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Over the history of the WIPp project, extraordinary pmperties have 
been at t rbuted to Itthe ha l i t e  that was'1 ... ard wasn't in the M e r .  
Halite is quite thick in 
s a m e m w b e r s a r e r r m r h ~  and are raostly mdstcne a t  the WIPP site. 
simple assmptim was made that these h a l i t e s  amtimed laterally - after 

all, scum of the beds ahme and belaw are Corrt imas over very large areas. 
?he mudstones then must be lldissolutim residues,*' following this s-le 
assumption. Still, we knew that emrirmnaents always change laterally, and 
halite (or mdstone or carbxate) nolst give way laterally to another rnck or 
an area that isn't acamulating halite. Elhere were these transitions for the 
mstler? 

members of the Rustler east of the site: these 
A 

After our experience napping the waste shaft, we fe l t  strongly that we 
were seeing transitional area. 'Ihe bedding, fossils, bioturhtion, and 
sedimentary s- were convincing e v i m  to us that the shaft area had 
not UndergCaE siqnificant dissolution since the M e r  was aep0Sit.d and 

that sufficient f e a m  were obsenrable in shafts and cores to mntmct  
depsitional environments . From this reconstruction, we that mre 
redlistic l i m i t s  cculd be placed on the extent of salt dissolved fman the 
Rustler since the permian . Here we report (xv reconstructed depositional 
envirmnnents. 

TIE init ial  response to mr m&ing expzrience varied, th- mch of 

it was skeptical. a workers have felt  strongly that apdcations of 
lateral colrtunu ' 'ty d g h  specific evidence we presented such as ccoltuxll . 'ty 
of bedding ard primary sedimentary features. Very slcw dissolution w a s  
postulated, so that s d m e n b q  features ard relationshiF can be preserved 
wfiile 75 to 90% of the 2ock is rewveed. while we are reluctant to say that 
such a process cannat m, we believe a more apprupriate explanation is 
available. 

- 

Halite does appear and disappear in parts of the Rustler. But 
observable features and relationship in the Rustler indicate that it can 
disappear scnn after it was deposit&, as might be expected far one of the 
more soluble of w r i t e  mineral s. 

it is dissolved, s ~ m e  of wfiich are m l y  described in this report. 
that other geologists ti310 are interestea in evaprites w i l l  benefit f m  m 
exprience, too. 

It creates interprewle strudures as 
We hope 

I 
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Many inbividuals have helped us d u r i q  this  invest^ ‘gation. N o t a l l  can 

reascnably be ackriwledged, kut some have been extensively involved: ?&l 

W-, David Frederick, M e  Marth, Kathy sdziel, Mazy Jane Graham, 

Lirda Foster, and Judi Williamson. W e  thank them for -. 
mnuscript was r e v i m  by stare Iimobert, sue m k a ,  Rick Deshler, &I& 

Deshler, RfJy McKinney, might m, and Ken B?mkq, Mike schUl.2, and Emlnst 
Y o u q .  we espcially thank Steve Ianke-t, sue Hovorka, am3 Baxb Deshler for 
theirextxatimeandeffcat. Weabsolvealloftheabweforany ” .  .a we 

may have made. 

’Ihemainthrust of this Pqc& is to describe and jntqmt 
SedimentologiCdL features in of aepoSitional em’ . .  Itwas 
written mainly far sedimnto logists. A few cbscure h t  useful words are 
e x p 1 W  in the text. we anticipate that gwlaj.sts less familiar w i t h  

eMporites and sedhmto losy will 
American Geologicdl Instibrte ~lossanr of Geolcqy, 3rd ed., ed. by R.L. Bates 

?he 

occasional reference to the 

d J.A. Jackson. - 
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Ihe late krman Rustler Foxlu3.tim is the yam3est of three 
evaporiteharing fomatims in the Ddamre -in. 'Ihe depositional 

Subsequentlyndified the Rustler have never before hen  imesbga t e d i n a  
detailed, sy-s-stic way. Ihe plrpose of this study is to describe * t h e  
cietaaedsedkmto 1Ogyand- the dep0Eiitional- of the 
Rustler. Another objective of this study is to massess the extent of 
Rustlerdissolution. Ihenxm&m&ddepositional * d b M P t o  

' w h i c h  formedthel?ustler andthew-iticmal eventswhich 

band the exterrt and relative timing of dissolutian. 
survey& to distill csiteria by which dissolution can be reoognized. 
Micrwcopic aadnat ion  of aiagenetic alteratian of the Ihlstler mm3s out 
the evidence. 

Exis t iq  literature was 

I h e m s t l f f w a s  * - d i n d e t a i l i n t w o s h a f t s a n d ~ ~ f r a n t h e  
viciniw of the W a s t e  Isolation Pilot Plant (WIPP) site in sartheastern New 

M e x i W W e r e B  , and the strati- and litholcgy over a larger 
study area were related tn uni t s  ObSerJed in mres and shafts fran thewlpp 
site. 

Ihe I3ustLe.r consists of sulfates, carfmates, halite, and clastic rocks. 
Ihlstler sulfates and cabnates are areally extensive and vary little. 

halite and nndstcod laterally change greatly in t h i ~ s  zones oxlblmq 
and litholcgy. Ihe I3ustLe.r thickens cansiderably tcward a aepocenter east 
andsoutheastoftheWIPPsite. Mc&ofthevariationinRustlerthi&ness 

- Mexico. Nearly 600 geophysical 1 9  frcm boreholes h New 

Thax . .  

hal i te .  * .  is at t r iMed to those stratigraphic interval sccntauung 
!the depositional em' Its of the various units w i t h i n  the Rustler 

wererecrnzstructedusingasedhmto lcgical v c h .  

1 u n i t s  were aepOsiM -1y follcwing a transgression or freshening 
'everrt. AmoIq thedhgmst l  'c features for s&quems aeposition are algal 

beds and lamhations, bioturhtion, fossils, ~~ypsum growth -, and 
cross---. Halite and wdstone units acclllrmlated slmly due to 
repeated solution and reprm=ipitation of halite in salt pan and m a r y i m l  

rmdflat envinmmnts . 
accumlate and be preserved. 
frcpn parts of the halite and nadstone units. 

carfxnate and sulfate 

- subsidence i n  the depocenter allawed halite to 
mite ccmrmcolly was dissolved qnlepsi t iomlly 

small scale dissolution, often 
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reported in halite fnxn bathlrpdern and d e n t  evaporite envimwawts r -  

cmmn, d, on a larger scale, sylrlepositiond dissolution drastically 
d f i e d  the sedimentary sequence. 

clay skins, incorporative gypsum, borpmtive ard displacive halite in 
v a r i a s  stages of gmwth and solution, and beddinJ. Sneared intraclast 
tex=ures are a newly-describd feature fanned by 
in nudflat envhmrerrb. 

D i a g m s t i c  features b'kzluie pAogenic 

solution of halite 

severdl times during Rustler depsitim, relatively fresh water 

transgressed rapidly over very lar tqcym@y. 
s&qlecwly as eMporatian Fapceeded. salinity inxeEed a r d t h e k r h  
mayins retracted as desiccatian ocntiroled . ~ i n d ~  ardahalite 
lens in the aepocerrter accumuhted relatively slowly and were controlled by 
subsidence and * ismof solubleminerdls a t t h e m .  Depositionof 
these saline f a c i e  was abruptly ended by ancrther . event. l l l is 
style of depcsition kegan with an initial marine -ion over the 
saladoardwasrepeatedsweraltimes. 

carbonate or sulfate fanned 

'IheRustlerin, ardadjacentt0,NashDmwhasbeenfXreecla . tedbecauseof  - 
solution of the sdlado. Breccias were on E a L S t l e  rocks, 
incluling clastic reeks exhibiw suered irrtraclasts which are due to 
syndepositional dissolution. 
degree of brecciation chum&& 

pcst-depzitional dissolutian of a bed a t  depth as 
litexam. s ~ m e  of these areas are ikw also being affe=ted by karst 
pmxsses (as at  WIPP 33). 

pcst-depzitimal dissolutian. Halite was rentxed frm parts of the law 
lmnae.3 member, TaIwrisk -, and m-n iner  Member More averlying 
d t s  were depasited. Kimr bmcciation a t  boreholes H-3 and H-11 indicates 
scme dissol~on and collapse after the Ihlstler was aepoSitea. These 
boreholes are i n  marginal areas of the depositional env' 
halite precipitated in rmdstone units. part of the Tarparisk Member is 
b m b t e d i n W I P P 1 3 .  ' Core fnxn WIPP 13 lMts htelp&a t ion of 
this m y .  Halite is mt predicted for the TamariskMember a t  this 

lhese breccias have a stratifom base, ard the 
upwards. 'Ihese features are cwsisterrtwith . . .  

intha 

Mcstoftheimedla * te site area is unaffected by -e 

' ~whereyrme 

lccation, but the brecciation may have kegm belaw the Tamarisk. 



The Rustle has been altered extersively a t  #e micrcscqic scale. 
petmgraphic widence chumskates mainly vo luae - fmlum replacement of 
minerals, especially sulfates. overgravths on same clastic gypsum grains 

presenreshapes,- . thegypsummayneverhaveinverted to anhydrite. 
These @mmena help limit hypoUleses of +Ae effeds of the volume changes 
asscciated w i t h  sulfate mineral inversion. 
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1.0 ImRmxTIm I 

Ihelateperrman * Rustler Formation is the yangest of t2me Cd-ican 

evaporite-haring formaticars in the Delaware Basin, and it overlies the 

Salado Formation w h i c h  Ccntains the facility b r i z c n  of the Waste Isolaticol 
Pilot Plant (ww). 

understand the geolqical history of the strata overlying, and in the area 
surmurding, the WIPP. 
evaluated paruy on ax * of thisgeelogicalhistory. 

the Ihlstler a t  the present time rmst be clearly urdezstoad. 
water-qmlity data have been collected and syrrthesized t o  explain 
s€amxs ard ImXaEnt in the Rustler. 
to interpret lmre precisely those events whi& formed the IbLstler and 
subsequently mzdified it seolcsic time. In this repart, M e r  
sedimentary features are reported and the aepOSiti& histcay of the Rustler 
is interpreted . Ftet-rkp3itiorn.l history of the fomatim is partially 
assessed. 

Ihe Rustler is be- characterized in detail to 

?he lcnq-tem isolation of waste at the WIPP will be 

Ihe Rustler nust be chamcterized in t&m ways. Firs t ,  the axdition of 

Hydmlcgic and 

seccnd, data must be wllected in order 

I h e ~ p m j e c t i s a ~ o f b x g y ( ~ ) ~ - a d ~ ~  - 
facility CcBlStTuded to demcnstrate the safe disposal of radioactive wastes 
derived from the defense activities of the Unit& States. Ihe WIPP site is 
located aban 26 I&leS Bast O f  Qrlsbad, New M d W ,  in M area IUKWZl aS US 
Medanos (Fig. 1.1). 

1.1 GENEXAL 

IheLateFerrman . Rustler mxmation of the maware Basin in 
New Mexico an3testTeXas records, pernaps unicplely, the evaporitic em3 
stages of a cmtmic basin. ?he Rustler is umsual as it 
transition fmm the thick bedded evaporiw of the Salad0 Fw.matim to  the 
clastic daninated aontinental aeposits of the 
Dewey Iake Formation). Transiticnal -its of this nature have not ken 
widely investx 'gated. 

the 

zalce Fedbeis (also called 

!&e depasiticmd. pattern of the salad0 (W, laterally cmthums 
beds of halite barnded by thinner , areally extensive beds of sulfate) did not 
continue in the Rustler. 'Ihe M e r  lithology is mre variable, consisting 

sulfates, clastics, carbma-, and halite. 'Ee lclwer Ehlstler of itrterbedded 
c 



- con'iains p r k i p a l l y  clastic rocks w i t h  inte&eM& sulfates and halite. 
upper Ihlstler amsists of cubnates and Wck sulfates whi& d& 
thinner units of clastics and laterally equivalent halite. 

understood, as no attempt had been made un t i l  recently to collect and 
synthesize detailed seainwtolcqical data into a depositional model (mlt and 

pawers, 1984, 1986a & b, 1987; Fmers and Blt, 1984). Before this work, 
data on the Rustler came frau studies of l i m i t e d  and higmy clkqted 
outcrops (e.g. V h ,  1963), f ield eWmiraton of core, and general 
inteqretations of geqhysical logs. Mmt studies of ancient evaprites are 
based on oksematicms of a r e s  and 

logs. 
tiydration and dissolution seldcrm leave original textures and features 

Ihe 

Pie depositional environments wfiich praiuced the Rustler are p r l y  

ti- made frau geoFhysical 
'Ihis is part ia l ly  due to the fact that evaporites crcp cut pmrly. 

intact. MC& are studies CONjentrate on r e x q n i z i q  fea- w i t h  modern 

analogs. In this study, an in s i tu  sequmce was directl yobservedand 
carbined w i t h  detailed core description and gecphysical lcg interprets tion to 
yield a better set of sedimentary features and rmre cauplete 
understarding of laterdl litholcqic relationship. 

investigate2 recently in detail, prwidbq unique litholcgic data for this 
formation. The Rustler w a s  airectl y -, desxibed, and geologically 
mapped in two shafts. 
sedimentary featum=s that rarely are &served in axe or surface ciutcmp. As 
the shafts displayed the entire Ihrstler section in  sib, data frcm the shafts 

(Holt and P, 1984, 1986a) are supsrior to Mose collected by other 
means. abservaticns lMde in the WIPp shafts prwided the impetus for further 
StGdy; cores were also 
interpret& i n  s ~ p e  dew frun geopysical logs. 
investigation is to synthesize the data collected f m  the northern Eelaware 
&sin (WLPp site area) and SuTTclllIlClllsg ' areas into a detailed depositional 
&el of the M e r  Formation. Once a detailed depositional rakl has been 

Rustler at the WIPp site near ~rlsbad, New Mexico, has been 

The mapping revealed lateral relationship and 

' -1 and redescribed, and lithologies were 
Ihe pupose of this 

established, it becomes possible to separate depasitional fmn d k q n e t ~  'C 

features and to wre accurately access d i a m c  xdels. 
Jones and others (1973) , Bachman (1974, 1976, 1980, 1984a), and Lambert 

(1983) have dkassed dissolution or Koposed mDdels of dissolutian for the 
mtler in the vicinity of the WIPP. An improves of the 

1-2 (:, , ' 
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T depxitional envixmmmts of the Ihlstler Fhaila eTharce cxlr rdiq of 
any diagenetic wents, including dissolution, that have affected the mer. 

1.2 m y  AREA 

Delaware eaSin of sclutheastern New Mexico ard west Tews is a major 
d v i s i o n  of the perrman Bash (Fig. 1.2). It is banded on the West by 
the Diablo Platform, on the east by the central Basin Platform, and on the 
north by the N W  Shelf. The areal exbmt of the basin is greater 
than 13,000 mi2 (33,500 I&, and it is f i l l ed  with as n u d ~  as 24,600 ft 
(7,500 m) of phanerozoic s3%umhq nxks (Hills, 1984). Ihe Qpitan reef 
dLmost q l e t e l y  sunmu& the Maware &sin. It is cansidered aucq the 
latest depits imvd.iaWy premdirq depcsition of the Cdnan writes .  
W S  study conentmtes on the northern portian of the IxhWare Basin and 

adjaoent parts of the N- Shelf and Central Basin platform. 'Ihe 

WIPP site lies amng the vegetated clurkzs of the Ios Mfxhncs area, sue 26 m i  
(42km) eastofCarlsbad,andislcca+xdinthenorthernpartoftheIxhWare 
Easin between Nash Draw and San Sinwn swdle. I 

1.3 EVEW OF a J s w x K  
Ihe depsit i tmal and d i a g d c  wents w h i d l  prcducd the Rustler 

mnnation have not been invesh 'gated in any detailed, systematic way. Early 
workers (e.g. Laxq, 1935; Adams, 1944) describe3 the IUstler fmm artcrop and 
w e l l  data, but they provided little assessment of deposititmal 

or post-aepasitioml events. Dmqan and lkFo?xi (1950) asserted that the 
Rus t l e r  was R3mlan ' i n  age on the basis of hert&rate fossils collected 
fmm the culebra D o l m i t e  Member of the Rustler in QAbersm caarty, w. 
W a l t e r  (1953) further identified ard a J these fossils, and he inlicatea 
that the envirommnt was qu i t e  saline based on the restricted fauna. Vine 
(1963) described the Rustler artcmpS in NaSh Draw and the Rustler fmm a 
core scuth of the WIPP site as part of the geolcgical work pmparatc~~~ t o  
mpjed m, a nuclear dwice explcded in 1961 in  the salad0  onr ration 
south of the WIPP site. cmper and Glanzman (1971) and Gazd (1968) pmvided 
final reports on hydrology and geolcgy of the Project Gram? site that ixluie 
considerable aiscuss ion of the M e r  StratigrKhY and lithology as well as .- 
the effects of dissolution. ~eolcgists fmm the U.S. Geolcgical SUnrey 

prepared several reports in the early 1970s as part of broad site selection 

f :  -> \ 
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activities for radioactive waste aisposal that resulted in hvestigation of 
the IDS Madanm area. Jams and others (1973) interpreted the ngional 
t h i n n k g O f t h e R u s t l e r a s t h e r e s u l t O f a n e a s t w a r d m i ~ ~ w e d g e O f  
dissolution. 

Eager (1983) broadly described a axe thrcaqh the €Ustler in ailbersan 
county, Texas, and related lithology to g-ical logs. 
units were identified by Eager (1983): 
informal members belm the culebra mlauite Member. 
was called the ttsiltstone member" and inclu3es abart 22 f t  (6.7 m) of 
dolomite. The tflower gypsum and nuktme member" of ?&qer (1983) is bstween 
the %iltstOne nk=nkePt and the Culebra and is abaR 50 f t  (15.2 m) thick. 
Eager (1983) a t t r ih tes  the -er to eolian,. supratidal arkonate flats, 
brine pan and Imd f la t  envirommts based on the generdl litholcgic 
similarities to eMporites of the palo Ixup &sin as reported by W o r d  
(1981), Hardford and Fredericks (1980), McGillis and h-esley (1981), and 
presley and Ma;illis (1982) . 

Field investigations h p n  in 1974 in the Los l 4 d a r ~ ~  area to lccate a 
site for the WIPP, and the present site was lccated in 1975. Ihe site was 
investigated in detail to validate it based upon established cri-ia. 
Rustler Wils dewed of bpxtmce to the wfpp as it overlies the Salad0 and 
contains t w o  W a t r 3 - h a r i l q  units (the Magfzlb ard mebra D o l d t e  Members). 
The hydrology of the Rustler has been characterized extensively to help 
deterrmne ' the likelihood of the M e r  acting as a coxhit for radiaactive 
materials to the biosphere. 
Fustler cores were taken. 
appear in basic data reports for each hole (e.g. Jones and Gcmzalez, 1980). 
Data and irrterpretations of the hydrology of the m e r  have been prsenbd 
in severdl WIPP doanwks (e.g. Me?xer and Orr, 1979; Gcmzsles, 1982; Mercer, 
1983). 

(1978) discussed d i s s o l ~ o n  w i t h i n  the M e r .  Ihe WIPP site l c a t i o n  and 

design met  a l l  established criteria and the site validation 

S i x  s t r a t i e c  
the faur formal members and two 

Ihe basal 96 f t  (29 m) 

As part of the site kestigatims, a rnmpber of 
The initial field descriptiors of those an-es 

Ferrd l l  and Gibbans (1980), lambert (1983), and Rw2Es and others 

was 
plblishea in 1983. 

