u r a l  eva lua t ion  of the core, and local zones i n  

deformed sa l t  may play an important role i n  e s t ab l i sh ing  f r a c t u r e  

pa t t e rns .  

Frac ture .  Analyses of f r a c t u r e  p a t t e r n s  i n  s a l t  to date have been 

canpl ica ted  by induced f r a c t u r e  during sample prepara t ion  and the f i e l d  

coring procedures used to ob ta in  samples. The recogni t ion of these 

induced f r a c t u r e s  is genera l ly  f a i r l y  s t ra ightforward;  however, the 

p e r s i s t e n t  ques t ion  of local induced fracture arises during d e t a i l e d  ' 

- s t u d y ,  and is a problem which cannot be e a s i l y  resolved. For tuna te ly  f o r  

the petrographer, many f r a c t u r e s  are f i l l e d  wi th  c lay,  anhydri te ,  and 

polyhal i te ;  these f i l l e d  f r a c t u r e s  g ive  m e  i n s i g h t  i n t o  p a t t e r n s  i n  . 

material before labora tory  t e s t i n g  s ince  they are c l e a r l y  not a result of 

sample handling. 

In general ,  fracture i n  undeformed salt core is r e l a t i v e l y  minor and is 

commonly associated w i t h  cleavage or g r a i n  boundary adjustments. I t  

appears that fractures may have remained open a t  SOme stages of 

d iagenes is  for a s u f f i c i e n t l y  long period of time to be f i l l e d  by su l fa te  

or other solutions.  A few unusual f r a c t u r e  geometries have been noted: 

en echelon fractures, gene ra l ly  w i t h  their major trend parallel to  

cleavage; c i r c u l a r  f r a c t u r e s  munuonly around hopper c r y s t a l s ;  f r a c t u r e  

r e f r a c t i o n  across g r a i n  boundaries: jog and kink f r ac tu res ;  and f r a c t u r e  

and local extension along glide planes.  The number of f r a c t u r e s  observed 

i n  the labora tory  r e s u l t i n g  f r a n  r e l i e f  of the i n  s i t u  confining stresses 

is unknown. Clay, anhydri te ,  and p l y h a l i t e  have apparent ly  flowed i n  

some undeformed samples. Perhaps the best evidence for t h i s  s ta tement  is - 



















































































































































GCR CEAPTER 10 

CONTINUING STUDIES 

10.1 INTRODUCTION 

Continuing s t u d i e s  for the WIPP p r imar i ly  encompass those geological  

processes that need to  be understood i n  order  to  more q u a n t i t a t i v e l y  

a s ses s  the s a f e t y  of convert ing t h e  WIPP to a repository. The processes 

of importance a r e  t ec ton ic ,  geochemical, hydrologic, and climatic. The 

s t u d i e s  ind ica ted  wi th in  t h i s  chapter genera l ly  relate to  these major 
processes. I n  addi t ion ,  a f e w  studies indica ted  i n  t h i s  chapter relate 
to  minor continuing efforts of site charac te r iza t ion .  This  chapter w i l l  

se rve  to enunerate issues which remain to be addressed r e l evan t  t o  t h e  

s a f e t y  of convert ing WIPP to  a repository. It is not intended here t h a t  

specific plans and schedules be presented. 

The organiza t ion  of Chapter 1 0  follows that of previous chapters. 

10.2 SITE SELECTION 

I n  l i n e  with the d i f f e r e n t i a t i o n  made i n  Chapter 2 between s i t e  
s e l e c t i o n ,  site cha rac t e r i za t ion ,  and site confirmation, the a c t i v i t i e s  

of site s e l e c t i o n  and s i te  cha rac t e r i za t ion  are near ly  cmplete. The 

confirmation of the WIPP site for a repos i tory  w i l l  n e c e s s i t a t e  the 

cont inuing s t u d i e s  ind ica ted  i n  Sec t ions  10.3 through 10.9. 

10.3 REGIONAL GEOLOGY 

Continuing s t u d i e s  of the regional  geology focus mainly on t h e  processes 
of t ec ton ic s  and c l imate  through s t u d i e s  of paleoclimates and var ious  

mani fes ta t ions  of p a s t  t ec ton ic  a c t i v i t y .  
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10.3.1 Paleoclimatology 

The purpose of paleoclimatic s tudies  i n  southeastern N e w  Mexico is t o  
develop the local timing and magnitude of past  climatic changes and the i r  

re la t ion  to observed geology t o  help assess the possible e f f ec t s  of 

future changes on a repository. 

The primary method of paleoclimatic study is to examine Cores of 

Pleistocene or Recent sediments for fauna and flora which are indicative 

of past climatic conditions. I n  addition, organic matter or ash f a l l s  

may, if sui table ,  be dated r ad ime t r i ca l ly  to provide time Control. 

Studies of paleoclimate are underway w i t h  preliminary analysis of core 
taken  i n  San Simon Sink from borehole WIPP 15. Fauna and f l o r a  are being 

separated from the sediment for paleontological analyses, and su i tab le  

organic material is being separated for radiocarbon analysis. These 

s tudies  of the  San Simon material w i l l  be completed i n  1979 to  yield an 

i n i t i a l  p rof i le  of climatic changes. Further coring i n  other locations 

may be undertaken a t  t h a t  t i m e ,  i f  necessary, to  supplement t h e  record. 

The f i n a l  stage of t h i s  study w i l l  be t o  integrate  the local climatic, 

changes in to  the information about regional climates and to determine the  

relationship between climatic changes and related processes such as 
subsurface salt dissolution and resul tant  subsidence (see Sec t ion  10.6). 

10.3.2 Reg ional Tectonic Studies 

The purpose of various s tudies  of regional tectonics is to assess the 

long-term ef fec ts  of tectonic  forces on a repository. 

Several studies together contribute t o  information about  regional 

tectonics and include the  seismological studies discussed i n  Section 10.5- 

LANDSAT. A preliminary examination of LANDSAT photos has been completed 

and is reported i n  Chapter 3. ,Tn addition, the  WIPP si te and surrounding 

regions w i l l  be reexamined i n  1979 w i t h  more sophisticated image 
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- enhancement to determine the presence and loca t ion  of more s u b t l e  

l ineaments.  Field eva lua t ion  of the i n t e r p r e t a t i o n s  w i l l  be undertaken 

as required.  

Leveling Surveys. Releveling of sane e x i s t i n g  f i r s t -o rde r  v e r t i c a l  

con t ro l  l i n e s  was carried o u t  i n  1977, and about  300 lan of new l i n e s  were 

es tab l i shed .  These new l i n e s ,  sane of which t r ave r se  Nash D r a w  and the  

W I P P  site, w i l l  be pe r iod ica l ly  re leve led  to  e s t a b l i s h  a da ta  base f o r  

separa t ing  regional  t ec ton ic  effects f r a n  local effects perhaps due to 

d i s so lu t ion  (see Sec t ion  10.6). 

West Texas S a l t  F l a t s  Graben. Releveling and seismology s t u d i e s  i n d i c a t e  

a c t i v e  t ec ton ic  displacement on t h e  w e s t  Texas s a l t  f l a t s  graben. 