In 1984 and 1985, two shafts were enlarged or m l y  cmstm&& thrc@I 
the w e r  to the WIPP facility l e v d .  
entirety (Hol t  and Fumrs, 1984, 1986a), g i v i q  special attention to the 
Rustler. 

lhese shafts were mapped in their 

The Rustler exhibited none of the features that naild be 6 -;,\, . .  
i 
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i f  recent dissolution had -. Halt anl Ibwxs (1984) state that: 

In fact, several z w  
*'W+kpcsiti& dissolution features were not obsenred in any 
stratigraphic horizons in the waste shaft. 

previously iderrtified as dissolution residues in neart3y boreholes (e.g., 
m - 9 )  mntain pxlmxcd primary sedimentary features. * i s o f  
great significance since aissolution has, historically, been amsidered 
as an important process that has greatly modified the m e r  Formatian 
in this m." 

me authors were subsequently given the task to 
sedimentology, depositional environments , axxi subsequent modifications of the 
Rustler, b u i l a  on their unique experience in mapping and aescribbq the 
Rustler inthewasteharrjling and d u s t  shafts. mis report is the 
consequence of that task. 

sweral of the intervals w i t h i n  the Rustlerwere waified by d&qen&~ ' C  

procwes.  Based upon examination of four cores and ore geoFhysical log, 
(1987~) dismsed pxt-depzsiticmal alteration w i t h i n  the 

in detail the 

Ihlsfler. ~adnnan (198%) reported on evaporite karst, CUlrmM * tirqyearsof 
study of the processes ard features in - zpcks, indluairg the =er. 
Diagenetic alterations are assessed in th i s  study as they pertain to bath the 
depositional envirammts and dissolution. 

- 

1.4 MFIHOCG OF ANALYSIS OR APRMACH "0 SND IFS 

As prwicusly discllssed , the surface artuops of mJst ancient evaporites 
provide l i t t le or 110 significant data 
which formed the evaprites or subsurface gedcgic processes that modified 
them. 
of data frcan the subsurface: w i c a l  logs and core. A u a q  the mJst 
amurnn tools available for evaporite studies are geoFhysicdl logs. 
geophysical log itself is data abart the physical pmperties of the r0c)Cs 
that ilust be irrtezpreted. 'Ihe interpretations are sametimes not unique ard 
are frquently based up3n a factor which cannot be quantified - exprience. 
Geophysical logs bgxme mre useful when the logs fmm holes 
are canpared with descriptions of that am. 
better extrapolatim of rock types away fran a data area. 

the degmitional envirrmvmt 

In turn, the majority of evaporite-related &dies rely an two types 

?he 

. .  
Core 

'Bis procedure all- for 
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Geophysi- log interprets tiom are limited. No infomation can be 
collected or i n f a  keycuxl that which is Fnhererrt in each specific logging 
tool. In the best of cases, geoFhysical lcgs Mvidual ly  may yield gemral 
or semi-quantitative information omcemkg density, water content, natural 
radioactivity, aQxlstic velocity, amhctivity, resistivity, 
potential and dip. 
yield a d q u e  inteZpreta t im of lithology, gecphysical log types are 
ccmbined in a mnnm in w h i c h  the data collected all- unique, or nearly so, 
i n m r e t a t i o m  of parameters of interest . A t  best, UESe interprets tiom 

can reveal general information cmeming rock type, minerdl o g y d K a e  

concerningsedimentary features (al- the dip log may mate 

As me type of geoplysical log data does not usually 

fluid type. 

crossbedding). 
inteqretation of anythirq they are not desigred to p i&.  Ihe value of 
geophysical logs lies in their availability across the region of interest. 
nus, vertical and lateral lithologic ard StratigraFhic relatimships can be 
inferred fmrn lcgs of boreboles w i t h c u t  axe, pmvidiq nnreh greater range to 
interpret geological history for the Rustler. 

In most cases, g-ical logs cannot provide the types of data nest 
needed for accurate and detailed mxmtmch 'on of depcsiticmal and 

diagenetic models. Just as it is impcssible, usirq geophysical logs, to 
differentiate airecll y between sulfate depasited i n  a sabkha and that 
deposit& in a saline lagam or lake, it is also gmerally impossible to 
distinguish between a elastically depcsited nudskm ard a mndstone residue 
left after the renuval of salt. 
i.nterpr&ation of depasitional ernr' 
dissolutim) - frcnn direct observation of rock. 

wring can easily be described and allm for the direct obsenmticn of 
sedimenw features. Ihe surface of evaporite core is frequently less than 
ideal for detailed cksemations, so it is often desirable t o  & a slab fmm 
the core. Another advarkage of cores is that they can be taken frun holes 
over a w i d e  area relatively cheaply, p i d i n g  a l q e r  view of the unit. 
one- ge of the study of con= is that the data are l imi t ed  by core 
s i z e  and the chance of corirg and preseming specific fea- of 

importance. second, in s i tu  obsenmtions of rock can be dow in manmade 
~ o p e n i r q s s u c h a s s h a f t s a n d d r i f t s .  -tionofthemi%& 

Geqhysicdl logs nonaally cam& pmvide any infomation 

?herefore, it is imFnaper to rely on geophysical logs for the 

- 

Ihe features ard fabrics we rely on for the 
b ard diagenetic history (including 

First, rock saqles collected by 
1 . )  i 

mis can be done in one of ism ways. '..- I 

-. 
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- - situ has distinct achntages over &ewaticm of core, a l w  it may be 
orders of magnitude mxe expensive than core. Ihe entire sequenm may be 
ckseme3 w i w  internrpticm. 
and relationships not clear in core may be abvicus. 'Ihus the features 
atserved in core can be understmdwith greater mnfidence. 

N e v e r t h e l e s s ,  the surface of &gram3 excavations is usually mqh, 
and sawe of the details which are readily aistirrjlllshab ' leinaremaynat 
bevisible. 
best approach tcrward cnlle=tirq direct abservaticndl data is to use both cure 
and cbservations fmm urdergrmnd eazivatiom, as one's we&mss is the 
other's strengm. 

made. 
microscopic techniques. 

scale features may be readily cksemed 

lhis is especially true for sulfate mcks. It is clear that the 

Gther  types of dire& abservatians on evapxite cores or samples can be 
'Ihese jnclude thin sections, X-ray diffraction, an3 ather chemical ard 

?is geoplysicdl log data are more camm anl of greater areal extent than 
data collected fron direct cksexvaticm, it is importarrt tointegratethe 
data types. one can axlpm the direct cbservations fmm care with the 
geophysicdl logs anl deterrmne ' what gecphysical log sigratures 
with the obswed mcks. One can reaxnably exp=t  to extrapolate 
litholcgies between direct: data points via gecplysical logs. 
intezpretatiow becrmne less validwhen they are not barrded by a i red ly  
obsezved data ard lose validity further fruu a direct: observatiaa. 
best t o  use caution when us- geqhysical logs alone. 

recognizable modern aepoSitional analogs shaild be identified. 
of omrmnce of those fa tures  in bath the lateral ard Vertical sense shmld 

be andlyzed ard lithofacies ShaiLd be dgtennined . ~ ~ f e w a n c i e n t e x a q l e s  
exactly mimic modern analogs, it is not necessary to find an exact 
ernr- ma*. Ihe Processes which  formad the SedimentKy features are 
canmrmly recognizable. It is the assimilation of those processes an3 their 
inherent limitaticns that yields  a rarqe of possibilities of origindl 
depositional miromnent. FUrUxx narmdng of the field is then dorie by 

vertical lithofacies re.lati0nsh.i~~. once this process is axpleted on a 
snail scale, it shauld then be reaFplied to the larger scale. 
misonable interpretation sharld be seleded anl tested. 

x 

Ihase 

It is 

the data have been collected ard unpiled, features w i t h  m i l y  
T h e  

which of the possible nrxkls is inmnsistent w i t h  the lateral ard 

Ihe rest 

,<--'\, 



mta have been mnpiled on severdl types of maps and for 

inkrpretation. 
assessed. ~y the features and facies relationships of the Rustler 
to modern analogs, depositicmal models have been gewated for varicxls parts 
of the M e r  ard integrated to meate a 0cmpa;ite deposititmal ucdel of the 
mstler Formation. 

Liulofacies are identified, and their lateral variatims 

-. 
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2.0 GE0IM;IC HISIURY OF QZ DELAWBE BASIN 
2.1 PRE-pEtwsYL- 

prior to the  ate Mississippian, Paleozoic depsitionzd patterns in the 
Delaware win reflect migrations of epeiric seas over the micm and the 
structural developmerrt of the !Rhsa Basin, the p- to the Fkd.an 
&sin. Fnxu the Ute Qmbrian/Early ordarician until the late Mississimian, 
a nearly continuous record of sediments tion is presem& as the region was., 

for Me most part, testmu 'cally stable durixq that tire. 
deposited under ShdLlaw shelf cmditiom aoninate the rock record. 

cabmate deposition was interrupted byshalesedimenta t i cm during the Middle 
Ordovician, Late tsvoman ' , and Early Mississippian. 

Ixlritqardi,mEdla ' tely follcuing the Ute Mississippian, the Delaware 

m t e s  
Haever, 

. .  Basin began to develop struchuraly by vertical lmv- a l o q  
structural trerds (Hills, 1984). 
deposited in the Delaware Bash d u r h  the late Mississi@an. 

A thick seqwnce of b a s h l  shdles was 

2.2 P E l W S Y L ,  PERIOD - 
'Ihe tectonic precesses that were init iate3 during the Mississippian 

ccntinugl. into the Early PerrIlsylVanian, and clastic materials derived f r a n  
t hePede rna lup l i f t i ncen t r a lNewMexic0 ,  theexpxcl@ntrdLBash 

Platform, m t a i n s  in  the Cuachita+arathon area, anl the M a w  Arch 

filled the grcwing Delaware Basin (Hills, 1984; F U e r s  an3 athers, 1978). 

the region (Ross, 1986). 
margins of the Delaware Bash (Wls, 1984). Qrknate bank develapaent 
kegan in Atoka time ardpetsisted thrcqh the Late Fennsylvanian ardnu& of 
Permian time (Mazzulo, 1981). For the most paa, clastic bpt fruu the 

wing the Middle to  ate -k='-an, tectmu 'c activity increased in 
E?mad CartKlMte shelves grew -y a lorq  the 

northwas trappeabehirdthe tzarbnatebanks, thus &rvingthemm 
Basinof sediment (m and others, 1951). 

BY -1Y - ' (mid-Wolfcdn@ian) t i m e ,  tedcnu 'c activity had cesed 
(ROSS, 1986), and the entire region subsided, aeepenvls * theDelawareBasin 
ard establishirrg the major features of the perrman . Basin. 

/ \\ 

2.3 PEXMIAN PERIOD 
2.3.1 Wolfmumian M 

In the Early perrman * , the last stxlges of the Marathon omgeny thrust 

L'\ / \I 

, 
~ 
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geosynclinal rucks 
whichfilledrrmchof t h e s a t h e m a n d c e n t r a l p o r t i o n o f  theEdawareBasin 
(Hills, 1984; Ross,  1986). L h s k m e s  , i3lC.l- the Abo reef, were 
depsited on the shelf& areas and during periods of quiesceno=, as thin 
units w i t h i n  the basin (Kills, 1972: Kills, 1984). deve.lqxrent of 
arkonate reefs severely restrict& basinal circulation (Kills, 1984). 

Regional tectohu. 'c stability mked the 
lccal- events conthud tomDdifythebasin(paJersandothers,  

providing a sauce of fine clastic matx?ri.al 

1 of the perrman . 

1978). 

2.3.2 'an Ewch 
?he r e s t r i d i o n  of marine circulation amtimed intotheMiddlepermian, 

and the sea regressed to the sarthwest (Kills, 1972). T h i s  led to the 
developent of large reefs an3 cartxnate banks. EMporites were aepaSited in 
highly saline shallow lagoans in the back reef (Kills, 1972). 

continued to be depas i td  in the central part of the basin and were 

interbeadeawith CarfXlMte WCkJes tMlming 

sardstcples 

the m of the basin. 

2.3.3 Guadaluoian Eccch 
A general eastwazd tilting of the Delaware -in began near the en3 of 

Leonadian time and subsidence amtjnued ttu-a@~ ~ L & U I  time (Kills, 
1984). Abaut 3,000 to 4,000 f t  (goo to 1,200 m) of madalupian sards and 
silts were pwed into the Delaware Basin; large caxbnate reefs devel- 
thmugh later madalupian the ( H i l l s ,  1984). 

reefs and amtimed subsideme, the basin became sedimmt- ( O r i e l  and 

others, 1967; Hayes, 1964; Kills, 1984). Reef and bank gmwth a m t h u d  

As circulation becaw widely restrict& due to the Iq-ward graRh of the 

the basinrrargins, and by late Guadalupian time had clcsed the Hovey 
Channel (Fig. 1.2) (Ross, 1986). The 6albl.i.Q Of the fluids W i t h i n  the bash 
irrclreased, azamatically haltirq reef gmWth. 

2.3.4 ochoan EZUA 

?he Maware Basin was very restricted by the bqirylins of ochcan time 
and evaprative d t i a n s  pramiled. Tqxgza@dcally, the Delaware Basin 
was f a i r ly  deep. 
&M- and anhydrite with inim%ds of halite were depzsited on the 

Up to 1600 ft  (500 m) of Castile eMporites consisting of 

, 



. Guaaalupian sediments The Castile is restrim to the tidamre win, 
- 

because Lang (1939, 1942) redefined the base of the sdlado as the base of the 

Fletcher mite that rests on the Capitan reef in the subsurf-. 

areally extersive salt-pm/saline rmrlflat. 
essentially 
cycles of carficolate - sulfate - halite were aepoSitea (Janes, 1972; 

Iawenstein, 1982, 1987a). Lccally, over 2300 ft (700 m) of the Salad0 
evaporites, mostly halite, were depDsitea in the basin. 
extended over the mqjns  of the then knied Capitan reef. 

sediments were i k r d w x d  into adeeper, m t  less saline lagcmal type 
environment w h i c h  later desiccated to a saline nudflat/salt pan. 
transgressions fo1la.d by desiccation dqcsitea carbcmates, sulfates, and 
hal i te  rocks durirq the remainder of M e r  time. 

sandstanes were aepositea over M e r  evaprites. 
Ikwey Lalre Redbeds have been limited in scclpe (e.g., Miller, 1955, 1957). 
Miller (1966) interpreted the Dewqr Lake as having been depxited 
shal law marine envimrnnent . Oriel arrl others (1967) follwd Miller (l966), 

while Eager (1983) suggested that the Dewey Lake originated as prcdeltaic 
sediments. .%hiel (1987), as part of a ccPrtuPurq 
Lakeisaamtk&al -it, in omtrast w i t h  previcus marine 
intqxF3htions. 

Followirq the deposition of the Castile, the basin desiccated to an 

and the laterally ccartirnaw desiccatirrg-upward 
surface tqqmqhy was 

Salad0 aepoSitim 

Rustler time was marked by a major fmshemrq * ofthebasin.  clastic 

Rapid 

Neartheerdof theFerrman * , nearly 650 ft (200 m) Of Silt$tones C u d  

Earlier sbxlies of the - 
a 

w,nr39estS-D=weY 
. .  

2.4 FCSPPEIWIAN 

FollaWirg the depc6ition of the Dewey Lake F d h d S ,  mzst of sjutheastern 
tilting New Mexico and west ~ e w s  wxe subject to emaim. l'he upl i f t  

that caused erosion was m i n x  as the urmnfdw ketween the Ute rriassic 
Doclarm Group and the L a t e  Fwmian Dewey Lake Redbeds is minimal . B y t h e l a t e  

Triassic, sahheastern New Mexico ms reduced to a broad peneplain (Kelley, 

Triassic and was not mntahed by Me Delaware Basin (Hills, 1963; Bmkaw and 
others, 1972; MuXxen and others, 1983). Sam2e areas to the SaRh pmvided 
detritalmaterialfortheSarrta~2VdChinleForaoatiow -and 
others, 1983). 

1971). A -ly flood-plah basin fcamed in the Ute 



- 
The Jurassic was a perid of up l i f t  and erosion of Triassic and possibly 

Permian rocks in the western part of the Delaware Basin. 

Mexico was a source area for Jurassic rocks in centnil and northern New 
Mexico ( E t W e r S  and others, 1978). 

New 

By cretacecus time, earlier ercsim had cspcsed precamtnian to Fermian 
!?ran late in the ~ a r l y  (3retaceaus unt i l  early in the rocks in the region. 

Late -, southeastern New !4s&x was covered by ShallaJ shelfal seas 
(Hills, 1984). Thin deposits of linestme a n d ~ s a r d s t o p l e a n d  

conglcnnerate were  deposited. ~n the Delaware Basin, the Qotacew rocks 
w e r e  renwed by l a te r  erosion, save isolated slup blocks of limeStane and 

shale associated w i t h  karst features (Bachmn, 1974). late i n  the (Xetaceous 
or early in the Tertiary, the Guadalupe - * wereup l i f t edand t i l t ed to  
thenortheast. MildteAnnsn ' affededthe-Shelf (Wley, 
1971). 

Regional up l i f t  and tiltirq of sartheastern New Mexico and wes t  Tews to 
the east and sartheast axxrz& in the late Tertiary. Tectnu 'c activity to 
thewestincreased , resul t iq in the upl i f t  of the Delaware, m u p e ,  and 

Sacramerrto -ins. Eastward f l & q  stremvs drainsd the elevated 

highlamk f0mil-q Ccalescing alluvial systenrs. 'Ihese Systems eventually 
produces an extensive blanket of suds and gravels &led the qallala 
Formation. ?he -lala represents the f h t  preserved sedimentary reco2d 
since the Q-etacecus (&cham, 1974). -lala depositicol erded in the 
Pliocene w i t h  the advent of additional *Jsicnal u p l i f t  and warphg (- 

and others, 1978). T h e  surface became stabilized, and soil f0nub-q praxses 

began that resulted in the foxmation of an extensive caliche caprock 
(Ba*, 1980). 

and early PleistocMe . subeqw& erosion and coalescence of subsided areas 
r m e d  Oqllala seaiments (Nicholson and Clebsch, 1961; ard Orr, 

, Nash Draw, the clayton Basin, 1979). 
and San Simn Swale urlenent subsidence (Bacfmnan, 1974). 

- 

A major up l i f t  of the Guadalupe MamLuns ' OCQvred in the late Pliocene 

(--> aUin3. the early to middle Pleistocene 

\ t i  

/ The niddle PleistocMe was relatively lnmdd, and the corkiiticun were 
right for the fluvial remrkitq and deposition of earlier sediments asthe 
-tuna Fonaatim. atUM time was follwed by a nu& mre arid envimmmt. 
The arid &tiom rmpled with a tectatll 'c and an e r a s i d l y  stable surface 
permitted the foncatim of the bkscalem Cali-. Wing the late 

2 4  



- 
Pleistocene to Holocem, eolian reworkug ' of detrim nataials foI.med the 
extensive dune fields which ~lcrw blanket large portions of SaRheaStern New 
Mexico. 
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3.0 STRATIGFAFHY 
3.1 OCHOAN STRATL@.PRlY 

series in  the D e l m  Basinwas named by- and others 

(1939) for the ochoa R& Office (T.24S. , R.34E., Iea Ccunty). 

four formations, three of w h i c h  an-~~ist primarily of evapritzs. 
inasem3mg o&x, the Castile, Salado, and Rustler Fonaations, and the 
Lkwey Lake Fedbeds (or Formation) (Fig. 3.1). 

It ~ ~ L I & S  

lbey are, 

3.1.1 Castile Formation 
Richardson (1904) Mmed the Castile Formation for cutcrqs near ( M i l e  

sprjng in alhzson &amty, Texas. 
an3 an *Qp&* salt series unti l  Laxq (1935) nared the uplw sal t  series the 
Salad0 Formation. 

Ihe Castile was dividd into a "1CkJer" 

Castile Formation consists of thick units of laminate3 
anhydrite/caxia?ate ard halite. zhe sulfatic beds dcmirulte. Halite is thin 
or absent i n  the western part of the Delaware Basin. Ihe clfiange is usually 
attributed to dissolutian of halite (Anderson and others, 1972, 1978; 
Ardersm, 1978, 1981, 1982; Badman, 1984b; Lzmn$ert, 1983). 

naikers fmm the base w: basal lh?stone, anhy3rit.e I, halite I, 
anhydrite 11, halite 11, anhydrite In, halite XI, and anhydrite IV. 
Bachman (198413) reported additicndl halite Within ari?ydrite N anl called it 
halite V (sic). ?he infomal hamewrxk provided by Anderson and his 
mrkers is in reqular usage by hvestigators of the Castile Foxmation. 