Seismic r e f l e c t i o n  records w i l l  be' examined and test coring conducted i n  

1979 t o  determine i f  t h e  sediments w i l l  y i e l d  a record of t e c t o n i c  

dis turbance that w i l l  con t r ibu te  to information a b o u t  the tectonic forces 

l i k e l y  to affect a repos i tory  located i n  the D e l a w a r e  Basin. 
".... 

10.4 SITE GEOLOGY 

The plrpose of continuing s t u d i e s  of site geology are t o  r e f i n e  the  data 

base for assessment of the  s a f e t y  of a repos i tory  there, and to  

e o n t r i b u t e  sane addi t iona l  de ta i l s  of s i t e  charac te r iza t ion .  The methods 

and s t u d i e s  as such are q u i t e  varied. 

10.4.1 Geologic Mappinq 

Geologic mapping cont inues on t h e  WIPP si te and i n  the  area, p a r t i c u l a r l y  

under a study of the s t a b i l i t y  of t h e  WIPP si te.  This s tudy,  baing 

conducted by the USGS, i s  concerned w i t h  mapping ca l i che  and related 

sediments to provide more conclusive data on the  l eng th  of time t h e  area 
has been s t a b l e ,  and t h e  rates a t  which areas around the s i t e  have been 

d is turbed .  
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10.4.2 Aeramagnetic Survey 

A very high resolution aeromagnetic survey w i l l  be i n i t i a t e d  during FY79 

t o  examine the WIPP s i t e  and several special features.  The survey of t h e  

si te w i l l  primarily be to determine i f  any d ikes  have intruded t h e  

evaporites a t  t h e  s i t e  since dikes might form a pathway for f l u i d . f l o w .  
Several of the domal features mentioned i n  Chapters 3, 4, and 6, two of 
which are considered t o  be breccia pipes, w i l l  be examined to  determine 

if a magnetic signature i s  associated w i t h  disturbance of the magnetic 

red beds. The tool ,  if proven applicable, might then be used fo r  

prospecting t o  support continuing s t u d i e s  of breccia pipes as indicated 

The purpose of continuing seismological s tudies  is t o  provide data for 
f a c i l i t y  design and to  expand the data base contributing to an 
understanding of tectonic processes affecting a repository i n  the 

Delaware Basin. Seismological studies are supported by arrays of 
s ta t ions  near points of interest. 

10.5.1 Near-Site Activity 

The c a r e f u l  characterization of near-site background ac t iv i ty ,  a s  

indicated i n  Chapter 5, is the dominant seismic i s s u e  affect ing the WIPP 

site. Station CLN has been operating near the si te s i n c e  1974, and 

continues t o  operate. It is planned to  augment t h i s  s t a t ion  so that a t  

least three s ta t ions  w i l l  be operating a t  the site to better define 

near-site seismicity. 

10.5.2 C e n t r a l  Basin Platform 

An array of s ta t ions has been operating near K e r m i t ,  Texas, since 1976 t o  

evaluate the seismic ac t iv i ty  on the  Central Basin Platform and to 

explore the relationship,  if any, between t h i s  ac t iv i ty  and the massive 
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f l u i d  i n j e c t i o n  f o r  secondary oi l  recovery opera t ions  occurr ing  i n  t h a t  

area. This a r r a y  w i l l  cont inue to operate both f o r  t h i s  purpose and 

because the assessment of seismic a c t i v i t y  a t  the WIPP s i t e  may p a r t l y  

depend on an understanding of the r e l a t i o n s h i p  between f l u i d  i n j e c t i o n  
and se i smic  a c t i v i t y  should i n j e c t i o n  occur i n  o i l  fields near the  si te.  

10.6 COKTINUING STUDIES I N  EYDROXXY 

10.6.1 In t roduct ion  

Hydrology i s  a major considerat ion when examining the  f e a s i b i l i t y  f o r  
l oca t ing  a nuclear waste d isposa l  site. Two factors are d i r e c t l y  r e l a t e d  

t o  hydrology: (1) t h e  geologic s t a b i l i t y  of the formation i n  which the  

w a s t e  products w i l l  be stored, and (2 )  the occurrence of water as a 

t r anspor t  m e d i u m  for radionuclides.  Unsaturated waters migrat ing along 

the su r faces  of the salt beds w i l l  dissolve salt: therefore, an  

examination of magnitude and d i r e c t i o n  of f l u i d  f low and f l u i d  chemistry 

i n  formations abve  and below the salt is necessary. Addit ional ly ,  the  

d i r e c t i o n  and rate of f l u i d  movement both above and b e l o w  the s to rage  

horizon sbould be evaluated to predict the movement of rad ionucl ides  

should they be acc iden ta l ly  discharged i n t o  the aquifers .  

1 

10.6.2 Purpose of Hydrologic Tes t inq  

Two hydrology-related ques t ions  are to  be answered i n  eva lua t ing  t h e  

s u i t a b i l i t y  of the proposed WIPP site. 

1. What is the  geologic s t a b i l i t y  of the Salado Formation? 

2. Should the primary containment b a r r i e r  ( t he  salt) f a i l  or a n  
accident  occur, w h e r e  and how rap id ly  w i l l  radionucl ides  be 

t ransported by groundwater? 

Three factors need t o  be inves t iga ted  to  examine the i n t e g r i t y  of the 

Salado wi th in  the site: (1) t h e  Rustler-Salado contac t  is to be examined 
- 
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geophysically and petrologically w i t h i n  the WIPP area to determine if 

dissolution is presently occurring,. (2) the  dissolution front  (as defined 

by the edge of the shallow dissolution zone i n  the Nash Draw) needs to be 

located more precisely, (3) the estimated r a t e  of dissolution is t o  be 

refined . 

The hydraulic gradients and ra tes  of f lu id  movement i n  the series of 
f lu id  bearing zones tha t  over l ie  the  Salado require further def ini t ion.  

Es t imates  of concentrations of aqueous species (and when and where they 

might appear) may then be refined for  specif ic  safety-assessment modeling 

scenarios describing radionuclide escape i n t o  these groundwater systems 

and migration out of the area. I n  addition, formations which do not 

presently contain water but exhib i t  sane degree of permeability a re  to be 

tested t o  see w h a t  rates of movement would be, should they contain water 

or other f l u i d s  at sane l a t e r  time. 

10.6.3 Direction and Rate of Fluid Migration - 
If radionuclides were to reach f l u i d  bearing zones i n  t h e  Rus t le r ,  they 

would be transported away f ran  t h e  s i t e  by the groundwater system.' TO 

evaluate the impact of such an accident on the surrounding area, 
hydraulic gradients and hydraulic conductivities of f l u i d  bearing zones 

Overlying the salt beds w i l l  be determined or modified. Data for these 

determinations w i l l  be acquired by pumping tests on hydrologic t e s t  holes 

or measurements of the recovery t i m e  of f l u id  l e v e l s  i n  bailed holes. 

Tracer t e s t s  w i l l  be conducted where they may contribute useful 

information. 

A series of hydrologic tests is planned i n  holes placed near the 

periphery of t h e  proposed land withdrawal area. After additional tes t ing  

of SOme existing holes, control p i n t s  for the ptent ianetr ic  surfaces 

and for hydraulic conductivities w i l l  have been established for the 

periphery w i t h  a spacing of 2 t o  3 miles. These data w i l l  allow 
construction of more detailed po ten t ime t r i c  surface maps for  the si te 

area. The p t e n t i a n e t r i c  contours w i l l  be meshed w i t h  the results f ran 
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t h e  Nash Draw program to t h e  w e s t .  Consequently, the p o t e n t i m e t r i c  

su r face  and hydraul ic  conduct ivi ty  data required for modeling e f f o r t s  of 

long-term s a f e t y  assessment w i l l  be obtained for an area extending from 
the nor theas t  part of the s tudy area to  Malaga Bend on the Pecos River 

(an area of about 200 s q u a r e  miles). 

The borehole plugging program requi res  data f rm both l abora to ry  and & 
s i t u  permeabi l i ty  measurements. These permeabi l i ty  measurements, both i n  

the evapor i tes  and i n  aqui fe rs ,  w i l l  provide add i t iona l  da t a  for the 

sa fe ty  assessment work. 

- 

10.6.4 Dewey Lake  Redbeds 

The Rus t le r  Formation and the shallaw d i s s o l u t i o n  zone i n  Nash D r a w  have 

demanded the a t t e n t i o n  of t h i s  program because they are fluid-bearing. 

The Dewey Lake Redbeds are also of scme s ign i f i cance  s i n c e  f l u i d s  are 
p resen t  i n  sandstone lenses .  Although t h e  redbeds are on ly  locally 

saturated, two p o s s i b i l i t i e s  e x i s t  for addi t iona l  water to enter  the 

formation: a climatic change to a high r a i n f a l l  period, or migration of 

f l u i d s  from below i n t o  the redbeds. 

i.,; 

Tes t s  i n  t w o  types of holes are being considered: e x i s t i n g  holes, and a t  

least one new hole s p e c i f i c a l l y  designed f o r  Dewey Lake t e s t ing .  

cas ing  i n  e x i s t i n g  holes w i l l  be per fora ted  opposite permeable zones as 
i d e n t i f i e d  f rm analyses of logging and d r i l l i n g  records.  

The 

The s tandard hydrologic t e s t i n g  procedures w i l l  allow calculation of the 

t r ansmiss iv i ty  of f l u i d  bearing strata i n  the Dewey Lake  Redbeds or other  

permeable zones that  might be expected to  conta in  f l u i d s  at sane f u t u r e  

time. 

10.6.5 Long-Term Monitoring 

The peripheral hydrologic test holes, which now include four  potash 

holes, w i l l  be configured for long-term monitoring. Th i s  long-term 
A 
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monitoring may show w h a t  changes are taking place i n  the hydraulic 

gradients which i n  turn may indicate increased or decreased flow, and 

variations i n  rates of recharge or discharge. Moreover, depending on the 

extent of the monitoring system, a warning network for information on 

f lu id  threats  t o  t h e  in tegr i ty  of t h e  repository is obtained. 

The  Dewey L a k e  Redbed hole(s) can be monitored t o  detect f l u i d  movement 

that may not be present except during high precipi ta t ion cycles of long 

or short duration. 

The test holes d r i l l ed  i n  Nash Draw would be monitored to detect  changes 

i n  the hydrologic regime along t h e  Rustler-Saladp contact. Because the 

Culebra is the main producer of water west and sou th  o f ' t h e  WIPP area, i t  

is desirable to monitor t h i s  fluid-bearing s t r a t a  to determine its 

relat ionship w i t h  the sha l low dissolution zone and t o  provide additional 

data for  modeling the safe ty  assessment modeling scenarios. 

- 
10.6.6 Surface Hydrology 

Surface hydrology m u s t  be examined climatologically w i t h  the aid of 

surface mapping. 
of storms (par t icular ly  high intensi ty ,  24 hour, 50 and 100 year 

recurring storms) are available. Th i s  information, in  conjunction w i t h  

surface mapping (from aerial photographs, topographic maps, or both) of 

contributory drainage w i l l  provide the basis  to estimate amounts of 

runoff and amounts of i n f i l t r a t i o n  i n  the study area. Because of the 

high evapotranspiration and the caliche layer below s u r f i c i a l  sands, 

i n f i l t r a t i o n  estimates are expected t o  be only a s m a l l  portion of the 

calculated recharge. 

Records of annual r a in fa l l  and intensi ty  and duration 

Photogrammetric and f i e l d  mapping is planned t o  locate and describe 
springs which may i s s u e  from the Dewey Lake Redbeds or the  shallow 

dissolution zone. Several springs are suspected t o  be located w e s t  of 

the site, and discharge measurements could aid i n  the ident i f ica t ion  of 

the formations from which they issue. Geochemical monitoring of many 
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such spr ings ,  including the Malaga Bend seeps and the Pecos River salt 

load ,  w i l l  add to  t h i s  o v e r a l l  understanding of hydrologic system 

dynamics. 

.--. 

10.6.7 Overview of Deep Hydrologic Testing 

Three o b j e c t i v e s  f o r  deep aqui fe r  t e s t i n g  to  complement t h e  site-specific 

shallow aquifer  i nves t iga t ions  i n  the WIPP study area are: 

(1) To o b t a i n  s t a t i c  bottomhole pressure  measurements i n  the deep 

aquifer zones, for the  refinement of previous es t imates  of local 

p o t e n t i a n e t r i c  su r faces ,  hydraulic g rad ien t s ,  and hydraul ic  

conduc t iv i t i e s .  

( 2 )  To determine the  bounds of the formational  reservoirs. 

(3) To o b t a i n  f l u i d  samples for geochemical analyses.  
.- 

Three w e l l s  s u i t a b l e  for hydrologic t e s t i n g  (Badger, Cabin-Baby, 

Cotton-Baby) are loca ted  within the  s i te  area. Each wel l  w i l l  have t o  be 

r e e n t e r e d  and plugged, i n  accordance w i t h  methods now 'under s tudy,  or 

maintained as monitoring wells. Deep hydrologic da ta  w i l l  be developed 

from these w e l l  to  ob ta in  site-specific information on the Delaware 

zones. Tes t ing  outside the s tudy area involves  two add i t iona l  wells (AEC 

No. 8 and ERDA No. 6 ) .  
/.z.s{ 

I :  ' ,.~,, 10.6.8 Long-Term Monitoring of Deep Wells . .  
(;\ /'v. .: . '; ; ;i i i - h  .:. I 

.. : '.* ;-.;.;'-,x! i y17,".: 
-* A number of w e l l s  c o u l d  be equipped for long-term monitoring of the  

Delaware zone to  s h o w  what changes, i f  any, are tak ing  place i n  the 

hydraul ic  g rad ien t ,  which i n  t u r n  i n d i c a t e  f l u i d  movement i n  the 

r e se rvo i r .  Periodic f l u i d  samples can be obtained to i d e n t i f y  increased 

flow or chemical changes i n  the ground water system. 
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10.6.9 Continuing S tud ie s  i n  S a l t  Disso lu t ion  and Overburden Subsidence - 
Program Objectives.  The program of inves t iga t ion  of d i s s o l u t i o n  and 

subsidence has four  fundamental purposes, and one special-case 
consideration: 

1. To correlate surficial collapse features and deposits w i t h  

subsurface d i s so lu t ion ,  i n  order  to develop criteria f o r  an 

evolut ionary pa t t e rn  of collapse. 