'Ihe basal contact of the Castile w i t h  the Urderlyiq Bell canyon 
~ormaticol of the Delaware Manrtain GIUIP is poorly 
Geophysical logs display a sharp transition based on ~tural gama, aawstic, 
density, and other pammtes. %'he contact has been amsidered UIYrnfaLmable 
based on these signatwes. cys (1978) reviews the evidence fran a core of 
the transition in W i n k l e r  Camty, m, and mncludes that the amtact is 
clearly transitional. 
anhydrite. ~e irclicates that the shaq log signature is due to the thinness 
of the transitional c5ntact relative t o  the resolution of the log. 
an3 others (1972) report a thin limestane unit a t  the base of the Castile. 
More m y ,  Robinson ard Fwers (1987) examLned * mresofthecmltactfrerm 
nuueuus boreholes a l q  the western edqe of the Delaware Basin, and 

- 
Anderson ard athers (1972) dividei the Castile into aMitianal informdl 

a t  best. 

Cys (1978) placed the contact at the f i r s t  lamina of 

,/ -- 



geaphysical logs fran a larger area. cares show the transition over a few 
tens of centimeters , arxl the logs display sharp miti-. In addition, 
there appears to be an irRertcar3uing of limestaple ard sulfate m a r  the base 

of the Castile fonuiq what has keen called "false Irrmar" (PaJerS and 
Fabinson, in Prep.). Ihe - ' oamrseastof WW City- 
sevezal miles. while the Ball Qnym/Olstile omtact is transitional over an 
in- Of < 3 f t  ( l m )  andthe log signature is 
variation in the wntact is damnstrable. 

've, mreliuqhal . .  

'Ihe upper contact w i t h  the S a l e  is leu clear. Iag (1939, 1942) 
placed the base of the Salad0 a t  the base of the Fletcher &&@rite Maker 
whichrestsj.lmdla ' te ly  on the capitan Limestone . Jcnes (1954) arxl Japles ard 
0th- (1973) included the Fletcher Anhydrite Member in an anhydrite unit 
considered part of the Castile in the Delaware Basin. This anhydrite was 
infcrmally designated anhydrite III or IV, or a ambjnation of m/IV, by 
Anderson and others (1972). 

~ a c l m n n  (198413) rwiewed the ~ t u r e  of the Qstile/salado axrbct i n  s ~ m e  
detail. 
lithe cnntact between the Qstile and salad0 is gradaticmal and 
interfiqerilq. 

in part by aissolutian resultirg in a resiciue m&dng on the Castile. 
'Ihe Castile has been the subject of many well-knmn studies. hlerson 

and others (1972) relate studies of the anhydrite/cdrkaate laminati- bqm 
by udden (1924), carried on by Adams (1944), an3 extended by Amiersm a d  
co-workers. 
deepwa- evaporite basin; the charaderistics atterdant w i t h  such depcsits 

are- mre ful ly  by Sdunalz (1969) I Dean and others (l975), and 

'Ihe Castile ??onratim is aaainated litholcgically by thick units of 

He  generally amfirns (p. 8 )  the comlusion of Janes (1954) that 

(198413) interprets the ccntact as generdlly sharp, k u t  modified 

'Ihe Castile Fomtion is usually amsidered an m e  of a 

Kendall (1984). 

sulfate (mainly anhydrite) or thinly laminated anhydrite and ca&c.mab=. Near 
the center of the basin, thick units of relatively plre hal i te  are 

w i t h i n  the Castile can be consistent over coPlsiderable didzmxs I interrupted 
only by i n t ? 3 f O n M t i c m a l  defoIlu3tim or by dissolution. 

, 
.i bterfseaded to w i t h  the sulfate u n i t s  Tke thicloless of beds ' 

Andersan ard RneJx 
(1978) report on clefonration of parts of the Castile fran several areas 

w i t h i n  the maware Basin hied no - than abart 4000 ft (1200 m) deep at 

--. 
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present. 
deformaticm in the Castile near the WIPP site and in larger areas of the 
basin. Bmxs ard Shaffer (1985) cencluded that the struchnes cutlined by 
Anderson anl ~cwexs (1978) weze saaller than originally conceived and were 
similar to salt flowage/defonnation stm&xes near the WIPP site. 

-its of gypsum or anhydrite (Billo, 1986), alcaq the eastern a d  northern 

basin -in. 
sulfate clasts -tely equivalent to halite I (Anaerscn an3 athers, 
1972) alq the Western I&ug-in Of the bash. 

processes for the Castile are still beirq profitably studied. 

Ba?ms and athers (1983) ard Bonrs and Shaffer (1985) 1 

scnh=investl 'gators report basin margin efffX+s, inclu3ing SUhKcme * fan 

Rrbinsan and Fcwexs (1987) report a fan-like -it of 

-1s Of the sediment0 logical 

3.1.2 Salado Formation 
The tam Salado was originate3 by Iarg (1935) for the qpr, salt-rich 

part of the Castile gypsum of RichKason (1904). hn informal threefold 
division of the Salad0 Fonaaticn is u t i l i z e d  here: 
a middle neuber locally designahd the H3iutt potash zone, anl an unnan& 
1- mwber. As each of the nmket-s ccmtah similar amanrts of Mite, 

anhydrite, and plyhalite (Jcnes, 1972), the nbznhrs are aistinguiszaed by 
their content of other potassium and magnesim-kearhq minerdLs - -upper 
a d  1- members W l y  lack Mese minerale , while the middle member 
(Wt potash zone) ccntains a d a t i v e  alxnrlance of potassium and 

magnesium-Wbq mineral s. to the abndance of laterally persistent 
beds, the middle and upper Salad0 are also subdivided on anarh finer scale. 
A system of rnrmbering Mvidual beds of anhydrite ard plyhalite (marker 
-)-- by geologists of the U. S. Geological Surrey (Jcws a-d 
others, 1960). The marker bed system is used extensively by m i n i r g  ccmpanies 
in the Carlsbad potash m . i n i n ~  district. 

amxlTIts of other potassim-~ing minerals . Abaxt 8540% of the Salad0 is 
halite (Jones and others, 1973). Beds of anhydrite ard p lyha l i t e  al termte 

w i t h  thicker beds of halite 

clay, plyhalite, ard anhydrite. T!E halite is generally white to clear, ixt 
it may be tinted omqe, reddish-brown, ard gray by varying auumts of 
interstitial plyhalite or clay (here used mainly as a textural term as the 

an unnamed upper m, 
- 

The sdlado amsi s t s  of halite, mite, ard plyhalite w i t h  varying 

<-"; \I 

\. - , 
the Salad0 section. 

Halite in the salad0 is m r d y p l r e  and often omtams * m i . n o r ~ o f  

- 
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finest gzain sizes  incl& clay an3 other minerals). Halite may also occur 
in saw aryillacew beds an3 anhydrites as dkplacive Qystals. mite 
replacements of sulfate are COIIPIW; the xmxt recognizable are halite 
pseudaoroIpbs after  gypsum SWallaJtail crystals. 

In the Salada, asgillacears halite is reddish-brckm to gray. rn an 
argillaceaus halite, clay mineral s may axw as matrix material ,  intast l  'tial 
material, and intercrystal line material .  'Ihe clay mineral amtent of the 
Salado (Bodine, 1978) and xmxt irdiviaual aryillacew halites hxeases 

UPJard (henstein, 1982, 1987a). 
kst sulfate units in  the salad0 carmist of finely aystalline plyhalite 

and anhydrite. cur- geolcgic mappins i n  the d u s t  shaft, varims classic 
sulfate sedimentary structures were ohswed in the anhydrites and 
polyhalites of the Salado, including xdular struchues, entemlithic 
struztures, and swallwtail stm&xes. Scme of the anhydrite an3 plyhalite 
beds are visually stzuctureless. 
anhyclrite beds a.re urx3erla.h by thin beds of gray carhmte-rich claystme. 

Rlyhalite and anhytirite may also cccur in halite beds as dissaruM . -1 

irregularly shapes blebs or as strhqers. 
unlike the Castile, the saladr, is rmt confWt0 the Delaware Basin. 

North and east of the WIPP site Salad0 depsi t ion passed well bayenrl the 
Capitan reef and occurred on the N- Shelf an3 the centrdl Basin 
Platform. 
sides of the Delaware -in leaving a 
insoluble material. 

'Ihe majority of the p o l m i t e  and 

?he Salado has been erosionally remcrved fmm the west and sarth 
rim of breccaa *ted 

Ihe upper ccntact of the salad0 w i t h  the Rustlw w i t h i n  the central part 
of the basin is marked amsistentl y cm geqhysical logs by a relatively l a q e  

log signature innrediately wwlies sumessively deeper Mado matker beds to 
the w e s t  (Jones and others, 1960; Bactmw, 1974) , usually attr iMed to 
solution or leadring of salt fran the upper Salad0 (Vine, 1963). Jones and 
others (1973) argue that this a ~ n e  is partly attributable to the M e r  and 
m y  to the Salad0 Formaticol. Holt and PaJerS (1984) described erosion and 
channel- very near the base of the R u s t l e r  that irdicates pIIxesses ather 
than late dissolution nay CCartrikRe part of the aFparerrtly uxmformable 
relationship between salad0 and Rustler. 

in M M  Over as thick as 100 f t  (30 m).  ibis 



- 
3.1.3 Rustler Formation 

The  Fzustler Formtion is the ymqest of three Odman evaprite-bearing 
formations in the Delaware Basin (Fig. 3.1). Rid-nrdsa (1904) narmed the 
Fzustler for mtmqs i n  the Rustler Wls, ailberson caarty, lbxas. Iixq 
(1939) clarified the tenn "Rustler" to stratigra@rically d e f h  the intend 
k e t w e e n t h e P i e r c e ~ I I e d b e d s  ( ~ t e r m ; r w w r r e c o g n i z e d i n p a r t a s  
the Dewey Iake Rzdbeds) and the Salado Fom&icm. 
1944) recognized and named two laterally extensive dolanib units. 

Xang (1939: in Adamsf 
'Ihe 1- 

is named the mebm Dolanite Member, axa the qper  is named the I%?genb 
Dolcnnite Menbar. 

V i n e  (1963) introauced the prsently used fivefold & r a t i m c  

sukdivision of the m e r  (Fig. 3.2). 

Magmtd the Forty-niner Member, and the irrterval be.twentheculebraardthe 
Magenta the Tamariskmmber. ?he interval between the mer/SaladO crntact 
and the mebra was not named and is referred to as the lnlnamd lcxermember. 

V i n e  named the interval abwe the 

The Fzustler Formtion in this area is characterized by a variable 
litholqy consisting of htm%e&W sulfates, cabmaw, clastics, and 
halite. Janes (1972) reported the as a m s i s t i r g  of 10% ciubnate 
rocks, 30% sulpbate rocks, 43% chloride rocks, ard 17% clastic locks. 

subject& to soluticm and erosim, to nearly 560 f t  (170 m) in the 
northeastern part of the Deliware Basin. !rile western malqin of tbe mstler 
has been raoovedby erosion. River 
V a l l e y ,  w i t h i n  N a s h  Draw, and in  an anxab pattern near the sartf&lestern 
edge of the Delaware Basin. 
gmund water in Nash Draw. 

Solution and/or hydratim of 
the soluble rocks w i t h i n  the m e r ,  and freqmkly the soluticm of halite 
fmn the urderlyjng Salad0 Formtion, extensively moaify and aisrupt any 
prirrary sedimentary features. Ibzstler units may be displaced frap their 
expect& pasition. Where dissolution of the underlying Salado is mlete, 
Rustler outcmp; may cnnsist only of broken blocks of less soluble rocks. 

'Ihe upper amtact of the Rustler with the Dewey Lake Iledbeds has been 
reported as do?mab le  (e.g., Eachan, 1984b). Within the shafts of the 
WIPp site, Halt and 

on the ccntact. 

- 

The Fzustler varies i n  thickness fmm terrs of feet, vihere e x p c s d  ard 

The Rustler crqs art along the 

It has been extensively al- by -ace 

chltcnp; of the Fzustler are poor a t  best. 

- 
(1984, 1986a) report local minor m i o n a l  relief 
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3.1.4 Deww Lake Redbeds 
me ~ e w e y  Lake Redbeds are the of the f a r  ochoan fozmrations 

and represent the close of the Falazoic in  the Delaware Basin. 
assigrmwt of the Dewey Lake to the perrman ' issmwhatazbitraryasitis 
not supprted by radia&ric dat irq  or fossil evidence i n  the klaware 
Basin. 
Quaaermaster Fonaation, the ~ e w e y  lake equivalent in the lkxas panhandle. 
IheDeweyLakewasnauedbyPageandAdams (1940) basedonsanplesfmmthe 
Fenn Oil, -it #1 w e l l ,  Glassmclc Oxmty, Tews. 
Lake" superseded the tenn @#Pierce canyongq originally prqxeed by Iarq (1935) 

for redbeds in the Delaware Basin. 
as 1963 by V i n e  in his descripticms of the Fexman ' r e d b e d s i n N a S h D r a w .  
H m e r ,  the U.S.Ge0logical Society later abandcared the tenu "Piem2 Guyontg 

and ad- the tenn "lXwey lake,1t as it was nare wide ly  a- by 
geologists, and Itpierce Canyon," as defined, indluded rocks of the 
Pleistocene Gatuna Formtion. 

scale (with local minor errsional relief) and tnderlies Late Triassic ard 
young= rocks. ?heDewey rakemills tothe norwNe& as the result of 
p r e h t e  Triassic erosion. 
equivalent to the Quartesmaster Formation or Grwp of the Tews panharylue and 
oklahoma (Hills and mt lcrwsk i ,  1983). Hcwwer, the age of the 
isnatuMsistentl y stated, and the mationship w i t h  the Dewey Lake is not 

clear (Kills and Kottlowski, 1983). 

Ihe 

Fracasso and IbIJcer (1985) pzwvi.de Penudn * radicanetric ages from the 

Ihe term "Dewey 

term llpierce Guyon" was used as late 

?he ~ e w e y  Lake dormably cnrerlies the Rustler Formaticn on a large 

Ihe ~ e w e y  lake is often asnrmed to be laterally 

W rake is &ara&erized by its reddish-orarge to re&li&-bmm 
color and varying sedimentarystructures. lileDaJeyLa)recoazsistsdlmost 
entirely of rrmdstone, claystone, siltstme, and hte&&dd sandstone. 
Akurdant sedimentary sbx&ues are dlamcteristic of the Dewey Lake (Holt 
and Rwers., 1984, 1986a) and include horizontal lamjnations, fine 
cross-laminations of vary iq  size, rip-up dlasts, silt-filled nud cracks, 
intertnsinally derived pebble caqlcmrxates, finirq upyard -, and 
soft sedimerrt deformation features. 
are aburdant, and a few beds m y  have a gray color. schiel (1987), in a 

of geophysical 1- indicatjrq generalized liurOlcgic trerds within the Dewey 

Lake. 

Lzcdlly, gmenish-gmy reduct2 'an spots 

a m t h u i n g  study of the Lake, has also pmvided initial tiors - 



W i t h  the exception of the upper partion, the Dewey Iake is d-iamcterized 
by locally abndant gypsum-filled fractures. zhe majority of the frachues 
are fi l led w i t h  fibmus gypsum, a l t l x u # ~  granular gypsum fracture fill- do 
cccur in the upper portion of the 
mmrrmce (fmu the surface) of gypsum-filled fractures a t  vari- 
localities is not clear. 
inaicator of the depth and extent of infiltzaticm of recent mztem.3~ water, 
thoqhthisiscxt.3ml * y n o t a u n i q u e h t q x e t a t i o n .  Preliminary 
camparisons of data gathexd fmu the waste handling and e.xhau& shafts with 
data gatherea fmn lxu-dmles arcand the WIPP site idicate that the first  
mmrrmce of 9ypsum frachzre f i l l ino ;  does not OCCUT in the same 
stratigraphic irRenml laterally (Holt anl Fwers, 1986a). 

subhorizcoltal and fol lm kddirg planes. Hiqh angle fmctums are the least 
c ~ m ~ n  fracture type in the Dewey Lake. A t  least three separate episodes of 
fracturing and subsequent f i l l ing W i t h  gypsurm have been reported h.anthe 

Lake. zhe significanm of the first 

It informally has keen amsidered a possible 

Ihe majority of all frachres  in the Dewy Iake are lmrizcaRdl to  

Dewey Lake a t  the exhaust (mlt and Fwers, 1986a). - 
3.2 RUSITXR STRATIGRAHiY 

zhe stxati- of the Rustler Fanaaticn at the WIPP site is discussed 
in the fo l lwbq  Sectims. Vine's (1963) fivefold sutdivision of the Ibtstler 
is usedas the stratigrqhic fmnework fortheRustbxdata in later chapters 
(e.g., sediment0 l c g i d  data in a. 5)-. 'saw unib of the M e r  vary 
considerably keynd the area of the WIPP site. 'Ihese variations, imlulbq 
hydration and alteration of sulfates mar the surface, are not carsidered 
here. 

3.2.1 LlImaU& -Member 
The ulumed 1aJerImuber mists of clastic w i t h  subordinate 

amunts of bedded halite, anhydrite, al%l plyhalite (Fig. 3.2). The 1- 
member is msghly 130 f t  (40 m) thick. Ihe basal contact w i t h  the sdlado, as 
abserved in the shafts, irdicates neither significant erosion m r  dissolution 
( H a l t  and PaJerS, 1984, 1986a). 

?he lcrwerm?st 65 f t  (20 m) of the 1cue.r member axsists of siltstone with 
minor ammnts of sardstone. 
siltstone. 

- 
'ItJo Miterich sequences overlie the 

lhese sequences are in turn overlain by a 10 f t  (3 m) thick, 
,- -. 

\ 
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bedded ar@drite serpexe. 

nxghly 10 ft (3 m) of claystme. 
Ihe tcp of theunwnwd l a ~ s n e n b e r  ismarkedby 

3.2.2 Culebra D o l d t e  

The Webra consists of b m ,  firrely crystalline, locally a r q i l m  
and a r e ~ c e c ~ l s  dolanite w i t h  rare to a)xnubnt vup w i t h  variable 9ypsum ard 
anhydrite filling (Fig. 3.2). 
Rrerluently, the 4 inches to 1 ft (0.1 to 0.3 m) consists of 
orqanic-rich, thinly to micro-laminaixd claystone ard carfxnate. 

Ihe Webra is abcrut 27 ft (7 m) thick. 

3.2.3 Tamarisk Meidxr 
The Tamarisk Mexrks varies frcrm abaR 100 to 170 f t  (30 to 50 m) thick in 

nonnal sections. 
either a thin 6.5 to 10 ft (2 to 3 m) thickclayston8 or a Udcker intervdl 
of ha l i t e  (Fig. 3.2). 

It consists of a laer ard an upper m i t e  separated by 

3.2.4 Pzasenta D o l d t e  Meuber 
Ihe blagerb is a light gray to darkbrclwn gypsiferclls ard 

sedimentary- i E l u l i r q w w y  ard lenticularbeddin?, 
Q-ossstratification, climbirq riple ard M e s  of gypsum. Ihe 
Magenta assumes a plrplish cast after anrficial weathering or in the shdllaw 
subsurface. . 

d o l d t e  w y  25 ft ( 8  m) thick (Fig. 3.2). It displays ablxbTk 

3.2.5 Forhr- ninerMeIrker 

an upper anhydrite thich sardwi&es claystnne or a laterally equivalent 
halite (Fig. 3.2). The amtact with the CRYey Lake RaIkeds is sharp ard 
undulatory w i t h i n  the WIPP shafts; it is q i o n a l l y  omfonnable. 