2. To characterize subsurface d i s so lu t ion  products ad jacent  t o  t h e  

WIPP site. 

3. To determine the  behaviour of f l u i d s  i n  d i s so lu t ion  products 

adjacent  to  the WIPP site. 

4. To analyze p o t e n t i a l  impacts of evolut ion of d i s so lu t ion  

products a t  and near the  WIPP site w i t h  respect t o  repository 

breachment and radionucl ide transport. 

The speclal case is to determine t h e  nature  of subsidence over mines i n  
sa l t ,  and its e f f e c t s  on the overlying groundwater system. 

An e l abora t ion  of these purposes follars. 

Nash D r a w  Inves t iga t ions .  Nash Draw is bel ieved to  have o r ig ina t ed  by 

sane cambination of su r face  erosion and subsidence following subsurface 

d i s so lu t ion .  If the process of formation is overwhelmingly e ros ion ,  then 

the p o t e n t i a l  for removal of overburden a t  t h e  WIPP site is probably 

about the same as it has been i n  Nash Draw. If, however, t he  process is 

overwhelmingly d i s so lu t ion  of salt and subsequent Collapse of the  

overburden, the p o t e n t i a l  extension of Nash D r a w  toward the  WIPP by 

d i s s o l u t i o n  w i l l  be more q u a n t i t a t i v e l y  described. A t  p resent ,  there 1s 
no conclusive way of def ining an instantaneous rate of growth of Nash 

D r a w  toward the WIPP site;  therefore, t h e  only  a l t e r n a t i v e  is t o  
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understand the processes which have resulted i n  Nash Draw, and 

incorporate the i r  implications in to  the mathematical modeling e f f o r t s  

directed toward safety assessment involving the WIPP site i n  general, and 

radionuclide escape and migration i n  particular.  

F i r s t ,  the  Nash Draw program is a se r i e s  of core holes, which w i l l  be 

geophysically logged. T h i s  operation w i l l  obtain data t o  serve three 
purposes: 1) reveal t h e  subsurface of Nash Draw stratigraphy a t  

carefu l ly  chosen points, 2 )  reveal the  relationships between the 

subsurface s t ructure  and surface features and deposits, 3) reveal how 

much halite and anhydrite (or gypsm) has been removed by dissolution. 

Second, t h e  Nash Draw program is a source of geologic material  for 

petrographic and geochemical examination.. Fxamination of t h i n  sections 

of recovered rock w i l l  allow the mineralogy of dissolution products t o  be 

determined, i.e. ident i f icat ion of w h a t  w a s  dissolved and w h a t  remains. 

Mineralogy and textures of dissolution residues and.cemented collapse 

f i l l  can then be compared w i t h  those of dissolution features  sampled i n  

other programs, such as the one to  investigate t h e  cemented rubble 

chimneys (often called "kars t ic  d o m a l  features" or "breccia pipes"). 

Geochemical analyses of core materials for trace consti tuents w i l l  reveal 

their degree of interaction w i t h  groundwaters, and possibly an age of 

formation. Also, permeabilities to f lu ids  can be obtained f r m  cores. 

~- 

~. 

Third, t h e  Nash Draw core holes w i l l  become a se r i e s  of hydrology t e s t  

holes. The brine flow underlying Nash Draw has been a t t r ibu ted  

responsibi l i ty  fo r  much of the dissolution and collapse observed today. 
The safety assessment scenarios for radionuclide escape and migration 

involve movement from WIPP in to  Rustler Formation waters i n t o  the shallow 

dissolution zone and out a t  Malaga bend on the Pecos River. It behooves 

us t o  understand the hydrologic relationships between the Shallow 

dissolution zone and the R u s t l e r  water-bearing rocks i n  Nash Draw i n  

order t o  verify that models of radionuclide transport are representative 

of the physical system. 
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1 Cemented Rubble Chimney Inves t iga t ions .  One of t h e  "kars t ic  danal  

f ea tu re s"  descr ibed by J. D. Vine ( ca l l ed  H i l l  "C') was encountered a t  

the  l e v e l  of t h e  McNut t  potash zone by Mississippi Chemical Corporation. 

I t  w a s  found to be a chimney i n  the Salado Formation f i l l e d  w i t h  

clay-cemented brecc ia ted  r o c k  belonging to  s t r a t a  above t h e  M d i U t t .  

S imi l a r ly  a breccia-filled chimney w a s  encountered i n  d r i l l i n g  near a 

c i r c u l a r  h i l l  near t h e  Wills-Weaver Mine. There are nmerOU5 other 

erosion-breached domes such as Vine 's  H i l l  "C" i n  the  v i c i n i t y  of Nash 

Draw: t h e  subsurface expression of them, if any, is v i r t u a l l y  unknown. 

I t  i s  des i r ab le  that a hole be d r i l l e d  to  a depth a t  which no more 

brecc ia ted  r o c k  is found. Hydrologic observat ion ( including water 
sampling and s t a t i c  water-level measurements) i n  f luid-bear ing zones of 

t h e  s t r u c t u r e  itself and i n  "bedrock" and i n  nearby rocks w i l l  help t o  

determine t h e  degree of hydraul ic  connection of the s t r u c t u r e  w i t h  

a q u i f e r s  of regional  ex ten t .  '.. 
Petrographic  analyses  of recovered core w i l l  allow uanparisons to be made 

w i t h  d i s so lu t ion  products recovered from Nash  D r a w  i nves t iga t ions ,  

descr ibed previously.  

analyses  for the 'de te rmina t ion  of rock-water i n t e r a c t i o n  h i s t o r y  and 

age. S imi la r ly ,  f l u i d  analyses w i l l  provide an ind ica t ion  of how the 

f l u i d s  have i n t e r a c t e d  w i t h  t h e i r  host r o c k s ,  helping to determine t h e  

processes a t  work i n  such s t ruc tu res .  

- 
Such material also l ends  itself to geochemical 

S ince  modeling of radionucl ide escape and migration must take i n t o  

account f l u i d  movement, cemented rubble chimneys should be evaluated fo r  

t he i r  p o t e n t i a l  as paths f o r  such movement. They should also be 
evaluated as members of the evolut ionary p a t t e r n  of d i s so lu t ion  and 

collapse f e a t u r e s ,  and might be gene r i ca l ly  related t o  the developaent of 
Nash Draw.  Consequently, it is desirable to measure i n  s i t u  t h e  

permeabi l i ty  of t h e  s t ruc tu re .  I n  addi t ion ,  the hydrologic r e l a t ionsh ips  

between the chimney and surrounding rocks should be understood i n  order 

t o  formulate a complete hydrologic model for r i s k  assessment. 
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.̂ Mine Subsidence Inves t iga t ions .  The potash producers i n  southeas te rn  New 
Mexico m i n e  i n  two stages -- the  primary recovery which l eaves  rooms 

separated by l a rge  p i l l a r s ,  and t h e  secondary recovery i n  which they  may 

" rob  the p i l l a r s "  and u l t imate ly  remove a l m o s t  95% of the ore. 
Second-mining requires abandonnent almost immediately thereafter, because 

there is no longer a large enough l o c a l  p i l l a r  system to  hold up t h e  

roof. And so, the  roof slowly sags ,  and subsidence is propagated to  t h e  

s u r f  ace. 