The Forty-niner is similar to the lbmarisk as it consists of a lower and 
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4.0 ~ R E T A T I ~ ~ ~ R u s m w ~ o W  

ateral relatiaship w i l l  be described at  t w o  different scales: local 

(WIPp site area) and regional. 
i n f l m  by pmvi- shaft descriptions (Hdlt and Rwers, 1984, 1986a) and 
redexribed CQIPS fmm WIPP boreholes, a i z h q  sedimentary f e a W  and 
relationship impoaant in interpreting the aepasitiondl histmy an3 
subseqwnt events. Gecplysical logs of these boreholes have keen correlaed 
to details fmm shaft ami core descripticms. !be local seaimentary features 
anl relationships are ~K+s&BI ekehere indetail (UI. 6 ) :  here, w 
m i z e  briefly the site relationship as a preluie to a regicnal 
synthesis. 'Ihe regional lateral relationship afe based principally OBI c n ~  

interpretation of gecphysical logs, tied to the strati- and lithology of 
thesitearea. Avarietyof iscpachmapsandstructureccntanmapswil lbe 

used in acnjunctiopl with cress secticns to p i d e  the basis for lateral 
relationship in the Rustler at  bath scales. 

l'he local g e a l q y  reported here is strca-qly 

I% regiondl infonoation serves mainly to i l l u s t r a t s  impmtant 
stratisraphic and s d k n t o  1cqicrelatimshi.p. Zheserela- 'ps are best 
preserved f m  the vicinity of the site to the east, ncath, and sarth, 
limited by the state kcmrhry. cxltcmps of the -west of the site have 
notbeenexamlmd * in detail for S t r a t i g r a F h C  and sediment0 lcgic data for 
reasons cutlined by Vine (1963). West of the site, lcgs are increashqly 
difficult to interpret as they are near the surface and have been 
by erc6ion and solution of both R u s t l a  and Salado. For this report, dricfi 
concentrates on aepaSitional ami aissolutian features in the vicinity of the 
WIPP site, the r q i o n  ircludes the si- (see Fig. 4.20) and areas west, but 
usable infonoation is fmn the site area to tbe east, ncath, and scuth. 

correlated. lhis kind of oxmlat icn does not n q u h  synchmncw deposition 

c¶-Y-geochemistry i n  an evaporite basin are often, at least ---' similarmineral 

- 

sareraldistincti =, litAa3tntigaFbic units nay be 

e- (Hedbergi 19761, a-widespread beds of C,? , %  orbauding isochronrxls 
i 

hplici t ly ,  assLrmed to be isochronous or nearly so. W i t h i n  parts of the 
Eustler, the vertical sequence of beds is similar to lithofacies develcped 
laterally in  evaporite wits, and WIUS they nay genemlly be 
= Pmgradvlg ' or- ' depa;its. Mildlydisjunct: fades ,  sarewhat 
similar in arrangement to pnrctuated Ptggadaticnal cycles (PACS) of Goodwin 

- 
and Ar&?son (1980) an3 Amkxxxm and others (1984), M c a t e  mid relative 
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changes in sea level or rsgicnal bkse level ((31. 6). 

lithostratigxaphic designation of the mer (Vine ,  1963). Wvi&ual beds 
w i t h i n  thesemmbers are described in sanedetail in shafts and cores (a. 
5).  These beds, as far as geuphysicdl &ara&xist.ics pezmit (Fig. 4.1), are 
traced laterally across the zegion. 
Mites) cccur regionally, as 
axur in cores from the site area. 
well-defined members, hcrwwer, atxi are easily assigned to lateral lithofacies 
variaticms in most areas. 
demmstmtes s a e  ctmqes within the lwer Rustler recpirirq aDnsiderable 
careininterpreta tion. sane of these lateral changes are briefly menticned, 
as they are beycnvi the areal sccpe of this report and are not resolved. 

me iscpach ard strudure cmtxrarxcqxmay beusedto infer amsiderable 
infonmtion about the depmiticolal history and 

franwork for lateral relaticuship is the five nmhr 

Saae litholqies (e.g., %nmrisk 

fmu qeqhy4.d lcgs, a d  do not 
?hese lithologies vary w i W n  

zhe region w e l l  north and east of the site 

evolution of the 
secticul4.3 late stages of the &laware &sin anl innm3iate sLploundings . 

sunnnarizes that infclrmatian, part of which is also use3 to i&xpret the 
depositicnal h i s t ay  secticul. 

4.1 WIPP SITE 
Within the site area, a l l  members are clearly defined ard charqe l i t t le 

in thickness and general lithology. zhe lamarisk and ~orty-nine 

vary mast in  thickness aml littm1cgyL~ vL to  the presence or absence of 
halite. 

4.1.1 zhlnamed Lower MembeF 
lwer ccartact of the 1- menber is at the base of a section 

of ?zdalsh -brown to greexkh-qray siltstopres, above a halitic and sulfatic 
section of the salado. W i t h i n  the SMtS, this ban3axy is sharply Mired. 
cores also slxw sharp differentla ' t ion of the bamkry, and these bcumhries 
are closely d a t e d  to natural gauuta kxease (frrra the urderlyirq Salad0 
Fonm'cion), and &anges in the sonic, density, or neutrnn character (Fig. 
4.2). 

rn the west, this basdl amtact has been axsidered less definable. 
Jones atxi others (1973) have stated that the axgil.lacea~s c l d c s  above 
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hdlitic salad0 Muie the residue frpn dissolutien of the u~per salado, 
manixq that the Rustler/sdlada centad may ncrt always be located a t  the base 
of the natutal garmpa mge - * ' c o f  thelcwermlstler. Sameof the 
evidence for this d u s i c m  is &eemable near the site. In the wash Draw 
area, Mado halite canbedemrmstrated to havekeen LpdlDvB3 mnetime after 
mer deposition on the task of bmxiation of nwh of the Rustle (a. 7 ;  

see also wxcer, 1983). w i t h i n  the site, hwver, there is vary clear 
widem= of erosive &mneJ.irq and f i l l  near the base of the Rustla (Iiolt 

an3 pa~ers, 1984), and the s a l a d o v e r  amtact is variable w i t h i n  the 
region i n  areas that have not rnrlergow post-Rustler d i s s o l a .  

channeling, fossils, ard b i m t i o n  in the basal Rustler are clear 
indicators of nu& less saline water ompared to the salad0 brines (mlt & 

POkFers, 1984, 198613; a. 5 ,  6 ) .  It is reascrulble to suppa6e that thb water 
caused dissolution Wor m i o n  of the upper Salado, the is 
Yet - . m ~ o f ~ e a r l y p m o e s s m a y b e ~ i n t h e  
westetn part of the 
arduppersalado. 

the mebra mdte Member, specifically a t  the untact w i t h  a gray 
daystane unit. TI-& CCpRad is anrrr~ tk clearest and- eaaily 
i n t e r p e  bath in the site an=a am3 the xxgicm (Fig. 4.2). 'Ihe 

c o w  betweM shafts, cores and logs is excellent. TI-& bcundary is 
used as a baseline i n  profiles for cofielatiai pvposes i n  this xeprt (Fig. 

W i t h i n  the 1- unnamed member are two main mite beds. M beds 

area by later mlutiai and collapse of the Ihlstler 

I 

?he baunjary of the UlPLmped 1- member is placad at l%e base of 

4.3 - 4.6). 

are traceable regicnally as -1 as - the eastern part of the site 
area, pmidinq  a t ie within the 1- section. 
thins or dhqqeam in thewesternpart of the site. 

"he lawer, thirmer sulfate 

4.1.2 CUlebra D o l d t e  Mwber 
Ihe qqer centact of the Culebra w i t h i n  the site area was poorly 

Keservedand- ' prior to shaft -tion. W i t h i n  bath shafts, a 
waxy organicrich, well-ladmted -te and d a y  bed uxurs. 
with difficulty, pr&ably washes cut auring drillirq, and can be asscciated 
w i t h  a ganana spike and lcu density, lcu aaQIstlc velocity signatme cm lcgs 

It is aced 

A 

(Fig. 4.2). 'Ihb Signature c2vfie9 - of the mion an3 is the 
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basis for its regicml extent. In this chapter of the report, 

the contact of the Culebxa has been placed a t  the base of this oqanic unit 
because of the variable thickmss in the oxganierich unit. 
reprts, the culebz-a bxmdaxy was placed above the organicrich beds on the 
basis of garmna logs. For the d i s a x s  icpl of seaimentary features (al. 5 )  and 

depositional envimrmmtS (01. 6) ,  the organiorich unit is imlded in the 
ailebra. sape of the systapatic variation in culekm thi- in the site 
areaketWeenthi.9 andothEr?2qxrts canbeattrikutedtothis ve 

It is 

In many previcus 

difference. 

present 
W i t h i n  the site, the ail- is slightly variable i n  -. 

the site and is an inporbnt regimal marker. 

4.1.3 Tamarisk- 
The upper ccoltact of the 'ramarisk with the - maoite Mmker is 

distinctive i n  shafts, cores, ard logs thmqtmt the site and resiopl (Fig. 
4 . 2 ) .  It is a transitional h m l a r y  qanniq  a few feet (1-2'm) bebeen the 
upper sulfate of the Tamarisk and the cabmate, imlxling algal s;truchnes, 

of the basdL Magenta. 

unitoftheTBparidcMeid2eristheuppr , .  'Ihe msst laterally anthums 
sulfate. A sulfate abwe the basal organic dlaystcne ind CaZtxMte (see 
4.1.2) is regionally ,UmqhitisabsentinwW19,aborehole 
a b u t  0.5 m i  (0.8 km) north of the site center. 

The beds betwem these sulfates are amuq the met variable units i n  the 
-la. 
varies in thi- fron atxut 15 to  atcut 115 ft (4 .6  to 35 m). A 
p o l m i t e  bed cixurs w i t h i n  this interval i n  the eastern part of the site 
area; the plyhalite can be traced thrcugh a part of the region as w e l l  
especially in the Rustler detxe&x smtbast of the site (e.g. log of HO1, 

men w i t h i n  the site area, the interval bebeen these sulfates 

Fig. 4 .2 ,  4 .3 ,  4 .5 ,  4 . 6 ) .  

\ .-,' 4.1.4 Maaenta DoloM 'te WInbEc 
%upper cantact of &Magenta is transitional over a small thickness, 

resulting in easy identification in the site zlzea and easy corrdation w i u l i n  
the region (Fig. 4 . 2 ) .  A s  with the ailebra, the M a w  varies slightly in  
thickness w i t h i n  the site area, tharEpl it is amtimms thmqbl t  the site 
area and the region. 

- 

4 4  



- 
4.1.5 Forb'--- 

The upper Contact of the F0m-w is sharp in Shafts, COr€?, and logs 
(Fig. 4.2). 
clastics of the overlyisrj ~ e w e y  Iake &5teds has local relief of a few h&es 
(a few an) i n  shafts and cores. 

The sulfatebeds a t  the base andm of the Forty-ninerarepefiistent 
thmqkut the site art3a as well as the region. Ihe thiclrness of these 
sulfates varies cmly slightly w i t h i n  the site area. 
of the clastic/halitic beds between the sulfates varies greatly both lccally 
and regionally. 

P-. 

transition fram the sulfate of the Forty-niner to the 

Iicwwer, the thi- 

Ihe thickness varies mainly w i t h  the volume of halite 

4.2 REx;IoMLLUCl%RALREDZICNSHIPS 
Important xqional relationship have been defined by mrrelating 

geophysical logs w i t h  axes aml shaft descxiptims. 
units of the Rustler vary amsiderably witAin the regicm stuired * I V i d i W  
w i d  of facies changes. 

In addition, certain 

- 

4.2.1 LCkler-bbker 

!the basal amtact of the Rustler a few tens of miles east and sartheast 
of the site a~pears very nnzch like the Cartact a t  the site (Fig. 4.2). A t  

the frbqes of the s b 3 y  area, the basal amtact may exhibit avariable 
position w i t h  resped to Salad0 marker beds (e.g., MB 103 a d  109) and the 
Culebm. 
irdicates that the part of the secticm equivalent to the laJer silts and 

clays of the Iblstler is very similar to, and perhaps aentirnws in m i t i o n  
frcan, the Salado; it cmld passibly be omsidered part of the salado. l he  
natural giurmaa Wge is - aiminishea , irriicathq less clay in  a thinner 
unit, and aaustic velocities are similar to halite (Fig. 4.2). &!cause the 

basal ganrma signature appearsccntFnuaJs thcaqhdiminished, we ccnsiderthis 

this  bandary is abviwlywarranted, -not a part of this mgvrt. 
'ItJo anhyd?Ate beds within the lawer urnramedmember are prrminent in the 

site and to the east (Fig. 4.3 - 4.6).  'Ihese distinctive units OCCUI: in 
the upper part of the member a t  the site h t  are 1- in the mmker to the 

A t  the eastern and northern of the regicm, the log &aracbz 

m p a r t 0 f t h e R u s t l e r .  A f u r t h e r s t u d y O f t h e r e g i d c h a r a c t e r O f  

A 

4-5 



east and south. nn?Aer to the scuth, these tm arhydriw are again high in 
the mwber, and a sulfate/Oltxnate whi& is not present at  the site appears 
near the base of the mwber. The position of these mites is variable 
w i t h  respect to the base of the Ihlsuex and with respect to the base of the 
Webra. 
member. AS halite decreases abare the mites, their position is dloser 
to the Qilebra. 

closer to the base of Rustler. mese changes do not occur at  the same 
locations along the mmtmctd profiles (Fig. 4.3 - 4.6) , iniicatirg the 
cause of position change is not anmun to both sectxns ' 

addition, clastics between the upper anhydrite ard 
M the variation does not  pear to direcu y relate to thinnhq or a b e r x x  
of halite. 
variations in d e p x m t e  for a saline pan ard attenhrrt clastic -its. 

Halite below the two anhycirite markers is thi- to the east of the 
site area. 

rest of the Rustler) are samdxit unclear due to a lack of data in the 
imaplediate vicinity of the bid Qpitan reef q i n  east ard north of the 
site. ?he thickness of this lar~er part of themember does not a~peartovary 
greatly acIoss the reef a t  the north, tkax& it may be significantly thinner 

alang same areas sartheast of the site. Ihe prcpostian of halite in the 
member is qreater over the central Basin Platform, and the litholcqic 
sequence is similar to the Salado. lbe central Basin Plaffonn 2 u ~ a  may have 
f o n d  a semi-independent dapinated by a saline pan durirg this 

'Iheir position generally relates to the tAiclmess of halite in  the 

?is halite decreases Ww the mites, their p i t i c m  is 

of the lmzmber. Ln 
~ 1 . y  in 

position charges and relationships aFpear to be due to 

?he relationships w i t h i n  the 1- unnamed member (as Wl as the 

I 

the. 
'Ihe loher unnamed member is thickest (550 ft; 168 m) east and earth of 

the site, both w i t h i n  the Delaware &sin and 2 1 ~ ~ 0 ~ 9  the -in of the capitm 
reef to the east (Fig. 4.7). lbaqii data are few over the reef, the areas 
Bast of the reef are clearly eqUiw3lent in maxipnrm thil2kmS.s. 

Barns and Shaffer (1985) also fanrl the thickest part of the qpsr Salad0 
to thesouthandeas tof thes i tearea .  W i t h i n t h a t a r e a ,  themadomer 

Vebedsabcnrem wntact usually varies slightly in p s i t i o n  above ~I&xK~A 
103. "he amtact is not perfecuy CQnmrdant even in these areas, irdicatjsq 
erosion ana/ar solution of the UFpenaOst salad0 with the influx of water w i t h  

* I  

much lower salinity to begin Ihlstler depcsition. 



4.2.2 Webra Dolahite 
me ai~ebra varies lrpderately in t h iw ,  fmm abaR 10 to 35 ft (3 to 

Ihe Rustlw doldtes are reparted to 11 m), #KR@ the riqion (Fig. 4.8). 
be oolitic (Xarq, 1935; Adams, 1944) lxt we have not amfirmed this. 

field observations ard core deScriptiarrS fmm Sulfur eXp10ration 

and sakhest of the site. 

Limited 
OAbemon 

ccrunty,Tews, indicatethat#e~ebraisricherinclasticsto#esarth 

me distinctive Webm log signature w i t h i n  the Debware Basin b e g b  to 
fade a t  aboJt T15s. 
increasingly sulfatic, and then aisappears asadistinctiveunit. I t i sno t  
clear whether the mebra aisappears entirely by pin&irq cut or merges w i t h  
the upper anhydrite of the Tamar?sk * Member. Alorqthewesternedgesofthe 
Ihlstler (autQap; in  Tl7S, =BE), a very thin unit of mottled to 
color-lminatd elastics w i t h  no 
~ e b m  and Magenta. Ihe lower Wqenta shows W l e  algal laminatians and 

thin breccia zones hmkd by zcmes of cmtirawrs bedding. Gecplysical 1- 
east of ulis ahnop show the upper anhydrite of the ! b m a r A c  . Mmber. This 
important question of the lateral relaticnship of the mebra to 1 * k i s  
still unresolved. 

uxxkrlies a single anhydrite. Ihe 1- Tamarwt anhydrib has p- 
or perhaps d i n e d  with the upper 'I2mari.d~ mites. 
the central &sin Platform is similar to that north of T15S. 

me eastward extent of the mebrahas not yet been determined in #is 

s ~ , b u t t h e a i l e b r a a ~ p e a r s t o b e ~ ( a h a R 1 O t o ~ f t ; 3 t o 4 m )  
over the central &sin platform. A few of the available lcgs suggest the 
Webra becaaes sulfatic and ccm$ines w i t h  the upper Tamarisk mite in 
the northeastern part of the study area. 

Ihe aiLebra thiFs to the north, to becnae 

'veanhydrite-beftreenthe . .  

A t t h e s a r t h e a s t e r n ~ o f t h e r € ! g i o n a l s h d y a m z t , t h e C U l e b r a  

mis relatimship on 

c-i.'\, 4.2.3 Tamaria 

(Fig. 4.9), while i n  the site area it is CQmnrmly ahaR 90 ft (72 m) thick. 

Tamarisk (Fig. 4.9). 

hasgood- * 'ty w i t h i n  most of the riqi.cn. 

?he 'Tamarisk has a maXimmn Mckness of abart 270 f t  (82 m) in the region 

difference is mainly attrikutable to a Wdck secticn of halite wi& the 

Ihe organic-rich -te ard clay bed M a t e l y  overlying the culebxa 

1 ; ,' '\ .," 

It varies lccally in 
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thicknessandmayalsobeakeentinafewwells (Fig. 4.3-4.6). A t t h i s  
time, no apparent trend in either t h i w  variations or rare absenzs of 
the bed has been observed. 

lhe 1-anhydrite of the l'amarisk is generally atcut 20 to 25 ft (6 - 
6.7 m) ulick in R32-34E. It thins thiE, - a _-  
entirely Mirth of the study area. W i t h i n  the thicker ~ O W ,  the unit  is 
divided by a dastic, and prcbably carbcllate-rich, zane into two beds 
W-WY in- (Fig. 4.10). !be sspam+&g bed b 
considered to be the lateral equivalent of a persistent ulin c l a w  
absezved in shafts, SDme 02-t and most logs. Ihe dastic/caxbmate bed is 
5 to 10 ft (1.5 - 3 m) thick h parts Of the W b K e  the anhyclrte is 
thickest. Eastward, onto the Central Basin Platform, cmly abaR 10 f t  (3 m) 
of anhydrite, undivided by other beds, is usually present. It a p p a r ~  that 
the upper part of the unit  pinches & depositionally tanrd the east an3 
northeast. 
inrmeaiately north of the site center (WIPP 19), have not been demmstmted 0x1 
the regional scale. 

!he beds between the anhylrites of the 'I;imarisk a m  laterally traceable, 
but are a m q  the mmt variable litholcgically in the lbstler. w i t h i n  the 
region, the beds v a ~ ~  fmm 0 to atcut 200 ft (0 - 61 m) thick. Its thickest 
area is east of the site, along the Delaware -in megin and on the 
-in Platform. Ihe beds mist largely of halite them uley are thickest. 
mhterbds thin to thsmrth, West, and SaRh (Fig. 4.3 - 4.6, 4.ll), and 
aredawrnantl y elastics when less than 20 to 30 ft (6 - 9 m) thick. 
Rl8.5, this unit may be entirely missing, as the Qllebra appears to urderlie 
the upper Tamarisk anhydrite or even the Mag&z~ (4.2.2). czastrc ' zaslesin 
the Tamarisk are also generally traceable laterally within paas of the 
halite unit; in 6 ~ p e  areas scrttheast of the site, halite clearly Buzrclglcls a 
clastic or nudstone unit (e.g., CO4, Fig. 4.10; Fig. 4.5). 

between the t w  sulfates of the "kmrisk. Tnis bed, which cuxm a l q  the 
eastem part of the WIPp site, is very 
gannaa a d  associated high acastlc * velocity ana/or m i t y  (F*. 4.2, 
4.10). The plyhal i te  exists w i t h i n  the Delaware Basin as well as on both 
the Central Basin Plaffom ard N o r t h w s t  Shelf ares .  W i t h i n  tha Tamarisk 
depocenter, i t ndnbms  * a rather cmstant positicm abwe the 1- anhydrite 

kcal  variations, such as the lack of this mite bed 

- 

N o r t h  of 

A plyhal i te  plmite/-i* bed iS assoCiated with the halite 

b e c a u s e O f t h e w M t u r d l  . .  

6 
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of the Tamarisk, bR its pasitim is rmm variable w i t h  respect to the u~per 
anhyirite. halite is thickest in thts mapber, the plyhalite is abart 
100 ft (30 m) helm the upper anhydrite. AS this halite thins, the 
plyhalite approaches the upper ar$rydrte base, and, in ~ 2 % ,  ~3313 for 
-le, the plyhalite immediately underlies the upper anhydrite of the 
'ramrisk w i t h a r t  any evidence of intervenrrq ' halite or clastia (Figs. 4.3, 
4.5, 4.6). Whexe this occu~s, the plyhalite may be underlain either by 
halite or by Clda averlying halite. Snyder (1985, p. 4) reports I#... that 
IYJ plyhalite is preserrt where a l l  halite has been remwed fmm the Tamarisk 
Member". 

Rris marker is iqmrtant w- of the lateral d e p o s i t i d  variations 
within the Delaware F?asin during this d e p o s i t i d  episode. 
overlies halite or halitic units east of the WIPP site. 
overlies clastic zones (nn.&c&s) in  severdl boreholes arapd the margins of 
the halitic areas. 
zones. mis relationship of plyhalite aver clastics irdicates that solution 
did ncrt reucwe halite frpm the clastics after famatim of the polyhalite, or 
Me plyhalite wuld have been dissolved. Myhalite is very soluble, and it 
is usually considered a SeacBlCkzy or dkgmetic mimzal. 

site, plyhalite 
underlies a thick, relatively plre halite that laterally thins an3 
clisapears. In several boreholes aranrl the mzyins of this halite lens, 
plyhalite directl y urderlies anhydri-. plere is rn log wiaenm of either 
clastics or erosional plane betmen plyhalite and mite in these hols .  
I f  there is any ~~dis.soluticm residueet present in these holes, it weuld have 
to be anhydrite in gccd contact wi- the overlying mite. 'Ihe presexe 
of the plyhalite kaicates that any renuval of halite (laterally equivalent 

to the halite lens) mst have taken plaae before formaticm of the plyhalite. 

mlyfdite 
polyhalite also 

clastics are lateral equivalents to the hdlitic 

- 
'IhmJgh mu& of the basin area east of the 

"1 whendidtheplyhalitefom? '~hereisnodirectevitiexe. 
, suggests it fonoed early, pezhaps nearly cceval w i t h  the original sulfate 

\ _- 
(assuming this plyhalite is mt primary). AS the plyhalite thic)cness is 
abaut the same whether it &lies antiydrite or halite, it is lailikely that 
the plyhalite originate3 as a replac%n?nt or alteraticm of antiydrite or 
9ypsum by dowmazd permlating fluids. W i t h i n  the basin, u x k r  the halite 
lens, plyhalite is unlikely to  have forrmed frun solutians permlating 
damward th?mgh amtch halite as permeability is plugged quite early 

(r: 
- 
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-. (Lamstein, 1987) and the halites inaicate no aiagenetic altenntim by 
potassium-rich soluticms (no increase of natural gamaa) . 
w a s  driven by brines frem the urder1yi.q zones, these fluids passed equally 
effectively halitic ard clastic zones. lhere is no gmaa~a log 
evidence of dbzration by potassium-ric?h solution in halitic zanes, ani t b y  
are usually p l W  very early. 

The polyhalite w i t h i n  the l’amrisk is presmt in lccatians where it 
limits the timirg of any remrnml of halite fma adjacent unik. 
not believed to have bem dissolved fran any zane adjacent to srtarh 

plyhal i te  siwe plyhalite formed. 
p l y h a l i t e  is not )olown, the plyhalite QXIVS in 2 ~ z ~ a s  where adjacent 
halites should shar very little permeability to brines that wxlld al* 
original sulfate mineral s to polyhalite. 
farmi very early, shcwiq in its lateral  extent and relationship effects of 
the basin mrgins and limiting the t h i r q ,  a t  least, of any dissolution of 
halite in clastic units laterally equivalat to halitic zones. 

?tJo thin anhydrites (possibly m i x d  anhydrite and halite or caxbnate) 

ccmr w i t h i n  the halite, above and pardllel to the plyhalite (Fig. 4.10). 
?hese two anhydrites are easily traceable artside the Delaware Basin, 
pmviding eviclenx of ocoltUau ’ ‘ty of both depositicplal process and l i tho lqy  
for this unit (Fig. 4.3, 4.5, 4.6). 
thins ard disappears laterally, the halite ketwen these two beds does not 

thin. T h e t h i n a n h y d r i t e s i n t u n d i s a p p e a r o r ~ w i t h t h e u p p e r  
anhydrite of the ’hmarisk. It is possible these two beds are successively 
truncated by the qp=r anhydrite of the Tamarwc, but borehole well lcg 
locations are not appn@.ately lccated to m l v e  this question. 

study area. It is psrsistent beyord the extent of the ailebra an3 lawer part 
of the TamKisk. mis anhydrite usually varies mxkrately in thickness, as 
where the plyhalite merges with the base of the anhydrite. Iai%rally, the 

of mite is similar to the canbined thickness of anhydrite and 
pl-ite. Ipcal *ckendrq in the site area has also been noted, as in 
WIPp 13. west of the site area ard i n  parts of the site area, Snyaer (1985) 
attributes thickmkq to gypsificathn ani the atterdant volm increase. 

If polyhalitization 

Halite is 

the absolute age of the 

?he polyhalite is thcnqht to have 

As the halite above these thin beds 

?he upper thick anhydrite of the Tamarisk is persistent i3rm#mt the 

him gamma spike of the 4% in the p o l m i t e  aisappears ,andthethickness 

W i t h i n  the  per Tamarisk Member a n h y d r i ~  (A3 of Ch. 5), laterally 

\ 
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cmtinUarS features ocw in logs Umxghmt the bash (Fig. 4.12). F l u n  

anhydrite in the site a m a  can be g m p d  into broad unib. A Uree part 
division of the anhydrite core featums appears to a x m d  well to the 
geophysicdl log fed- (Fig. 4.12). 

intheacmstl 'c velacity attributed m y  to carbcnate: there is a prcbable 
higher organic content and a few thin aqillaceaxs intwal s. misunitmay 
be as nu& as 40% of the bed thickness, Umgh it is wre mamnily 25-30%. 

axe descriptions (ch. 9,  litholcgies ard sdmmtmy featureshTmthis 

w i t h i n  the u~per Tamarisk antrydrite, the basal log unit &isplays breaks 

011 IMlly logs, M M  is noticeably hi- 1- Of IU 
ulanintheupperparts. ' I h i s c o ~ t o t h e ~ t e p l u s  
organic/argillaceous amtent in s ~ p e  cores. W i # i n  the site area, 
decreased neutma! activity fmm this part of the sulfate bed has been 
attributed to gypification (Snyder, 1985). Gypsificatitm of these units can 
be daaslstrated petmpa@dcally, but it is an hdequab explanation for the 
obsenratians as similar lag features ocoll thmqhmt the basin. EOUI 
organic ard clay ccaterrt also affezt neutnm log s ignaw in a way similar 
t o  hydrate3 minerals . An3 this laer unit is clearly aiscernib le in the 
basin overlying halite. mat is jxmnsistent with the hypathesis of 
gypjificatim by cirailating water r e m ~ v h q  halite. 

law bac)cgranrl natural qamm and a omsistently hi@ acas t ic  velccity, 
M c a t i n g  high prity anhyclrite. 'Ibis lag unit is a b u t  3540% of the 
thickness of A3. W i t h i n  cores, this sqamt 

a n h y d r i t e ~ a n d c r u s h e d p s e u d a m r p h s  aftergyps~pgrawthtescbses 

a s w e l l a s o r u s h e d n o d u l a r ~ .  cnlythegreatomtlnul * ' t y0f  this 
subunit can be observed in the logs, not the presence of specific textures. 

' I h e u F p e r ~ t O f A 3 i S # i n n e r  than the 1- submits, usually 

.-.. 

'Ihe middle lcg unit of the upper Tamarisk mite generally has a very 

to a zane of 

represerrtbq abart 20-25% of A3. Natural ganmpa activity is usually slightly 
above, and acoustic velocity is mre variable than, the middle submit. 
persistent, thin zone of laer acaustic velocity is taken as the base of this 
subunit. TIE cores m- . to this zone are do ld t i c  an3 also paruy 
nodular. 

sigMtures over a few f t  (1 - 2 m). 

A 

lb transition to M a g a b  is gradual wiwbath  cores an3 lcg 
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4.2.4 Maaenta Dolomite Member 
?he Magenta is a cazimnate sanlwiched two anhydrite layers (Fig. 

4.1, 4.2) and it is marked by a characteristic high garnnvl associated with 
relatively law densities and amustic vdccities. 
throughout the st&y area (Fig. 4.3 - 4.6). 
cmtml -in Plaffom and may be absent or dcdmntl y sulfatic a l o q  the 
easternlna?qinofthestudyarea. 

appears 
well-laminated frcm algal growth. !Qle Magenta thins to the Inrth ard 
northeast of the site: there is li t t le variation to the sarth ard east in the 
study area. W i t h i n  the site area, algal f e a m  app~ar near the base of the 
Magenta. 
corndon near the middle of the Magenta. specific algal features a m  discussecl 
in mapter 5. 

great, but the variability is significant. 
possible, nor is it seemingly fruitful. 

It can be trace3 
!l% Ma- thins the 

An autcrq, of the M a g a b  from T17.3, W8E, shws that the 

Along the western we of Nash Dmw, algal structures are more 

An isapach map of the Magenta is not presented. Ihe thi.cJaleSs is nat: 
Normdl aprtcuring is mt 

4.2.5 Fortv-niner M&XX 

!Ihe sulfate beds of the Forty-niner are the mDst w- units of the 
Ihlstler FOIlt~atim. ?he upper sulfate is traced ard is fresuenuy 
called '#first anhydritell by o i l  anpanies wrkh-q in the area. TYIU@ 
details have not been worked art, it appeass that this unit may cnlap older 
rocks (salado?) tothenorthoftheStu3yarea. IhemaxinumaFparant 

thickness of the Forty-nimr is 104 f t  (32 m) (Fig. 4.13). 

innnediately north of the sMy area. 

mre by T8S ard "9s. 

!Ihe 1- anhydrite of the Forty-niner maintains its thiclaress 
?he upper anhydrite thins by 50% or 

Tews-New Mexico border this far north (T8-9S). m the west, the units are 

either ezpded or thin t o  the pint of not being corsistentl Y -. 
Between the two anhydrite beds is a bed of clastics and halite. 

shafts a t  the WIPp site, the clastic unit displays clear I x s W u q  an3 cut ard 
f i l l ,  shming  detrital origin. We halite is aFparently restricted t o  the 
Delaware Basin praper frcm the eastern part of the WIPP site to the east ard 
south. when halite is present in the halite-, it is present a t  the 
base. In same boreholes, this basal hali te is overlain by a clastic bed or 

These unib are consistently detectable near the 

In the 

,'- , 
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alternatirq elastic-halite beds. "he exceptitm is in the sartheastern part 
of the stu3y ama where borehole D34 (Fig. 4.5) ShaJS halite sar&dckd 
ketween possible clastic layers. Ihe thi- of the bed w i M  salt 
varies little mer the study area, arx3 it is traceable as far as the sulfate 
units. Its fullest extent has not been determined. 

lhe upper anhydrite of the Forty-ninermaber SaRhaaSt of the site is 
interpreted t o  end- a halite lens (Fig. 4.14, 4.6). 
i n  a borphole (BO6) in  Sec. 6, T24S, R34E, uhere tbe acQlstic travel time 
irdicates halite less than 10 (3 m) thick. 'Ihe natural gama is at  
baclcgrc*ud levels, cmsistent w i t h  halite. several lap in vicinity also 
shcky a dis t ind  IrJWerin? of acoustic velocity, usually nu& less than halite 
acoustic velocities. As the ganrma is not elevated in most of these logs 
halite is tobepresent. PccUstl 'c logs are normally COmeAed 

for borehole dimaeter . It is believed that the low 
zone is pmbably due to inadquate corre&im for highly enlarged barehole 
diameters caused by drillirg w i t h  urdersahnated fluids. A few lcys indicate 
a mxlest irrrease ingama, pmbably 6ue to clay omtent. 

Ihe best evidemx is 

'c velocity in this 

- 
Abcut 10 ft (3 m) below the top of the q p e r  anhydriite, many borehole 

logs Wit a thin zone of * 

a slight &xease in accustic velocity (Fig. 4.14). 
minly alolq the - and northem parts of the general Falstler 
depccerrter, ard it is probably indicative of ircmwzd cz&cma~/organic 
content. 

t natural gama, aoampanied scmetrmes * b y  
'Ihis zane is detectable 

'Ibis 2one in cores is geEe?dly laminar. 
I h e u p p e r c c n r t a c t o f t h e ~ ~ i s p l a c e d a t t h e . ~ o f t h e ~  

anhydrite of the F o ? = t y - m  Member thra@m& the stufy  area. 
consistently present arrl only thins significantly well mrth of the main 
study area, there is rn evidence of redl unconfdty  a t  the rmtactwithin 
thisarea. 'Iheremaybedisanfonnity. ?hecew?y~RedbedshavebEe l  

rqortd ( H o l t  arx3 PaJerS, 1984, 1986a). Its internal stratigm@lic 
relaticnships and depositimal envirrnments remaintobedetermtned * (SaLiel, 

As the bed is 

('-: I Mdpet rograSLu 'cally (Miller, 1966), ard 8ome sedimentary features are 
4 1 1  

x. 

1987). 

4.3 R E G I m - = m  
1 

T h e  isqxd'i map of the Ihlstler Formation (Fig. 4.15, 4.27), and thrse of 
OK parts of members (Fig. 4.7 - 4.9, 4.11, 4.13, 4.22 - 4.26), 
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consistently irdicate a general aepocenter east and sa.xth of the site. 
Fezhap the mmt significant &exvation is that the depocmrrter includes 
areas bdriml the capitan reef, on the centtal bsin Platform or adjacent 

mstler does not diminish inthicknessoverthereef, irdicatingacmmm 
aepocenter and that the reef and former basin -in affected aep0Siti.m of 

the IiLlstler little, i f  a t  a l l .  Preliminary data, beyarrl the area of study, 
inaicate that the Rustler is ozslsiderably thhrer cutsidethemaparea. 
?here does not appear to be a 
In the M i d l d  Basin, the Ihlstler is thirner andclasti- a 

NorthWest Shelf. zhe data are feW Close to the reef, but it E&pS3rS that the 

or equal depocenter inthe regicm. 
tea. 

All of the stmctwe wntcur maps, fmm base to tcp (Fig. 4.16-4.19, 4.28 

A basin form trerds fran swth 
- 4.31), of the ShaJ Similar fa-. ate depocMter area 
isapach maps also is a stnrcturally law area. 
t o  north, apparently turning to the northeast to QOSS the Qpitan reef 
m;yclin. 

pace w i t h  the M e r ,  as it mincides w i t h  the aepocenter for all of the 
members. 

superimposes on the basin - are em important pst-Rustla 
structures. A fault, domthmm on the west side, is toaccanh 

for the large stnrctural differences on variw Rustler beds a l q  the 
apprmcimate westem rrymin of the central Basin Platform. 'Ibis fault trerds 
slightly east of f m  the northern m e  of the map tannl the - mp area. Its sa&heIn,e, *at in the Rustler is indeterrmM ' t e  
based on the infomtion available to us a t  this time. 

significant structural law exists vest fmm this fault to the -te 
area of the capitan reef. ate western margin of this weaseahapea stsuchrral 
lw a u l d  be a fault or a xmrclinal fold. 

absence of closer-spaced data demndlq ' a fault -tion. 
In  addition to  the fault ard the fold, smaller strwtud 1- an3 highs 

exist. DI &tion to the l aw mincidirq with the -, a conspi- 
~ ~ w i s t s a l ~ t h e e a s t e r n m a r g i n o f t h e f a u l t i n t h e a r e a o f T 1 9 - 2 0 S l  
R36-37E. N o r t h  of this m g e ,  the stmctwe on bcrvl sides of the fault is 
reversing. Nosinple- t im of the fault wchamsm * =is+=,- 
adjacent strike-slip faults have been )awxJn to prcduce adjacent highs and 
l cws  a m  faults (R. wer, pers. mmn.). H i l l s  (1984) infen3 t w o  parallel 

right-lateral strike-slip faults underlying the faulted Rustler secticm on 

?his stxuchm is amsidered to have develcpd a t  an equal rate or 

In additicn, a 

It is left as a fold in the 
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Precambrian basemmt. 
faults in the M e r  ani this rmcfi earlier M. 

It is not clear i f  there is a r e l a t i e  between 

AS- fmm the form of the defonuatim of the Rmtlez in this m, it is 
importKlt to note that the defO?3Daticm clearly Wcates post-€aastler 
tectcnics a l q  the Central Basin Platfom -in, later than prwiwly  
suspected (Hills, 1984). Omtjlaring study of the Dewey lake R e d b %  
1987) shauld clarify the extent of deformatim during or after the Dewey 

Lake. 
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5.0 RUSTIER SEDIMEWIOUXX 
% Rutler sedimentology is described in cxrrsidemble detail fmm shafts 

an3 cores (Fig. 5.1) because scme features have I& keen described previarsly 
in the literature and because prior axe descriptions indlrde few seaimwtary 
features. l l le  -. y &zu&mes and lithologic features and t3-ieir 
associations are the principal fraxemrk for * depoeitiwnl 
envirmrments . Tbedepositionalenv' . for the  mlstler, in turn, will 
pmvide a fnnmmrk for interpretUq ' Uledegreeto~chtheabSeKEof 

certain evaporite mineral s is due to mrxkpcsition or 'c dissolutian 
versus epigenetic dissolution. 

5.1 UNNAMED LLWEX MEMBER 
"he unnaued lower member of the Rutler Fonaation is by far the m x t  

lithologically variable stratiqqhk unit within the M e r  (Fh. 5.- ard 
b). RocktypesvarylaterallywithintheunnamdlaWernie&er, andare 

ckwious even w i t h i n  the limited core study area. In the WIPp site area, the 
Unnaned l m m e m b e r  consists aoninantl y of siliciclastic rocks intertxddea 
w i t h  lesser airumts of h a l i t e  an3 sulfate. 

- 

5.1.1 IhlsfLer/salado Contact 

In the WIPP site area, the Rustler/salaao amtact is axtdtrarily assigned 
to the base of a thin, stratisraphically aistinct sulfateunit * 

underlying silicidastics of the lmer Ihrstler. AlMargh this unit is more 
genetically related t o  salad0 depxition than to Rustler, it is used in  cores 
and shafts for its stratisraphic a m t m a  'ty. Th.issulfateunitcnnsistsof 
anhydrite and occasionally, polyhalite. 
ShCkJ textures similar to SWallckRail w. The lawer paa of the sulfate 
is generally aryillacems, while the u~per porticn is cumunly free of clay. 
Boththe upper and 1- mntacts of the sulfate are 
distinguishable. 

- -  M Y  

It m y  is leoainated ard can 

and readily 

W i t h i n  Nash Draw, the IhlsfLer/Salacb contact is often andthe 

i s t h e c a s e , t h e I b l s t l e r s t i l l ~  * ageneralsenseofstrafgmphic 
organization and the general lccatim of the lower contact can be inferred. 
Ihe lmer contact area is 
*+ru.Jn to gray. ?he contact between the Iblstler and salad0 in cores 

- 
by an llgwmd matrix color cilarqe fmm . .  
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fm Nash I)raw is h i t r a r i l y  placed a t  the highest 
clasts in a reddish-brrxm matrix. 'Ihese clasts are assun& to be the 
brecciated renmant of the lcwenuxt sulfate assigned in cores an3 shafts to 
the Fustier (see abwe). 