While inves t iga t ions  of subsidence over mines do not bear d i r e c t l y  on t h e  

four program ob jec t ives ,  mining is c e r t a i n l y  a particular cause of 
subsidence and perhaps an i n d i r e c t  agent for i n i t i a t i n g  d i s so lu t ion .  If 

subsidence over a mine causes f r a c t u r i n g  of water bearing rocks above, 

l o c a l l y  increased permeabi l i ty  m i g h t  allow c i r c u l a t i o n  of groundwater to 

underlying evapor i tes  through the f r a c t u r e s  to s tar t  d i s so lu t ion .  

The  amount of subsidence and its p o t e n t i a l  for  enhancement of salt 

d i s so lu t ion  of t h e  Salado Formation over the  WIPP i f  the McNutt potash 

zone were to be mined is unknown. I f  t h i s  subsidence program were t o  
l e a d  t o  a s a t i s f a c t o r y  means to p r e d i c t  subsidence and its e f f e c t s ,  i n  

p a r t i c u l a r  d i sso lu t ion ing ,  the cont ro l  zone r e s t r i c t i o n s  c u r r e n t l y  
prescr ibed  around t h e  WIPP could possibly be relaxed. I t  is poss ib l e  

t h a t  minor subsidence w i l l  occur over the closed WIPP mine because i t  

w i l l  not be possible to  b a c k f i l l  t h e  repos i tory  to  the same packing 

- 

d e n s i t y  as o r ig ina l  r o c k .  Therefore, i t  is des i r ab le  t o  eva lua te  the  

effect of mining and subsequent subsidence on t h e  local groundwater 

system i n  the subsiding overburden. 

' 

. .  

10.6.10 Modeling of Regional Hydrology 

Hydrologic modeling has  one basic objec t ive ,  t o  s u p p o r t  r i s k  assessment 

w o r k  by descr ibing the  movement of f l u i d s  i n  t h i s  region i n  as much 

detail  as possible .  The movement of f l u i d s  affects the expected period 

of i n t e g r i t y  of the r epos i to ry  and the movement of rad ionucl ides  f r a n  t h e  

repos i tory .  To f u l f i l l  t h i s  ob jec t ive ,  the modeling emphasizes severa l  
- 
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- aspects. The f i r s t  aspect is i n t e r p r e t a t i o n  and exp l i ca t ion  of the da ta  

c o l l e c t e d  i n  f i e l d  programs designed to  de l inea te  t h e  regional  flaws. 

The second i s  to suggest where data are i n s u f f i c i e n t  and more f i e l d  or 

l abora tory  work is required. The t h i r d  aspect is t h e  s imula t ion  of 

experiments which cannot be performed i n  the field.  Two examples for 
simulations are: consequences of per turba t ions  to  regional  flow p a t t e r n s  

Caused by the exis tence  of a repository, and consequences of changes i n  

regional  flow p a t t e r n s  due to  a l t e r a t i o n s  i n  r a i n f a l l  p a t t e r n s  or due to  
man' s a c t i v i t i e s .  

The fou r th  aspect is predic t ion  of the movement and concentrat ions of 

radionucl ides  cons i s t en t  w i t h  f l u i d  movement determined i n  part by t h e  

release scenar ios  developed for WIPP. 

Implementation is based on the modif icat ion and use of c e r t a i n  2-D and 
3-D computer codes ava i l ab le  for hydrologic modeling. Code v e r i f i c a t i o n  

based on f i e l d  data a l ready  co l l ec t ed  is i n  process. Supporting 

l abora to ry  programs designed to provide parameters as absorpt ion 

c o e f f i c i e n t s ,  pe rmeab i l i t i e s ,  etc., are a l ready  underway. 

I 

10.7 CONTINUING STUDIES IN (;MxgEMISTRY 

10.7.1 In t roduct ion  

Deta i led  accounts of geochemical data reported i n  Chapter 7 have provided 

t h e  press ing  need of fundamental information f o r  (1) conceptual design of 

WIPP opera t iona l  facil i t ies,  and (2) formulat ion of site-specific process 
scenar ios  to  be used i n  the consequence safety assessment e f f o r t .  An 

eva lua t ion  of the a v a i l a b l e  data has shown that the completed s t u d i e s  are 

not e n t i r e l y  s u f f i c i e n t  to  support  WIPP experimental  programs. These 

programs include borehole plugging, labora tory  rock mechanics, in-mine 

rock mechanics, in-mine heater experiments, in-mine high-level waste 

emplacement experiments, labor,atory w a s t e - r o c k  i n t e r a c t i o n  experiments, 

radionucl ide transport through rocks, and waste encapsulat ion s tud ie s .  
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I n  addi t ion ,  t h e  long-term sa fe ty  assessment effort has lacked 

information about  geological  processes assoc ia ted  w i t h  sc-called 

"geological  anomalies" such as igneous dikes  and cemented rubble  chimneys. 

10.7.2 Mineralogy and Petrology 

The da ta  concerning assemblages of evapor i te  minera ls  i n  t h e  Salado 

Formation which were presented i n  Chapter 7 have addressed t h e  types  of 

minerals  found and their r e l a t i v e  ( q u a l i t a t i v e )  abundances. While t h i s  

has been useful i n  s e l e c t i o n  of candidate horizons for waste emplacement, 

i t  has been of l imi ted  u s e  to the q u a n t i t a t i v e  measurements of t h e r m a l  
and physical  p rope r t i e s  of evaporite r o c k s  (see Chapter 9 ) .  

I t  has been found that  a s m a l l  change i n  the q u a n t i t a t i v e  mineralogical  
proport ions i n  a rock sample has  a l a r g e  nowl inea r  e f f e c t  on thermal 

properties, for example. Chapter 7, together w i t h  its execut ive s m a r y  

i n  Chapter 1, has pointed o u t  t he  v a r i a b i l i t y  i n  the minera logica l  

composition of rocks i n  the Permian evapor i te  sec t ion .  
.- 

In  addi t ion ,  q u a n t i t a t i v e  mineralogy and petrology is required f o r  

developnent of materials to be used i n  the plugging of shafts and 
boreholes. The long-term thermodynamic s t a b i l i t y  of a grout plug,  for 

example, cannot be evaluated without an in t imate  knowledge of mineral  

phases i n  both grout  and rock, so that free energy ca l cu la t ions  can be 

made for degradation r eac t ions  which might occur between the two .  

Compatibi l i ty  of grout  w i t h  r o c k  and groundwater w i l l  be an e s s e n t i a l  

f ac to r  requi r ing  thorough eva lua t ion  t o  provide confidence i n  t h e  

long-term sea l ing  of boreholes and shaf t s  which pene t r a t e  fran su r face  to 

repos i tory  horizons. 