.nJo or mre reddzsh ' -brcrwn clastic units collpllcpiLy werlie the sulfate 
unit. The thickness of the d i n e d  rddish-bmwn zone rarely exceeds a few 
feet (abaut 1 m).  
frequently separated by an e r o s i d  surfam exhibitirg sevetal feet (1 - 2 

m) of relief (Hol t  a d  pajfers, 1984, 1986a). Soft sdhmt defarrmatioDl 
enhances erosional relief on the contact and modifies bedding adjacent to the 
erosional surface. both the waste hancuing ard exhaust shafts at  the WIPp 

site and in several nearby cores, the erosional surface is cap@ by a 
fossil siltstone W o r  sandstone pebble/mbble corqlamerate ccntauung 

bivalve frapents (Holt and PaJerS, 1984, 1986a). The 1- units are 
canmrnily sulfatic ard can exhibit t ah lar  nsdstone clasts flattened parallel 
to beddirq. 
desiccation. 
distinct upward. 'Ihe upper unit@) (thc6e abwe the sharp, umhlatory 

mawial. 
abundant. 
often shcrw ~ - 0 s ~ -  relaticmship. c ~ ~ ~ ~ - l a m i ~ t i m s  are rare. TIE 

size  of sedimentary - senerally -upJard. 

is less intense anl less aammn upard; it is most camon abwe an3 M w  the 
erosional surface. 'Ihe upper contact of this basal zme is marked by a color 
chatqe f r a m e  ' -bruin to gray ard is erosional in many cores. 

of 9ypsum 

?he units are usually mdstme or s i l m  and are 

* .  

nbe laJermost unit of WIPp 19 @its cracks that may be due to 
In scme cases, the bedding in these l a a x  units keum=s nure - 

contact marked by a ccaqlarerate) cuinmnly cantains * clastic 
N e a r  the top of the rpddish zone, gypsum or anhydrite naiules are 
Thin lamjnations are ccmman thxqha& the reddish-bmwn 2- an3 

' I h e w  is partlymodifiedby soft seaiment defonwltim, t l x q h t h i s  
'% 

I !  
i 

I '  , - -Y ' 

5.1.2 Clastic-Biotuxb?ited 

!me gray 2- in the lcrwer part of the UllMmed lower member umtajns 

in- nndstcw, siltstone, and locally very fine sardstone. 'Ihe 
coarser grain sizes occur a t  the base and rrear the top of the gray zone, and 
these coarser grained beds are wel l  lithified. 

zone w i t h i n  the WIPP area is soft and slightly qi l laceous.  
in- kcmes more calcarecrus and less clastic to the sarth (borehole 
H-12). Anhydrite or 9ypsum xdules are ahrdant near the base of the gray 

Ihe middle part of the gray 
'Ms  mime 
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zone: rdules ocox near the top of the unit in a few axes (e.g., 
Horizorrtal to subhorizontal stxatificatim and cmssatratif ication are 
locally CCIIPIY~~ and sate show the effects of soft sediment loadtng. 
dark gray mott l ing results fran bioturk&tion. 

2 ) .  

Li@t to 
Strat i f icat im is poorly 

'cal IXPXCWS, aban 1/4 to 1/2 b"i (6 to 12 m) 
presenred in nvttled Z c n e s ,  and is very irregular, wavy, and dFsmRinuus. 

diameter, a r e v e r y c z n m r x l ~ t h e e n t i r e  intervdl a n d w a r e  
abswed arttbq affoss p r l y  presexd strab. casts anl molds of fossils, 
mostly bivalves, wre presezved in the biutuxba teainterval of WIPP 19. 
mite-replaced fossils and fossil f- OCQV thruqh the equivalent 
section in H-12. 
calcareous portion of H-12 . Near the tap of the biotuzbatea zone, the grain 
size kxeases as does the degme of p-tion of stratification. 
upper ccoltact is gradaticolal and is usually a s s i g r d t o  the first 
of a re&hsh ' 61- . brcwn-. 

consists of siltstone, cal- siltstare, an3 carfmrate. ple 1- zone 
locally and cxnnmnly exhibits thin, pardllel laminae htlidl can be disnphd 

display - wavy to lenticular IxUitq. Bio turba t ion  and l x rmwiq  are 
axmn w i t h i n  the upper d n l d t i c  equivalent to this upper biohrh ted  zone 
observed in cores frcm Texas. 

subhorizontal to 

Possible coated gmdm and oolites were fand in the lmer 

Ihe 

me equivalent to the 1- bioturbatd zone, in ailbersan CanRy, Texas, 

c 

5.1.3 C1astic-Transitim Intenml 

bxu.mish-gray siltstme and very fine sardsbm overlies the gray zone 
(clastic biohvbated intervdL ). -is- near the base, while 
reddish-bm . tes near the top. well preserved laninaticms, local 
cross-laminations, an3 rare erosicnal saur and f i l l  &m&ures characterize 
this interval. W i t h i n  the a u s t  shaft, e pdl- 

A color transition zone of alternating gray t o  r&hsh * -brcnmand 

-.. directionsncetlytrerdtmaxdthesaRh. Furra~~aremprmnnearthebase, 
t kR do not OCQV higher in the sectim. SukhorizontallaminatiQls and 

've u p a r d  as the g A n  size ' 
6. \ . .  -,,' cross-laminations becane mre 

hxeascs. In some axes, the upper prtion eJaLibits m y ,  possibly 
anhydrite-rich, intezi3eds and very &l dasts o r  nodules of gypsun or 
anhydrite. In general, the upper 3 to 4 ft (0.9 - 1.1 m) of this unit  
exhibits wavy to ccntorted and c o n v o l m  to lenticular laminatims. 

A 

Soft 
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sedimerrt defamation is - in this interval . IntheupperanetotwrJf t  
(30 - 60 an), the sulfate amten t  
crystals occur in - cores. 
mked increase in the amtent of sulfate. 

thick, taps the transition zone. It cantams ' gray to dark gray inb-&& and 
a few re&h.sh * -mint&)e& . me unit is microlaminated to thinly 
laminatd, amvoluted to  contortid, ard was d e f d  as a soft sediment. 
structures - to be either fluid escape structures or pol- 
crack5 are fami consistently in this interval . A n o c b i l a r t o s a a e w h a t  
entemlithic texbxe marks - in&xbe& . 
bed is sharp to  g r a d a t i d .  

uplmrd, ard displadve halite 
me  per cxmtact is g-mdational, sharing a 

A gypsifercus or anhydritic sardstone, betmen one ard tm ft (< 1 m) 

meupper omtact of the sulfatic 

5.1.4 Halite/Mxl&me In- 1 (H-1M-11 
halite (H-1) ard laterdlly InthewIPpsite-, a z o n e c m t a u u q  . .  

equivalent &tone (M-1) overlies the sulfatic zone at  the tcp of the 
clastic-transiticm interval . % halite can be subdivided into three 
distinct intervals . The 1- (H-La) and the (H-LC) h t t X d S  Consist 
primarily of a mix of clastics ard halite. 
txaces of sulfate characterize the middle interval (H- lb) .  As a whole, the 
f i r s t  halite zone (H-1) in the unnamd 1- member varies in thicJwss fmn 
34 f t  (10 m) to a maxbm of 50 f t  (15 m) in H-12 aml 48 ft (14.6 m) in AM: 
8 .  Where noedstone is laterally equivalent to halite, the nndstone intervdl 
can be subdivided into an upper and a 1- part separated by one sulfatic 
inte?Aed. me overall thickliess of this intencd is abcut 19 ft (5.8 m) in 
those ares wilere the lckler amtact was oored. The thickrEss of the q p e r  
half varies 3 and 6 ft (0.9 - 1.8 m). 

- 
Relatively clean halite ami 

,< -'~\ 

( $ 1 :  1 . 1  

5.1.4.1 Larer H a l i t e  Bearing Zone (H-la) \. .J 

I n m o s t w I p p a z e s ~  , the sulfatic unit is normally averlain by 
the f i r s t  halite bear% zone (H-la) w i t h i n  the R u s t l e .  lhis interval 
t h i ~ t o t h e s a r t h a r d e a s t , ~ t h e t h i c k e s t p o i n t o b s e r J e d i n c o r e  
a t  H-12. ?he basal part of H-la  consists primarily of slightly halitic 
siltstone which may be s a d y  in stme places. !Be siltstme is onnnmly 
microlaminated to laminated ard can be wwy to slightly ccartorted. Mte, 
arhydritic laminae and zcmes a m  camocnly wavy t o  distorted. A t  H-12, 
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sulfate is nure prevalent near the base of this zone than in other 
boreholes. A few sladll bmxprative halite crystdls occur near the base of 
the zone, and, in general, the halite centent increases UPJazd. mite 
crystal size varies; 6ome k r p o m t i v e  crystals are up to ~ l l e  irch (2.5 an) 
on a side. 
occu~s near the top of H-la in core fmm the borehole WIPP 19. 'Ihe 
portion of the first halitic zcre (H-la) is daninated by elastics and 

m i t e - r i c h  lamime and zones. 

A hal i tef i l led prisnatic crack (pcssibly due to desiaxtim) 

5.1.4.2 Middle H a l i t e  Bear- Zone (H-lb) 

interval (H-lb) that varies in thicknezs han 5 ft to 8 ft (1.5 to 2.4 m) in 
WIPP cores. Sulfate (anhydrite to gypnnn) occurs as stringers and laminae to 
thick beds w i t h  thinly laminaM inbxnal st?x&xe. ~ z c n e s o f  
halite occur within xw of the sulfates. 

The lclwer halite-beariq zone (H-la) is overlain by a nuh plrer halite 

Anhydrite is nure ccmmpn near the 
base and tap of H-lb. lbh 1- to laldnae Of c l d C  materidl Separate 

beds of halite. 
o w e  tirhea w i t h  traces of intercrystal line and interstitial sulfate and 
clastic materia l  ard W y  to  dun^ hdded. vertically oriented, elcrqate 

a y s m s  due to C m p t e t l  've gmwth (shearman, 1978) m locally, scme 
exhbithq zone9 of fluid blush. 
and inlicating primary o r i g h ,  is not ahmiant, RR it does m. 

'Ihe halite is meaium to coarsely -inel dear to - 

Cla.xiy hal i te ,  b to fla indlusicms 

5.1.4.3 Upper Halite--% Zoare (H-lC) 

The middle halite zone (H-lb) is overlain by an upper, mXe 
clasticdormM ' tedhalite-bearw intezval (H-lC) that varies fmm ll to 18 f t  
(3.4 to 5.5 m) thick. It is thirarest in the area of D3E 2 and ww 34 and 
thickens to the east ard saxth w i t h  the thickest secticn a t  AEC 8 a& the 

by a sharp increase in the clastic ccartent. 'Ihe clastic ccartent in H-lc 
fluctuates, w i t h  maxim near the middle and @ of the unit. 
material cawists M y  of siltstcne ard in H-lc is typically reM.ish-brown 
with sane greenish-gray reductim spots and zones ard white to gray sulfatic 
zones. 
thin laminae, sulfate nochrles, and locally, dasts of Imdstow. 

at H-l2. lhe t r w i t i a n  fran H-lb to H-lc is marked f-, ' next *- interval 
, '  - _  

?he clastic 

me.uppmK& bed of H-lc is an anhydritic nrdstone %hi& exhibits 
I 
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5.1.4.4 Tcdaxes and Fabrics in ClaStic-Rich Halite 

?he fabric of these halite--- rocks is quite variable: the most 

notable variations of fabric are type and anumt of halite. Imxprative 
halite clystal fabric varies frcm isolatd Mvidual  uystals (Pl. 2) ,  to 
t imt ly  packea locally tuxhitq crystals (Pl. 3 ) .  

bamiaries fran planar to irregular. D i s p l a c i v e / h v t i v e  
overgru&s onhalite crystals OCQ~ZT alcpg the aintact 
halite ard m a t r i x  material. 

zams a t  the Zones of m y  inmrporative halite crystals czar in dxztmct 
top of, and pardLlel to, well4efined clastic int&xds . Manyofthese 
crystdls exhibit euhedml crystal faces oriented qwaxd. Sane zones of 

halite crystals display inregular to poorly defined bases w i t h  well Wit-& 
upper boundaries. 
kcmdaries. ~ a n e  of these surfaces exhibit euhedml oriented 

'tidl m a t r i x  

aqpqate 
Skeletal crystdls cccur in mcne clastic zanes. . .  

In these cases, planed-off aystals mark the upper 

interlocking ncsaics upyard. Halite also occuls in zones and p3ds conbuuq 
of crystdls with 5ome interst itial clastic material or sulfate (Pl. 4). 

'Ihese pods may be SUrmLnded by clastic material or a r g i l l a m  halite. 
where halite is -, Qule stratification is anmn. 
reportedinbothintenmls inthewastehandlilq shaft anim €xhmst shaft 

(Holt arxl Ftxers,  1984; 1986). 

d d m n t l y  clastic m a k r i a l  or w i t h  halite. 

clastic material .  C l a s t i c  material ~ x l v s  as matr ix ,  interaystdL line 
m a t e r i a l ,  ht txst~ 'tial material, an3 isolated poaS or blebs w i t h i n  a 
dcminantly halite rock. 

structureless, &its wavy to omtorted to Bneared thin laminae to thin 
beds, or contams * saeared/deformedintraclasts shmhq rn wideme of 
transport (Pl. 5). saae laminae h v t i v e  halite crystals 
are contorted or displaced by those crystals. 

. .  

- 
forms were 

lhge chmel forms may be f i l led wit21 

me fabric of the rock is also amtrolled by the d i s t n h b  'anof the 

In most cases, the clastic m a t e r i a l  is relatively 

* 

\\\ 

[ I : , :  

5.1.4.5 Nt&tone Intezval (M-1) 

!t&sbne, claystone, ani m i n x  amxnrts of siltsbm 03-1) are laterally 
equivalent to the halitic zone H-1. Where the 1- m c t  was cored, this 
zone rests confo?3rlably upon the transition zale. ZhFS zane (M-1) is 

subdivided into an  per ani a 1- part by a d m  to thick ted of 
preserved in h" Cores fnm Nash Draw an3 in the f- h" 30. M-1 iS 
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sulfate. 
lcx~er mntact w i t h  the transition zone is mt always pmscm-3, or m y  be 
difficult  to recognize, in the core. lhe upper part of M-1 varies in 
thickiess fmm 3 to 6 ft (.9 to 1.8 m). 

'Ihe rmdstane caamnly &its a Qpeared intracla.st/laminae texhre 
similar to that  seen in halite clastic r0c)Cs. 'lais texture consists of 
deformad or SDeared intraclasts slxwirrj m ev- of trarrspart and in sclae 
-I ifiegular, PWrlY preserred, - laninae. 'Iheintraclasts 
ard laminae appear to be qua&& to get he^ uhile soft (Pl. 6 ,  7 ) .  

1aminaeandirRSacl asts may be well presenred and distinct . Inothercases, 
irdistinct aattlirg is present. The lwistam may be struchnreless where the 
grain size is mre Uniform. M-1 has irregular lyaistributeaardori~ 
slickensides. 
within M-1. scloe cores of this irhenml have a characteristic 1- or 
cornagated surface irdicative of the prefermtml . remwal of matrix or 
pseudcmatrh by drilling fluids during corhg. A few ncdules and dlasts of 
gypsum and anhydrite 0 0 ; ~ ~  w i t h i n  M-1. 

preserved. me lmdstnm (in sape - siltstcme or very fine sar&&ms) is 
ordinarily thinly laminated to laminated w i t h i n  the f i r s t  few ft (1 - 2 m) of 
the lawer omtact. The zone m y  also be slightly gypsifemus. Ihe laminated 
zone is overlain by a zone &it* the Qneared irrhaclast /laminae- 
w i t h  varying amxurts of clasts versus'laminae. 
preserve3 (i.e., not disnq3ted ) depcsitionaJ. fabrics czar in the 1- part 
of M-1 and can banrl zones exhibiting the Baeared intracla&/laminae 
texture. 
the section and daninate the 
of M-1. 

The thi- of the 1- part can & alway6 be detennvred * asthe 

A few d l  M e s  or clasts of gypsum and anhydrite occur 

'Ihe 1- omtact Of M-1 with the tmnsitiCn 2- w y  ?A.l 

well Zcnes conhmuq 
. .  

snear€d intraclast/laminae texh.ues are mDLe aburdant UPJard within 
in the upper few feet of the impart 

Near the base of the 1- part of M-1, gypifercus h t e z b d s  =Y 
f' -;'' CCXXU. Near the top of the 1- part Of M-1, apdll nodules Of 
\ I  . 1 gypslrm/anhydrite may cccur. A medirnn to thick bed of d y  gypsum Separates 

~ a n i i n a ~  and may locally exhikdt mallartail &m&ures or nodules. lhe 
strata w i t h i n  the gypmn may be diyupted rear the base of the bed. 
gypsum contains laminae or very thin inte&ds of claystone in 8ape cores. 
?he uppr part of M-1 primzipally cansists of claystcme &it.i.rg the 

the rprper part of M-1 f- the 1- part. lbe gypsum is thinly larminated to 

Ihe 

- 

mzare3 intradast/laminae texture. It is M y  reddxzh * -bmwnwithgray 
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smeared hmclasts of sfi-. 
gradational w i t h  the merlying gypsum. 

are distmked and brecciated. In some cores (e.g., WIPP 25, WIPP 28, arrl 
WLPP 32), subaqular to SUbraJnded clasts of sulfate may be fanrl near the 
tapofboththeupperardlwerpartsofM-1. Inscmecases , thesegypnrm 
clasts are derived fmm gypsum fracture f i l l ing (Pl. 8 ) .  

are associated with breccia clasts ard clay f i l led fractureJxMded blocks of 
-tone exhibit% the saeared intracast/laminae texhve (Pl. 9) .  Sare 

blocks are barnded by psssible clay skins. Saae zones exhibit vell presemd 
stratification, nad dipping. 
d i S t U .  

Underlykq rocks exhibit similar d i & u h x e .  

?he UFper antaCt of M-1 is Sbarp to 

W i t h i n  Nash Draw, prtionsi of M-1 as w e l l  as rust of the entire IUstler 

Often these clasts 

M-1 is not the only stratigxa#-ic unit 
In all Cases, when M-1 is aisturbea bath the overlying and 

5.1.5 Anhydrite fA-11 

'Ihe f i r s t  major sulfate uni t  of the Rustler werlies the halite zone ard 
It varies in thi- frrm abcut 7 to 10 -. consists of anhydrite ard gypsum. 

f t  (2 .1 to3m)  toamxbmmof  13 -  (4m) incoresfmmWIPP25ardWIPP 
29. 'Ihe in thic)mess intheNashDrawboreholesispmbably 

to dckndmppirg, rotatian of blocks, aml brecciation within the section. The 

section there is considerably 

belaw the base of the anhydrite surmsded by dLastic matrix material. 

enterolithic. 
are ccrmrmily slightly wavy and s ~ p e  may be slightly conto-. A few 
stylolites occur within the laminated poaicn of A-1. Halite a& anbydrite 
FseudcmDtpls after gypsum swallawtail cxystals 1/4 inch to 6 inches (6 rn - 
1.5 an) hi*, are locally camn~n in A-1 (Pl. 10). 

abunjant and largest in the lower 2 to 3 f t  (0.6 to 0.9 m) .  
swallowtails OCQVS near the middle of A-1 i n  SeVerdL cores. 
ShaJ an u p m d  decrease of CIyStal size. 
&its the collapsed pxfiamm texture described elsewhere in this 
report. Ihe u~per 1 to 2 f t  (30 to 60 an) of A-1 is a stratigmphically 

a t t r ih tab le  to local dip (up to 25O ) ard 1- * 

core of WIPP 32 exhibits only bmken rotated blocks in this hlzmal . n l e  

of the se=ticm due 

than in other N a s h  Draw holes, as a 

block pmbably representing the lower Of  A-1 a3cuz3 5 ft (1.5 m) 

?helowermcstfewinches (an) ofthisbedappearncdularto 
Eaurh of the secticn is thinly lanimted to laminated. Irmrinae 

S w a l l ~ s  CLZe mcSt 

A seaxxl zme of 
It, too, lnay 

A-1 in sare of the WIPP corns 
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- -  
persistent pink-cohred that shcms in s a ~ ~  aares a ncdular texture, 
iww- laminae, -or distwbd stratif icaticn/nachiles. 
Clay content hueases in the Kpermost feW inches (a) of A-1. 
contact is sl i@ay gradational ard irregular w i t h  the txar!sitian fxuu 
sulfate to clastic material ccaxrhg over 1 to 2 inches (2.5 - 5 an). 

The  per 

5.1.6 Mudstchle/Hdlite Internal 2 W2Ai-21 

equivalent to a halite-bear- intenml (H-2) as nu& as 50 ft (15 m) SaRh 

ard east of the WIPP site Center (Figs. 4.5, 4.6). 

equivalent of this zone is not m i n e d  w i t h h  any wIPP cores. m, its 
presence to the east is amfimedbyboththe cuttings and geqhysical logs 
fran the borehole P18; the halitic zone is abcut 30 ft (9  m) thi& there. 
?he qpzr portion of internal M-2/H-2 has a and 
gama log signature regardless of Me umicxlying mate r i a l .  
log signature suggests that this  q p e r  unit is generally axyillaceous; it is 
up to 20 f t  (6 m) thick east of the site (Figs. 4.5, 4.6). 

of the WIPP site, the thi- of +2 varies s l imt ly  tut avwzqes abcut 10 
ft (3 m). 

~n cores M-2 can be suMivided into two li#ologically dbtinzt zones: 

an upp=r gray zone ard a laer mWsh-brwn zone. Ihe gray upper zana is 
usual lycnlyabcut2f t  (60an) thickincoreswhilethelaJerreddish-bmwn 
zone is abaut 7 to 8 ft (2.1 to 2.4 w) 'dck. 

A c l d c  2- 03-2), above A-1 in the WIPP Si te  m, b pkkd. ly  

'Ihe h a l i k - h a r h g  

'Ihe geqhysical 

In the vicinity 

IhezpddLsh ' -b= 1- zone CQrmPnly mists of nadstone anl 
silthone. It may be either cal- or gypifemus or bavI. IntakdS of 
gypnrm, argillaceaus gypsum, and cartxnate are ccamon. These interbeds an3 
other distinct color dmqes w i t h i n  the clastic material have been reported 

as continuous, albeit umhlatory, amund the cirwnfaence of tm shafts a t  
the WIPP site (Iiolt ard pacers, 1984, 1986a). Small dasb/rrdules of ~lypsum 

''\ upto2inChes(5aa) indimaeter  e x i s t n e a r t h e b a s e O f t h e l w d e . r Z a a e .  i; .-\ -inazpxative 9ypsum crystals are fard locally t2mqbut  the 1- 
\ ,I' 

zone (PI. 11). 
bladed, or rarely stellate, habit. 
contains gray zones or g x e n i s h m y  - 'onspots. 

struchzreless, or it can -it irregular and 

lamime. 

Diey are often euhedral to suthedral w i t h  a sdakiby-wquant to 
The clastic sedimerrt h sane ares 

Itcanbe 
lalUin¶eandthin 

- 
Argular to sub-randed clasts of siltstane and nndstare are 
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ard are often asscciated w i t h  zones exhibitirq a 
suexeci-intemlast-laminae texture. 
interval. 
possibly artans (Pl. l2). 

intermixed w i t h i n  the mdstone. 

consists of cdlcarems claystone and nndstane. 

micro to thinly laminated w i t h  f l a t  to wavy strata. 
cdmrlate clasts are abundant'in this interval ard vaty in size fmm ccarse 

sard-size to pebblesize (Pl. 13). These clasts can be well lounded to 
angular, ard nnny were defonred W e  soft. 
overlain by w e l l  preserved stratification. 'Ibis interval lccally &its 
slickensides. 
break indepositim. The upper cantad is m b r y  inthe exhaust shaft a t  
the rn site (Bit an3 powers, 1986a) ard shcrws the effects of differentid 
1- and subsequent settling of the OJlebKa. similar features exist along 

this contact in Gltcrops east of Artesia, New Mexico (T17S, R28E). 
interval ispoorlypreservedard/ordeformedinwaeoftheNash~cores .  

H o l t  ard Rwers (1986a) report a disIupted zone (dhcussd belaw) at the 
upper ccnrtact of this interval in the exhaust shaft at  them site. 

Slickmsides are cmmm in the laer 
lhinsect ionsfromthis interval  Iwedl oriented clay skins and 

In the core of hTPP 25, dolade clasts believed 

t o  have originate3 from the overlying Webra mxar in this interval andare 

The upper gray zone is ordinarily abart 2 ft (60 an) thick and it 
Ihe contact between the upper 

graY&l-- * - b ~ ~ ~ i s d i s t i n C t .  I t c a n b e - e a  

Light gray to tan 

In most cases, clasts are 

'lbe s per contact w i t h  the Qlleixa Dolcmite shws no clear 

- 
Ihe upper 

. 
f l 3  5.2 ~JIEBRA mLcMcpE MEMBER ' "  1 1 The c u l e b ~ ~  mlauite of the Rustle Fonratim is the 1crrFernOst of I , '  

t m  d l y  extensive dolaaite units w i t h i n  the Rustler. 
the Qllebra varies f m  20 to 30 f t  (6.1 to 9.1 m) w i t h i n  the axes describd 
(Figs. 5.4 ard 5.5). 

'lbe Culebra often cores poorly because of fxactures. H o l t  ard R w e ? ~  
(1986a) report that the culebra is extensively fractured in the ex ha^^& shaft 
a t  the WIPP ard that mapping units were selected partly, i f  not wholly, on 
the basis of fzacture patterns. Halt and Powers (1986a) also note an 
appawh relationship between the degree of inchuration, ccmpetency, and 
fracture patterns of mapping units and the ammt of clay-ri& inte&ds ard 
the appawrt clay omtent of the dolanite. 
abcndance of broken, fractured beds and the overall amtent of clay. 

'Ihe thickness of ,' 

?he 0.iLebx-a amsists mainly of micritic dolaaite. 

'hq gewa l ly  correlate the 
-_ 
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T h e  lcwmust foot (30 an) of the arlebra locally is thinly laminated to 
laminated with alternating light and dark bmwn laminae. 'Ibis z a  Is rarely 
preserved i n  mre. W i t h i n  the exhaust shaft a t  the WIPP site, Halt and 

pnwefi (1986a) report that this zcre is extremely miulatory and locally dips 

contorted and displaced laminae. 
zone is brecciated in thevicinity of m e  of themajor d c w m q s  of this 
laiemcst mebra unit. me breccia amsists of rw#lly 80% angular to 
mbanphr clasts of dolanibz w i W  a dolcmite matrix. 

up to 450. Defoxlcational space pmblems manifest themselves as lccally 
Halt an3 paJers (1986a) repcat that this 

'Ihe units described 
and mapped within M-2 in the e u s t  Shaft parallel the 1- Centact Of  the 

Web=. Diredly belaw the dawnwarp and associated breccia, the Upper 

of M-2 are also dcwmrpd and cutbythebreazia. zhe mi&lle and upper part 
of the Qllebra is unaffected by the brecciatim. 

strata may be f l a t  to wavy to locally a m b x t a l  and 

of the culebra appear mauxsccpically devoid of miti& f u c .  
dolCrmite is nuttled in sane zone5. 

contact zones, there is very little variaticm of depxitimal sedimentary 
features umqhout most of the mebra. 

zhe tqpxmzst few inches to 1 f t  (30 an) of the Qilebra often differs 
radically fmn the -lying doldbz .  ?he gamm ray signattm of this zone 
is unique and is W i t h i n  the 
WIPP site area, this internal cansists of waxy golden-bmm Cattmate, dark 
brawn to black highly organic claystcne, and locally coarser 
m a t e r i a l  ircluding siltstom. 'Ihe interml eadlibits ~ l ~ w  to thinly 
laminated strata that are usually subhorizckhal, irregular, untorbd m~ a 

-1 gypsrmp ~ e s  often occur flattened 
parallel to stratif icatim. Halt and FaJers (1984) mport details of this 
in tena l in thewas tehard l i rqshaf ta t the~s i te .  meydescribe 
mudlike or daual dnztuvs in this intezval and assign a pcrobable algal 
origin. Cornell (pers. cam., 1984) reported that material frcm t3l.b Zone  is 
rich i n  oqanic cartrm. 

Both open and f i l led porosity OCCUT in the C u l d x a  (Holt ard hers, 
1984; 1986a). Gypmu is the major pore-fillimj mineral . %xeeprcsity 
types were &sera&: porsi ty ,  intercrystal line porosity, and hacture 
porosity. Vqgy porosity varies in size frmn fracticms of an ind~ to two 

!me bulk of the mebra is microlaminated to thinly laminated. me 
. Fortions 

'Ihe 

With the eJo3epticn of the  per and 1- 

the Delaware &sin (ol. 4) .  

clastic 

3, fine scale, and -. 
I ! C '  

\ -1 
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inches(upto5cm). M a n y l a r g e w g s a r e ~ b y f r a c h r r e s , a r d  
when unfilled, wgs and fractures c€nmcmly csmtaln ' clay rims. mvqs ard 
fractures are filled with gypsum, a porticpl of same vug-filling material may 
be optically cmrtinuw with adjacent fracixre filling. 
is often plycrystalline, exhibiting two or nure crys tab  w i t h  different 
optical psitiom. T W i n n h g  is camrun, and extensively him& crystals may 
athibit a saaewhat m3ulatox-y extinct ion. m f i l l e d w g s h a v e a n e  
optically ccmthws, yet extremely urdulose, cxystal as a partial d 
imperfect: rim w i t h  txi other crystals amst i t u t i r g  the bulk of the vug 
filling. I a m i n a e O f t e n E U e t e r r m M  ' ted abruptly a t  the vuq/doldte ccintae. 

smaller wgs a~pear to have some depositioml ccoltrol, as they OCQV in 
distinct sub-horizontal zones. 

~ - f i l l b g  gypsum 

Hcrwe~er ,  1- in the d a l e t e  dlso appear displaCea aranrl Scme m. 

B i q e n i c  features have baen cbserred in ard reported fmm the Cul- at 

-. 

several localities, includirg the wlpp. 

reported by nJnegan and EeRx'd (1950) and m sbA.uxi . furulerbym* 
(1953). 
core f m  Tews. Saae thin Sectians of the Culebra fm WIPP 19 and H-12 
contain fecal pellets and possible shell fragments. &rnms and mCrming 

the oryanic-rich -te and clay at the top of the Webra is algal i n  
origin. 

Fossils in the Culetaa were first  

- W e  authors have also abserved gypm-replac& bivalves in mebra 

OC(W the top of the CUlebra in H-12. EEalt d Pnwers (1984) 

& 

5.3 TAMARIsKt.mleER 
T?E Tamarisk Member of the Rustler F~nnaticpl is aividea hb three parts: a 
lcuer sulfate (A-2)' a middle hali- zone (H-3/M-3), anl an q p e r  

j j sulfate (A-3) (Figs. 5.4 and 5.5). zhe Tamarisk thickens tcwrarrl the scuth 
_I ardeas tof thewlpps i te .  ~ T a m a r i s k w i ~ t h e W I P P m r e s d e s c r i b e d  

fi->, 
1 i l l  I 

Mlries in  thicknass fmm 82 ft  (25 m) at  WIFP 19 to 121 ft (36.9 m) in H-12 
and 120 and 119 ft (36.6 and 36.3 m) respectively in WIPP U and WIPP 25. 

5.3.1 Anhvdrite (A-2) 

Severa l  g-ical logs within the Delaware Bash of New Mexico Mate 

that A-2 is locally absent. 
as A-2 is nat present at  WIPP 19. zhe maximm thickmss of A-2 in cores is 

lower anhydrite of the Tamarisk Member is an d l y  extensive unit. 

aLis is also the case w i t h i n  the WIPP site area 
- 

5-12 



21 ft (6.4 m) in WIPP 25. 
a r r i a l a w e r p a r t b y a b e d o f ~ .  'Ihisnudstonebedoacslpiesa 
stratigra@&xlly distinct pusition and is areally extensive (a. 4) .  

icwer part of A-2 varies in thickness w i t h i n  wlpp exes from a mi.nhm of 6 

ft (1.8 m) in the core of 12 to a maxhanu of 16 f t  (4.9 m) in the core 
of WIPP 25. 
t o 3 m ) .  I h e q p r p r t v a r i e s i n t h i c ) m e s s ~ 3 f t  (0.91~) atboreholes 
B-25 ard m-b3 to a maximnna of 8 ft (2.4 m) at borehole H-llb3. 

Ihe sulfate cmsists of mite inmany cores hxt canbepartgyps\rm. 

A-2 can be subdivided amsistentl YintoanuPper - 
zhe 

zhe average thim Of  the 1- part is abcut 9 to 10 ft (2.7 

memostooamrmsedimentary stncbxe is Stratificatiol lalqin3 fmm 
microlaminate to lznninate. zhe StIata are campcsrly wavy, may be locally 
contorted, o r d i x c n t  inua.~~, ard in sane extreue cases, can &it dippjrg 
strata (up to soo in WIPP 13). 

w i t h  ca rbo~te  an2/or claystone. 
c d a t e  w i t h  a &l wavel=sgth ard auplitude. 
ccpmplgl w i t h i n  the laminated paaS of A-2. 

a c u r  within the 1- sulfate of A-2. They are mDst ahmrknt in the 
upper part of A-2. !?kmes where the size of SWdllaJtails decreases lpksard are 
cdlw~n in the qp=r part of A-2. In H-12, a similar zone of halite 
pztudamr@s after gypslnn swallowtail crystals averlies a core that clearly 
does ncrt retain a swallowtail m l c q y .  
exhibits a 'pile of sticks'' roqhology; the '8st icks~~ are similar to the 
intercrystalline laminae-like inclusions preserved in large swallowtail 
crystals, kR am2 not almubyd in any pattern reflecting SrJallaVtail 
morpholcgy. me base of this unit  is in tunr averlain by clearly lmre 
mar ard W a y  ori- halite 

zhe laminae consist of sulfate 
Ihe strata locally beccme axwolute to 

stylolites are locally 

Both anhydrite ard halite pmrdoaorpfis after gypslnn swallmhil  crystals 
I 

zhe basal part of this zcme 

after ~~FSUUI that are up 
/----\ to 3 hches (7.6 an) high. These 1- are follckJed ve r t i a l ly  

I t !  

\ - _ <  , 

( 7 1 )  bysmal1erpse&mqbard- l-. Ihe lamilnewithinthis zaM3 
becane mre horizartal, ard the h a l i t e  

upward. &cause of the clearly gradational sequeme of textures htm 'pile 
of st icks~~ to pseudaPorphs, this "pile of sticks" texture is interpreted as 
--. 

?he sulfate of A-2 can also be ncdular, especially near the 
1- corrtads ard near the claystcm kfuicfi subdivides the unit. 
poorly formed ncdules are distributed unevenly wi- argillacgus anhydrite. 

beoaae better aligned 

and 
lhese 
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W i t h i n  an argillacgxls zone that is laterally equivalent to the 
subdividirq claystone of A-2, an irregular veaically-orimtxd prism Qack 

c x x u r s  which is f i l led with less aqillacecxls gypsrrm. 

appears similar to desiccation uacks in other sedhnts .) 

deformad calareous nndstone at  the base conlzum * clastsardhbxbeds of 

~~ypsum. Ihe core of WIPp 25 exhihits zones of breccia .  of^ 
cnntained w i t h i n  a clear gypslrm ammt. 
sliqhtly brecciated and irregular, ani fiachrres aisplacirrs straa l d y  
OCCUT in  this stratigzaphic position. A &l prispcrack isdevelopedin 
the core of H-12 a t  the q p e r  ccntad of A-2 w i t h  H-3. 

this zone is extremely UrKlulatOry and er0Siom.l in  wfpp shafts (Holt ani 
-, 1984, 1986a). 

(plis prism crack 

Die basal amtact of A-2 is gradatbnal.. In the csre of WIPP U a 

ll-e upper a a ' r b c t  Of A-2 m y  be 

Die qper  antact of 

-. 

5.3.2 Halite (H-3) and Mtxktom (M-32 

(M-3) cixurs above the 1- anhydrite (A-2) of the Tamarisk Me&er. m y  

core of H-l2 is 40 f t  (12.1 m) thick. M-3 varies fmn 9 f t  (2.7 m) i n  DaE 2 

to 17 ft (5.2 m) in WIPP 19. The halite is sukdivided into 1- (X-3a) an3 
upper (H-3b) units by an areally extensive sulfate bed capxed of polyhalite 

innu&oftheregion(seech4) .  
d f a t e  cmmxmly dFrectly -lies the u~per anhydrite of the Tamarisk 
Member. 
leaving ria evidence of a c las t ic r ich  stratigra@ic equivalmt (e.g., H-12) 
or disrupted or zhe halite mpmse&& in the core of 

H-12 is the 1- part of the halite irhenml (H-3a). 

stratigraphic eqdvalent of H-3a thins considerably and consists of lmdstane 

Anintemal Ccntainhg halite (H-3) and laterally equivalent lmdstane 

- 
the core of bo?zhole H-l2 contams ' halite @-3) inthis interval . H - 3 i n t h e  

w t h e i r r t e r v a l  H-3 is -, the 

Where this OCQI~S, the u~per part of H-3 (H-3b) has pinchecl aR 

section. 
West of H-32, the 

(M-3) in the WIPP copes described. lhis hbntd (M-3) is usually 
overlain by a sulfate sequence similar to the squence preserved in  the 

interrdl overlyitq the halite irrtenral (Ii-3a) at  H-3.2. c -'i ,I - ,I' 5.3.2.1 Tamarisk Member Halite (H-3) 
H-3 forms a lenssbaped boay with its thickest area (207 ft; 63 m) 

located in T22-24S, R33-3% (Fig. 4.4). 

(H-3a) and an upper (H-3b) paa by a 1 to 3 f t  (0.3 to 0.9 m) thick bed of 
It is subdivided into a 1- 
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polyhl i te .  

not. 

?he thi- aver nu& of the etudy area of H-3a and H-3b 
Mlylndeperdentl yofaneanother,  andanemyoowwheretheatberdoes 

Haever, H-3a is the nvm laterally exterrsive bed; H-3b is la teral ly  
Wre confined and pinches art near the easternlwgin of them area (a. 

any halite in this stratigraphic interval is 4 ) .  Ihe onlymrecxmtamq . .  
fm borehole H-12, and only part of the irrtenml H-3a exists there. 

geophysical logs into 1- and clean zones (lm n a M  gama, not 
aryillaceous) separate3 by a clastic-rich/argillacerus zone (QI. 4) .  Ihe 
upper clean zone is restricted to the Rustle &pxater of the Delmare 

Basin. 'Ihe middle clasticrich/a?gillaceaus zane oozms at tbe top of H-3a 

The 1- part of H-3 (H-3a) Can be subdivided cp1 the basis Of 

apourd the margins of the aepoaerrter and is genl%=dly ulirnrer -the 
center of the basin. 'Ihe axe from H-12 is cmplete 
stratisraphic irrterval between the 1- (A-2) and the upper (A-3) anhydrites 
of the Tamarisk; w i t h i n  this intezval a t  H-12, the upper clean zone of H-3a 
does not cccur while both the 1- clean zane and the middle a?gillacgxls 

sulfate unit whi& separates H-3a f m  H-3b is pmsmt a t  H-I2 a t  the 
the halite interval (H-3a) and commyes w i t h  the upper anhydrite of the 

the 

- 2- are present. W upper dlean Z o n e  piKhes art Bast Of H-12. "h8 

of 

Tar&lrisk (A-3) to the west. 