10.7.3 V o l a t i l e s  Charac te r iza t ion  

Chapters 7 and 9 have al luded to the v a r i a b i l i t y  i n  v o l a t i l e  content  of 

evapor i tes  and how the v a r i a t i o n  affects fundamental r o c k  properties. 

Chapter 7 has addressed the  v o l a t i l e  component i n  de ta i l  mostly i n  view 
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of mass loss experienced.by heated r o c k .  

ascribed t o  water alone. Indeed, Chapter 7 b r i e f l y  addressed t h e  

chemical species which were found i n  a f e w  s e l ec t ed  rock samples, and 

even so, considerable  va r i a t ion  w a s  observed. Experiments are planned t o  

simulate high-level-waste-canister heat i n  a potash mine, i n  order to 
quant ize  t h e  d e v o l a t i l i z a t i o n  products.  Unambiguous i n t e r p r e t a t i o n s  of 

t h e  experimental  results derived therefrom requ i re  an understanding of 
the v o l a t i l e  components na t ive  t o  the  rock before heating begins. 

Purthermore, t h e  i n t e r p r e t a t i o n s  also requi re  an understanding of the 

fundamental d i f f e rences  between potash ore zones and a c t u a l  r epos i to ry  

zones, s i n c e  the results of d e v o l a t i l i z a t i o n  i n  one w i l l  c e r t a i n l y  not be 

The e n t i r e  mass loss cannot be 

d i r e c t l y  app l i cab le  to  t h e  other w i t h o u t  taking i n t o  cons idera t ion  the  

n a t i v e  differences.  

10.7.4 Or ig ins  of Evaporite Assemblages 

I t  was pointed o u t  i n  Chapter 7 t h a t  many of t h e  evapor i te  mineral  
assemblages observed i n  the Permian s e c t i o n  cannot have precipitated fran 
a seawater-like so lu t ion .  Furthermore, t h e  thermodynamic properties Of 

sane minerals,  such as  the a l m o s t  ubiquitous po lyha l i t e ,  are v i r t u a l l y  

unknown. 
long regarded wholly as a product of r e c r y s t a l l i z a t i o n ,  commonly 

replacing anhydri te .  

S imi l a r ly  its mode of o r i g i n  is e n t i r e l y  unknown, and has been 

The present  assemblages not only con ta in  non-primary evapor i te  minerals ,  

b u t  also have a magnesium def ic iency  r e l a t i v e  t o  other evapor i t e s  i n  the 

world. The s ink  f o r  t h i s  magnesim presmably  lost  during 

r e c r y s t a l l i z a t i o n  has not been i d e n t i f i e d .  The observat ions of Chapter 7 

urge that  a thermodynamic understanding of the environments and processes 
of evapor i te  r e c r y s t a l l i z a t i o n  be sought. I n  t h i s  way the water loss 

that the evapor i tes  have experienced (during r e c r y s t a l l i z a t i o n )  can be 

est imated,  and confidence can be gained regarding what mineralogical  

changes ( i f  any) are l i k e l y  to  take place i n  response to  waste 

emplacement. 
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- 
The techniques used i n  deducing t h e  o r i g i n s  of evapor i t e  assemblages 

include chemical q u a n t i t a t i v e  analyses  of minerals,  pe t rographic  

paragenet ic  examination, and s t a b l e  isotope, rad io iso tope  and trace 
element analyses.  

10.7.5 Igneous D i k e  

I n  Chapter 4, there was mention of a northeast- t rending igneous dike 

in t rud ing  the evaporites on t h e  w e s t  side of Nash Draw west of t h e  WIPP 

study area. The cha rac t e r i za t ion  of the d i k e  w a s  based on t h e  Yeso B i l l s  

and Kerr-McGee mine occurrences,  together w i t h  an aercmagnetic survey. 

I n  order  to come to an understanding of the marginal effects (i.e., 

d ike-sa l t - f lu id  i n t e r a c t i o n s ) ,  t h e  following p u r s u i t s  are recommended: 

1. Col l ec t ion  and s tudy of addi t iona l  samples fran f a r t h e r  away 
frcm the Kerr-McGee dike  Occurrence. 

2. Determination of: 

a. K-Ar ages of the a l t e r a t i o n  micas i n  the dikes 

b. D r i l l i n g  angle holes w i t h  cor ing a t  appropr ia te  i n t e r v a l s ,  

t o  sample the d i k e  and the effects of the d i k e  upon the 

hos t  r o c k  system. 

The d ike  appears to be a na tu ra l  l abora tory  experiment involving 

high-temperature i n t e r a c t i o n s  among salts, groundwaters, and "al ien" 

mineralogies such as emplaced waste would also represent .  

10.7.6 Trace Elements and Age-Datinq 

A continued effort is des i r ab le  i n  age-dating and trace element s tud ie s ,  

i n  order to  support  i n v e s t i g a t i v e  efforts contemplated for t h e  sc-called 

.geologic anomalies." The a c t i v i t i e s  are, spec i f i ca l ly :  

1. Chemica l  and isotopic s tudy of exposed collapse s t r u c t u r e  i n  
underground workings Of Miss i ss ippi  Chemical Mine. 
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- a. If waters have percolated through t h i s  structure i n  very 

recent times then th i s  may be ref lected i n  oxygen isotopic  

study of grain coatings, etc. Rb-Sr s t u d i e s  of c lay 

minerals should give an indication of Rb, Sr and 

@'Sr/86Sr) red is t r ibu t ion  re la t ive  t o  clay minerals 
removed fran the  collapse s t r u c t u r e .  

Scanning electron microscope/microprobe study of gra in  

boundaries: supplemented by instrumental neutron 

act ivat ion analysis (INAA) for  adsorbed elements (a lka l ies ,  

a lkal ine ear ths ,  rare ear th  elements). 

b. 

C. Rare E a r t h  Elements (REE) dis t r ibu t ion  i n  all primary and 

secondary phases m o s t  l i ke ly  t o  have been affected by 

solutions.  

2. RE (and other key trace element) abundance i n  major f ac i e s  of 

d r i l l  core from WIPP site. A t  present t race element data are 
very sporadic and obtained by di f fe ren t  techniques so that real 

differences due to  analyt ical  Precision and accuracy a re  - - - 
suspect. Detailed INAA study of various phases f r m  the same 

s t ra t igraphic  horizons over a w i d e  l a t e r a l  extent are desirable  

t o  es tab l i sh  r e a l i s t i c  background data for t he  REE (i.e. because 

the REE are conmonly used as analogues for  t h e  transuranics) so 

that REE data from d i k e - s a l t  contact zones and elsewhere c a n  be 

proprly assessed. I f  t h e  REE d i s t r i b u t i o n  is extremely variable 

then  local variations due t o  solution, recrys ta l l iza t ion ,  

contact e f fec ts  w i l l  be d i f f i c u l t  t o  interpret ;  i f  the REE show 

a more or less uniform dis t r ibu t ion  p a t t e r n  and abundance then  

such effects can be closely scrutinized. 

3. Dike-evaporite contact effects .  Samples fran the lamprophyre 

d ike  (T = - 35 MYBP) which is observed i n  the underground 

workings of the Kerr-Mffiee Mine of fe rs  a unique chance t o  

examine the effects of a loca l ,  high temperature source i n  
contact w i t h  several evaporite phases. 
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10.7.7 Reef and Back-Reef Waters 

x 

There is a t  present  sane degree of confusion surrounding t h e  source and 

discharge of water i n  t h e  Capi tan Reef  surrounding t h e  Delaware Basin. 

Chapter 7 has s h n  that the greater por t ion  of the water i n  the Reef  

cannot have cane f r a n  direct i n f i l t r a t i o n  i n t o  outcrops i n  t h e  Guadalupe 

and G l a s s  Mountains, nor f r a n  r o c k s  i n  the Basin. Therefore, the 

r e l a t ionsh ips  between t h e  Reef and its l a g w n a l  facies (back-reef) 

s t r a t i g r a p h i c  equiva len ts  are l i k e l y  source and s ink  candidates.  These 

relationships are best deduced by combinations of stable isotope, uranium 

isotope, and s o l u t e  analyses of reef and back-reef waters. An extens ive  

water-sampling of these areas is requi red  for th i s .  The results of t h i s  

geochemical mapping of regional  groundwater flow would be used i n  the 

long-term s a f e t y  assessment modelling e f f o r t  and t h e  f i n a l  publ ica t ion  
,,/ ,& 

10.7.8 F u t u r e  Work on F lu id  Inc lus ions  :y 

of the regional  groundwater mathematical m o d e l .  ,:,;.:,,-j , : . . I  6 r . 2 "  . . > !.:$' ,&?.,.,J 
1 '  ;/,#9#? 

.'\, &'$ 

I n  addi t ion  to  the obvious necess i ty  of making s t u d i e s  on samples from 

the actual s t ra ta  t o  be used for high l e v e l  waste storage, a v a r i e t y  of 

approaches need t o  be explored. F lu id  inc lus ions  near the waste 

c a n i s t e r s  might decrepitate i n  the thermal pulse;  the condi t ions  under 

which t h i s  w i l l  occur can and should  be explored experimentally.  

( s t u d i e s  are cont inuing of inc lus ions  i n  a s u i t e  of salt samples 

c o l l e c t e d  a t  var ious d is tances  fran a dike pene t ra t ing  the  salt horizons; 

this provides a natural  analog.) The i d e n t i f i c a t i o n  of the  daughter 

minerals i n  some inc lus ions ,  and their t h e r m a l  behavior, as w e l l  as 
bubble movement i n  a thermal  g rad ien t ,  w i l l  provide add i t iona l  

compositional information. The gases  released on crushing or heat ing 

should be explored,  as w e l l  as t h e  leakage of gases  (or water) o u t  Of 

inc lus ions .  This  would be per t inen t  both for i n t e r p r e t a t i o n  of K/Ar ages 

and i n  corrosion problems. The ac tua l  chemical canpos i t ion  of the l a r g e r  

i nc lus ions  and their  isotopic composition ( p a r t i c u l a r l y  E/D and 

0 16  / O  1 8  ) can be determined by e x i s t i n g  methods. T h i s  would he lp  i n  
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understanding t h e  m p l e x  sequence of i n t e r a c t i o n s  of pore (and 

inc lus ion )  f l u i d  w i t h  the o r i g i n a l  salt beds to  y i e l d  t h e  present  

mineralogy. 

10.8 REsOuRrnS 

Sandia Laborator ies  has IX) continuing s tudies  of resources a t  t h e  WIPP 

site. 

10.9 SPECIW STUDIES 

10.9.1 Purpose. The ob jec t ive  of thermophysical and radionucl ide 

so rp t ion  s t u d i e s  on SENM r o c k s  is to  determine their  c h a r a c t e r i s t i c s  as 

requi red  by the  s t r u c t u r a l  mine design, i n  s i t u  experimental, and 

long-term s a f e t y  analyses  programs. As w i t h  other continuing s t u d i e s ,  

these special s t u d i e s  are a means to  an end, no t  an end i n  themselves. 

10.9.2 Thermophysical P rope r t i e s  

Scope. A cont inuing assessment of t he  thermophysical properties of SENM 

r o c k s  is envisioned because of the broad range of ques t ions  posed a b o u t  
r ad ioac t ive  waste i so l a t ion .  These problems range f rm the p l a s t i c i t y  of 

salt t o  the migrat ion of b r ine  i n  salt; many are not answered by a 

cursory  inves t iga t ion .  Es tab l i sh ing  a data base, for instance,  for the 

analyses  of long-term creep,  is time consming. I t  is not a n t i c i p a t e d  

that eva lua t ion  of physical  rock properties w i l l  be p ivo ta l  i n  mine, 

experiment or r epos i to ry  design; however, t h a t  i s  i n t r i n s i c a l l y  

impossible to  guarantee.  Such eva lua t ions  may very w e l l  be p ivo ta l  i n  

cons idera t ions  of r e t r i e v a b i l i t y  of high-level waste experiments, i n  

which high temperatures tend t o  accelerate creep. Thus, phys ica l  rock 

property determinat ions,  s u c h  a s  t h e  micrmechanics  of r o c k  deformation, 

a r e  a prudent p l r s u i t  to  provide addi t iona l  confidence i n  geologic  
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.- Continuing Studies .  The primary ob jec t  of the  cont inuing experimental 
rock mechanics program is to  understand and model the thermanechanical 

behavior of t h e  WIPP salt. 

t r a n s i e n t  c reep  d a t a  a t  pressures  exceeding 1500 psi and a t  a p r inc ipa l  

stress d i f f e rence  less than 2000 psi where there is a pauc i ty  of da ta .  

I n  addi t ion ,  petrographic inves t iga t ions  w i l l  continue to  i d e n t i f y  the  

governing deformation mechanisms. 

This  w i l l  be accomplished through s t u d i e s  of 

O t h e r  studies re levant  to the long-term s t a b i l i t y  of the  WIPP include 

measurements of gas and br ine pe rmeab i l i t i e s  on previously deformed core 
and measurements of gas permeabi l i t i es  a t  elevated temperatures. S tudies  

are also planned i n  the area of t h e r m a l  expansion c o e f f i c i e n t s  and b r ine  

migrat ion i n  salt under t h e r m a l  g rad ien ts .  Migration of f l u i d  inc lus ions  

is being given a t t e n t i o n ,  because of the b r ine ' s  cor ros ive  p o t e n t i a l  and 

because t h e  capac i ty  of f l u i d  inc lus ions  t o  c a r r y  rad ionucl ides  through 

r o c k  salt is not known. 

R o c k  mechanic programs w i l l  also be i n i t i a t e d  to  determine t h e  mechanical 

properties of t h e  WIPP s i te  r o c k  other than  rock salt. These s t u d i e s  

w i l l  be d i r ec t ed  toward the engineering performance and 'construct ion 

characteristics of the non-salt r o c k  which w i l l  inf luence the design and 

cons t ruc t ion  of shafts to  the  repos i tory  levels. 

Mineralogic and petrographic  s tud ie s  w i l l  be conducted on core t o  suppor 

the physical  r o c k  properties determinations as required.  This  

information is required to determine the phase systems i n  the r o c k s  being 

inves t iga ted .  A s imi l a r  set of s t u d i e s  support  the geochemical analyses ,  

Chapter 7. The v a r i a t i o n s  i n  mineral assemblage, g ra in  s ize ,  f l u i d  

inc lus ion  conten t ,  and pe t ro fab r i c  which have been observed i n  evapor i te  

r o c k s  have also given rise to va r i a t ions  i n  physical  properties, which 

could only q u a l i t a t i v e l y  be taken i n t o  account i n  the inves t iga t ions  

reported here. 

The a r b i t r a r y  separa t ion  of mineralogical and physical rock properties 

fran geology and hydrology tha t  has  o f t en  occurred i n  o the r  s t u d i e s  is 
- 
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- being avoided i n  the'comprehensive s t u d i e s  being performed for t h e  WIPP. 

The r e l a t i o n s  of rocks found a t  the proposed r epos i to ry  horizons t o  those 

found i n  an i n  s i t u  test bed located elsewhere (e.g., nearby potash mine) 

are being evaluated. Quite possibly,  mineralcqic  and f a b r i c  changes may 

cause d iscrepancies  i n  results fran one site to  another.  

10.9.3 Radionuclide Sorption Properties 

Scope. A continuing assessment of WIPP r o c k s  a b i l i t y  t o  i n h i b i t  t h e  

migrat ion of radionucl ides  away fran the repository is envisioned to  
augment the batch K d  determinations,  which were used i n  prel iminary 

c a l c u l a t i o n s  of radionuclide travel t i m e  i n  site-specific escape 
scenar ios .  A realist ic approach to safety assessment r equ i r e s  data to  be 

generated (mostly i n  the labora tory)  under simulated physiochemical 

condi t ions  an t i c ipa t ed  i n  subsur face  evaporites and r e l a t e d  rocks of 

southeast New Mexico. The labora tory  experiments i n  radionucl ide 

migrat ion would ul t imately be evaluated by SENM f i e l d  experiments 

involving the emplacement and observat ion of movement of non-radioactive 

tracers which are chemically analogous t o  radionucl ides .  

- 

Continuing Studies .  Whereas previous "Kd" measurements reflect the 
degree t o  which radionucl ide sop r t ion  on r o c k s  t a k e s  place i n  s ta t ic ,  

c losed  systems, scenar ios  involving the entrainment of rad ionucl ides  i n  

moving groundwater imply that a v a r i e t y  of physiochemical condi t ions  w i l l  
be encountered i n  the subsurface.  

Now that the radionucl ides  of i n t e r e s t  have &en i d e n t i f i e d ,  d i f f e r e n t  

oxidation states of those radionucl ides  which might give rise t o  
d i f f e r e n t  m o b i l i t i e s  i n  WIPP environments w i l l  next be i den t i f i ed .  

Inves t iga t ions  of e f f e c t s  on so rp t ion  of parameters s u c h  as pH, 

rad ionucl ide  concentrat ion i n  so lu t ion ,  and oxida t ion  p o t e n t i a l  w i l l  then 

proceed w i t h  the oxida t ion  s t a t e s  of species of i n t e r e s t .  These 

parameter izat ion experiments w i l l  culminate i n  the  s imulat ion of 

rad ionucl ide  migration i n  flow-through experiments involving actual  WIPP 

rocks and so lu t ions ,  a t  the an t i c ipa t ed  physiochemical condi t ions.  



Appendix 7.A (Ref. sec. 7.3) 

Whole Rock Chemical Analyses, Soluble-Insoluble 

Fractions, Mineralogy, and Weight Lasses 

upon Heating. 



HOLE ?I 7 
DEPTH = 1044.2 FEkT 

SOLUBLE 99.72 % 
INSOLUt3LE = 0.28 z 

COMPONENT --------- 
so3 
NA 

NA2O 

K 

K2U 
MGO 

c A 0  

s I 0 2  

FEZ03 
AL2C3 

C L  

W E I G H T  LOSS 
ON HEATING 

70 

H I  TEMP 

TOTAL 

WT % ------ 
0.55 

38.56 

0.0 

0.03 
0.0 
0.04 
0.43 

0.0 

0.0 

0.0 

6 0.40 

0.10 
0.0 ------ 

100.39 



HOLE I f  7 
DEPTH = 1107.5 F E E T  

S@LUBLE = 69.47 0 
INSOLUdLE = 30.53 X 

C OMPUN€NT 
-^-_----_ 

SO3 
NA 

NAZO 

K 

K 2 0  

MGO 

CCC 

S I O Z  

FE203 

AL203 

CL 

WEIGHT LOSS 
01.1 HECTlNG 

WT If 

20.68 

20.28 

6.63 

0.0 
4.48 

4.57 

l . d 4  

8.30 

0. i7 

1.24 

30.78 

------ 

70 0.12 

125 0.10 

200 0.40 
3 5 0-4 00 1.37 

------ 
TOTAL 101.26 



TOTAL A N A L Y S I S  

HOLE X 7 
D E P T H  = 1171.5 FEkT 
SOLUBLE = 37.10 5: 
I N S O L U b L E  = 62.90 Y 

----------------- 

NA 
N.420 

K 
K2O 
MGO 

CAO 

s 102 

FEZ03 

A L 2 0 3  

Ci 
H E I G H T  LOSS 
UtJ HEATING 

70 
300-400 

42 5 

T i l T A L  

bT % 

39.13  

12-56 
0.8% 
1.91 
0.0 

0.70 

25.13 
0.63 

0.06 

0.0 

------ 

18.e7 

0.14 

0.58 
0.08 

101.27 

MAJOR: H b L ,  ANH 

TRACE: SYLI  B L U E 0 9  Q T Z ,  FECX 
MINOR: POLY 



HOLE # 7 
O E P T H  = 1221.0 F E t T  

SGLUBLE = 99.51 Z 
INSOLUBLE = 0.49 S 

CONPONENT --------- 
so3 
NA 

NA20 
K 

KZO 

FIG0 

CAO 

5102 

F €203 

AL203 

CL 

NT Z 

2.02 
38.79 
0.0 

0.06 

0.0 
0.10 

0.00 

0.01 

0.0 

0.0 

58.31 

WkIGHT LOSS 
ON HEATIP4G 

7 0  0.30 

100-200 0.14  

31 5-42 5 0.07 
_----- 

TOTAL 101.17 

MAJOR: HAL 
M I N O R :  ANH 
TRACE: PCLY, LANG, QTL 



TOTAL ANALYSIS 

H O L E  # 7 
DEPTH = 1343.0 F E E T  

SOLUBLE = 99.74 ‘z 
INSOLUBLE = 0.36 % 

SO3 
NA 

NA2O 

K 
K2O 
MGO 

C A 0  

s102  

FEZ03 

AL203 

CL 

 EIGHT LOSS 
CN HEATING 

70 
303-350 

TOTAL 

MAJOR: HAL 
MINOR: CNti, POLY 
TRACE: QTZ 

0.99 

36.60 

0.0 

0.35 

0.0 

0.15 

0.66 

0.01  

0.0 

0.0 
55.40 

0.27 

0.16 
a_---- 

100.55 






























































































































































































































































































































































































































































































