The lawer clean halite zom frcm H-3a in the cons of H-12 is nearly pue 
halite. mite CryStdLs from this zone may be eqddhms icnal and, rarely 
vertically elorgate. clay and 
sulfate cccur as minor intercrystall inemateridlandhqularblebs.  Ihe 
halite is xmstly thin to mecllumbedded with strata separated by irregular 
laminae of anhydrite or (rarely) claystone and thin color bands, usually 
b m  fran disemma * ted day. 
beds are mked by dissolution; small m - s h a p d  aissolutian pi ts  filled 

2- of clady halite cccur but are m. 

Ihe surfaces under both sulfate and claystone 

erosional &aces are m r a  by 
I' thin cxusts of sulfate. ranimeof c l a y s t c n e a r e m r e ~ n e a r t h e t c p  

('>,I w i t h  claystone or sulfate d s o  a x o r .  
\, . $ '  

of this zone. 
The middle axgillaceous halite zone of H-3a is the UPpermDd zcne of H-3a 

in the core of H-12 

lower d c t  is gradationally overlain by incmasirqly arqillauxm halite 
which is in turn averlain by halitic siltstnne. 
d e c n a s s  dmratically above the halitic siltslxme ard then incmues 

the upper cle Zone p- art east of H-12. Ihe 

zhe clastic content 
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upraml. The upper contact is marked by a halitic, anhydritic claystone with 
blebs of defonoed, d b a & h D x  , irregular lamjnae and halite cmtamuq 

claystom. Planar halite crystal bandaries are not co~llpon thrarjh this 
hterval as most c q s t a b  do not Wit a cubic form. sape hwxpzative 
crystals of halite do occur. Smeared intraclast/laminae tedxres occur i n  
clastic sediments. As the clay mntent cbmzses, the fabric becaaes mm 
irregular. 

- 
* .  

TIE plyhalite which is so amthucm in the center of the basin (ul. 4) 

directly -lies the anhydrite (A-3) w i t h  no dlastic Unit Separating therm, 

as is the a t  H-12 (Snyder, 1987). ?he Kper part O f  H-3 (H-3b) does not 
w i t h i n  the core of H-12. 

5.3.2.2 ' Member ltdstnm 03-3) 

halite (H-3). I&& of the cores fa l l  into this ring. 

vicinity of WTPp. % =isk 
local scale, a& same variaticm reflect a antzplled areal or 
pattern of -. 

me term m, as used here, all- for a range of lithalcgies 
M u 3 n g  daystme and siltstone. M-3 is sulfatic and m t  calcareous. 
llleintenml i s 1  me 
color relaticaship was described by Holt and R%xs (1984, 1986a) in both the 
waste han3lirq and exhaust shafts as a ~ ~ c o r i d a t i c n  amtact. Ihe gray 
zone may have associated pyrite Wor marcasite (Holt and hers ,  198th). 

sharp and very lndulatory. 
waste han3ling shaft and three feet in the e u s t  shaft, and it is ercsiond 
(Holt ard Powers, 1984: 1986a) (Pl. 14) .  A t w l p p  19, the 1- anhydria 
(A-2) W not CCCW; M-3 is thiclrer, ard directl y werlies the clllebra with 
a sharp laeramtact. 

w i t h i n  M-3, althcmgh subhorizcoltdl laminae do occw. 
isthesneardirrtracl ast/lanlinaetexture. softsediment deformation is a 
c o ~ m ~ 3 n  feature where stratifimticm is preserved. 
mre extrfne, soft SedhEnt defonaatim grades into the gpBaLpd 

occur within a raqh ring around a regionally extensive lens of 
lateral variati- 

w i t h i n  this nudstane ring are evident in cores of this interval inthe 
nu3stom @f-3) thickens ard thbs an a 

- * l a n t l  y reaish-b?swn with an uppemxt gray m. 

The rmrtact of M-3 with the 1- Of the Tamarisk (A-2) iS 
?his omtact lndulates wer fax feet in the 

Urrmodified sedimentary strudures M c a t i r q  clastic t n n l q a t  are rare 
% mast caunm~ texture 

As deformaticn bgxrmes 
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- 
intraclast/laminae texture. sane LahlqUlar  to s&raxd& clasts of lladstone 
and siltstane are: included. 19lere the g a i n  size and the colcu is m i f m ,  
as i n  mrst claystone interval s, the rpck may Kpear structureless. MaHy 
surfaces of unslakhd core of M-3 exhibit a corrugated or  lmpy -. 
TI-& is assaciahd w i t h  the smeared intraclWlaminae textore ard is caused 
by remval of less well ilx3lrated matrix ani pseudanatrix material dLlring 

coring. 
orientations w i t h i n  sesmal inches (an). 

M-3 has many slickensides, a d  slickensides may ShaJ aifrering 

sme sitfate OCQVS i n  M-3 as cements, h q x n t i v e  a p t a h ,  gypsum 

qypmln crystats, caquhr to Shmm5ed clasts, local fibmv gypsum fmcture 
fillings atld overgrnwths on detrital gypnrm gmins (Pl. 15). n t i v e  
qypm crystals my be lenticular, subhedral, or  euhedral, and both isolated 
cxystals ard stellate aggregates are QP~MPI. gypsrrm cccurs in 
the following ka-eholes: WIPP 30, wI9p 34, WI€"€J 13, WIPP 33, DOE 2, AEC 8, 

ard WIPP 12. 
lxt xst camtmly oca~v near the base (Halt and -, 1984; l986a). 
Fib- gypsum fracture fill- are locally CQmMBI w i t h i n  M-3 and in the 
shafts (Holt and PaJerS 1984; 1986a); several generati- of fractur- ani 
subsequent fill- are evident. may Wit arcuate patterns 
paSsib1y parallel w i t h  zones exhibiting slickenside partings. 'Ihe fibmus 
fillings w i t h i n  fractures are variably oriented with scm miting a 
p r p r d i c d a r  relationship to the wall' rook while athers have a tilted to 
sigmidal ucqholcqy. 

'Ihe core of WIPP 19 is unique tlvmlgh this hterval as the 1- 
anhydrite of the Tamarisk 
of M-3 directl y averlie the mebra mlanite. 'he organicrich stmuatolitic 
zone a t  the tap of the Webra is overlain by QpBared irregular strata ani 
r i p u p  clash. 

, I : overlain by ~ o r m e d  arrl ccartorted gray laminae. A daystme ani sfitstoere 
clast caqlcanerate follcrw vertically the antorted laminae (Pl. 16). 

C l a s t ~ s u p p o r t e d  ccaqlcaaerate ccnsists of sxhuqular to xuuded graraie- to 
pebblesized clasts of gray ani reddish-brcxyn siltstme ani zare clasts of 
gypsum. sue of the 

reddish-brawn clasts have been defonaed ani form a psadanvtrjx ?rhe 
corylamerate is -lain by a very thin bed of gypsum with an m a t o r y  

after mite nochiles, nodular anhydrite pseu%mqhs after 

Nodules and clasts of gypsum may be dissemw tedtluXu@l*3 

I 

(A-2) does rwt cccur and the dlastic ralcs 

A thinly laminated claysbne abwe the dsasts is in turn 

\. ' f- 

'Ihe average clast s ize  appears to deaease upmd. 
c 
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base. Above the gypsum is a sequenoe of lmdroclcs that is similar t o  M-3 in 
other m. 
nodules/clastsofgypMnocarr. Afewcarfxnatedlastshavebeenabsenredin 
this irherva. 

l?le smeared intradlast/laminae texture is CQIIPCII, and locdl 

The Of  M-3 k sharp (Pl. 17). A distinctive 1 to 3 ft (0.3 

to 0.9 m) zone of sulfate averlain by thinly laminate3 claystone averlies 13-3 

ard 
ardtxd&xb&. meccntactisdisupted incareshorn everywfiere- 

Nash Draw and in several cvres outside Nash Drsw (WIPP l3, H-3b3, ard 
H-llb3), W i W  these dismpbd 2-, the averlying stratiqaphy is 
preserved to vary- degrees. Ektreme b m i a t i o n  oc~lls at  the 
amtact of M-3 a t  WIPP 13. 
mite float within a dlaystone matrix. 
they c a r  as mtated blocks separated by thh stringers of claystcne. 
Finally, the claystme does not occur ard the blccks are in dFrect antact. 

?hmaghacR the brecciated 1- zone, reccgnizable clasts of well-laminated 

claystone -. A t  bol.ehole H-3b3, the sulfate and thinly laminatd 
claystone which usually overlie M-3 do not oaxr, ard a large rrrtated gypwm 
block floats w i t h i n  c l a m  near the tap of the claystone. A 1.6 ft (0.5 

m) thick breccia wim dast size imxeasiq upard atri amsistirq of sulfate 
ard laminated c l a m  occurs a t  the 
borehale H-llb3. 

ccnmrmlypreserveed illti&. Hawwer, the UFper CC&d& Of M-3 is not . .  

Allochthoncrus blocks of the overly- lamhated 
Block s izes  ixrease UPJard until 

contact of M-3 in  0n-e horn 

5.3.2.3 F o l y h a l i ~ ~ v a l e n t  sulfate 
A l t o 2  f t  ( 3 0 t o 6 0 a n )  thickanhydriteorgypsumtedoverliesM-3 in  

cores that have be en^ almq the upper amtact of M-3 ard H-3a. It 
is apparerrtly stratig-mphically @merit to the plyhalite that s€pUates 
H-3a fmm H-3b east ard sarth of the WIPP site. T h i s  sulfate in IIp6t axes 
has a horizcntal to subbca? 'ZCprtdL fabric with hints of lamrinatiapls, I.IDdules, 
cclnvulate stratificatim, and anhydrite after 
vertically-orienkd gypsum crystals. me sulfate nay be argillacears ard 
a m s i s t  of nodules axramkd by claystone w i a  the 1- part. Neawqh 'C 

gypsumccomnrmly ~ a n g u l a r z c m e s o f a r S r y d r i t e a r d s c m e f r a c h r r e s a r e  
fi l led by fibIuls gypsum. me Kper amtact wim the thinly laminated 

claystone is sharp but does nut ap+z~ erceiaral. 



- 
5.3.2.4 Claystone 

c l a m ,  de€criked as limestane in some axe, overlies the 
polyhalite-equivalent sulfate. lhis bed is less than 1 ft (30 an) thidc, 
calcarecus, locally organicri&, and withscmegypsum. Ihe 
claystone is aistinguishea byparalleland1 

micmlamjnaticms and thin laminaticms w i t h  alternating light and darlc gray. 
Soft sdm=tTt deformaticn (sllmpirq, amtortl 'on, ana/ormicmfaulti.n3) in 
+his claystcne is similar in 
m-tectonl 'cauy bma5atei seaiments of Brcdzikowki and Van Iam (1985). 

Miavncdules of q y p m  are overlain by thin laminae of claystcpre. F i b r w s  
gypsum-filled fmctwes are ahmiant w i t h i n  this zme. ~n en echelon pattern 
of gypm-filled fra- reported in this zone in the waste harxilbq shaft 
(Holt and Bwezs, 1984) irrlicates a shear a l c q  a suthorizonbl or horizontal 
plane with displacanent of the qper zone to the sarth. (xle fracture in this 
intenml in the DOE 2 core demrmstrates thrustirq . meupperamtac tof th is  
zone is gEuL3tioM.L. The ~ t i q r & l i C  significance of this interval tc%Rud 

the center of the basin is not M as it is not 

geophysical lags, but it is a s t r a t i e c a l l y  amtinuas ard significant 
zone within the area. 

* -  y f lat  

to the 

eon - 

5.3.3 TamariskEaember U m e r  Anh vdr ite f A-3 L 

StratignqAically distinct zones which qmde UPJard fmu cme to another. 
mese zanes are, in aEc#2uq * order, as follows: a 1- laminated zors 
(A-3a), a mi&lle zone (A-3b) m i -  a CLushed pristratic texbrre, ard an c-:', present. For exanple, a very thin bed of claystcme n z ( 6 . 1  m) up 

?he Tamarisk M d x r  upper anhydrite (A-3) can be subdivided into three 

upper bedded nodular zone (A3-c). W i t h i n  the A-3, other ' bedsare 

f n m t h e b a s e O f A - 3 i n t h e s a f t s .  ' B h c l a ~ i s u s u a l l y W a S h 6 3 a r t O f  I l k  

I 

mre durirg d r i l l i q .  
stratisraphically distinct zones are evident i n  qeqhysical logs of this 
i n t e r v a l ~ t h e D e l a w a r e B a s i n  (ul. 4 ) .  InwlPPcOres, thethickness 

of A-3 varies hnn 57 f t  (17.4 m) a t  H-3b3 to  93 ft (28.4 m) a t  WIPP 13. 

Sane general relationship can be infen-& by anparing the d i n e d  
thi- of the middle (A-3b) anl the qper (A-3c) zanes to the thickness of 
the 1- zone (A-3a). A-3b and A-3c are d i n x i  as they are vertically 
quite gmdatiornl. 

Geu@ysicdl lcgs revedL it in those kor&mles. 

F 

It varies frrrm 33 to 40 ft (10 to 12.2 m) and averages 
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abaut 35 f t  (10.7 m). A-3a varies in uricltness frau 19 ft (5.8 m) a t  H-3b3 
to 47 f t  (14.3 m) at WIPP 25. 
with the thickness of A-3a. 

For the most part, the t h i m  of A-3 varies 

5.3.3.1 Larer Lmainated Zcne (A-3a) 

"E lower laminatecl prticpl (A-3a) of the q p e r  Trmnarisk Menker anhydrite 

(A-3) consists of anhydrite w i t h  minor w. Near the 1- ccatact, the 
anhydrite is with caxbcmate. Foorly preserved ripple 
Q-oss-laminae ccur w i t h i n  both czubma~rich and -ibz hterkds l a r d  
cross-cuttirq r&ati&p are evident. Microlaminae to 12nninae preacmW ' t e  
and my be f l a t  and pardllel but are wavy or mntorbd to cremlate. 
Anhydrite halite 
Fseudcamqh after vertically oriented p r h t i c  gypsum Qystals axe ahmiant 
locally ard axur  in genet ia l ly  related zones ahibiw an u p z d  decmase 
in crystal size.  
inch (6 lrrm to 10 a). lhese pse&am~- are not a l l  ori- perperdiculat 
to  the substrate ard may be tim - to o m  side, CLUsbed, sluqed, 
miedrd, an3 aisrupterl (Pl. 18). Cazhnate and gypsum laminae locally drape 
-*. m = W - , ~ m a - p r i s P a t i c g y p s r r m -  
microlaminae to thin laminae of CariXMte or fine grained anhydrite oriented 
parallel to csystal grwth planes. -X@LS after epitaxial 9ypwmp 

prisms are rare h t  do occuz. Pmbable stylolites thruqh this intenml are 
aistiqlishd by a W t e  zcme e l e l  to s t ra t i f i ra t im ard marked by a 
dark coxmtratim of clay ard -te. ?he upper crpltact of A-3a is 
p d a t i &  with A-3b. 

after gypsum are onmn in bxeble H-12. 

?he height of the prism varies €rcm less than v4 to 4 

- 

c::') 5.3.3.2 Mime ~~CYushed Prisn" Zane (A-3b) 

/ "E middle zone (A-3b) w i t h i n  the Tamarisk upper anhydribz is 
cfiaracterized by the %mshed prismgg texture (Pl. 19, 20 and 21). 
texture is meat& by moaifybq the wlurre of an originally laminated 
sediment ccntajnirq large or small p r h t i c  gypslmp aystals. 
the volume originally occupied by the crystals was lost to create the 
characteristic texture. ?Be genesis of the texture will be described later. 

shapes masses of sulfate that are vertically elmgate. ?hese lpay be lightcc 
i n  color than the sulfate h t w e n  these masses. Ihe msse have parallel 

~.-./ 

&re to a l l  of 

"Em36tpreminent featwe of the crushed prism texture is irregularly 
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inkxnal stratification, tharpl it is not rmt' -masses. l!le 
stratification indicates displacement or rotation of the mass relative to 
adjacent uasses. me stratification can also be disk-. mite 
p=eudmqhs after thy prismatic gypsum crystals may be preen&. 
Baudaries betwen these vertically el-- masses m cammly vshaped and 
may have arqles of 45O or nnre. AS further e v i w  of the origin of this 
texhrre, a portion or  qhc& of an original prismatic gyps~nn crystal is 
visible in 6cme of the v-shaped darker sulfate betwen masses. 

mis texhne might ini t ia l ly  be cxams€d with nodular textwe3. It can 
be separately dia- in the absence of qhc& OT renmant prismatic gyparm 

by the irregular vertically elomgate shape, v-shaped baadaries, and the lack 
of an exclusionary margin. A streaq sub-lxrizcntal pattern, to be omfused 

w i t h  kdded-na3ular texture, is not seen thaqh it is pcssible that the 
original s i z e  and space of prismtic gyps~rm oaild vary such that the crushed 

prism texture wmld appear similar. 

dcnninakd by p r k t i c  9ypsum crystals. Qle or rare squenxs are present 
where Qystal size decreases upyard. 
least 1 f t  (30 an) high. 

crushed prism textwe is increasirqly develcped, ard m y  
mature, UPJard fm the base of the zom. Frisinatic crystdls are present, 
althou#~ visibly miuced i n  volume at  the baee. czystal -tion 
 decrease^ up~ard until  no relic or rPam; prisms remain. 

'Ihe textures presezved in A-3b Mate that the mck WBS Wighi l ly  

Sare of the crystals grew to be at  
strata size is pmporticnal to crystal size. Ihe 

mre 

5.3.3.3 &=Med Nochilar Zone (A-3C) 

'Ihe upper zone of A-3 is stratified with a superirrpxsed nochrlar texture 
(bedded M a r  Z o n e  - A-3C). zhe 1- ccphact O f  A-3C is Q Y a d a t i d ,  and 

'Ihe bd3ed-ncdular fabric results fzuu an exclusive nochrlar fabric 
superimposes on stratified sulfate rode (Pl. 22).  Internal layerirq is 
traceable fmn ncdule to nodule. In general, mdules occur in aistinct 
horizontal zones with similar ncdule sizes, reflectixg bedding ccatml on 
size ard distribution. %xe ncdules exhibit anhydrite peuhu@s after 
prismtic gypsum Qystals. 

- 
unlike the crushed prim texture, the 
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- bedded-nniular fabric shars extrepely gccd lateral ccntirnu 'ty of s n a l l d e  
stratificaI3.m between nodules. strata dip uniformly an3 are neither 

displaces nor zntated. me nodules are usually bxrded by an irregular, 

dark,verythinrindofexclu%dmaterial. Zhencdulesarebetterdevelcped 
less carbcma- ard mxe 9ypann. i n t h o s e z m e s ~  

zones display mxe original depositid fa-. 

prismatic gypsum crystals, modified by the bedded nodular fabric. Furtkr up 
the set ion,  carbonate hterkds bemme mre abr&mt, a& the xdules bemne 

more lenticular in shape. Near the top of A-3c, lenticular ard wary 
intertseds of ripple cross-lauinated arrl czdxmaa have been xcdified 

contains ahndant gypsm-rich carkonate ~ - - , v e r Y W a Y . ,  
anl irregular thin lamimtians of o?qanic matexm. zhese wary laminaeoccur 
in distinct zones which bemme nnre a m n m  upyard. 
with the Magenta m l d t e  is gradational. 

Qukmate-rich . .  

?he base of A-3c exhibits laminate3 gy~sum, w i t h  pe&nuq&~. after 

by the bedded nodular fabric. "he Kper 1 to 2 ft (30 to 60 a) Of A-3c 

Ihe upper amtact of A-3c 

5.4 ma- micmite  ember 

?he Magenta aslcmite M e U b e r  of the mstler is the qqxmmst of tbm 

regionally persistent dolauites w i t h i n  the Ehutler. W i t h i n  the cores 
examin& a t  ard a r u d  the wfpp site, the thickness of the 
fmm 23 ft (7 m) at H-3b3 to 28 ft (8.5 m) at H-llb3 (Fig.5.4 an3 5.5). In 
a m p x i s u n  w i t h  the Webra, the exhibib mxe prinmy sedimentary 
struchrres, fewer 
more mqetent unit as it mres very wel l .  W i t h i n  the WW site area, the 
vertical sequence of seaimentary - does not vazy significantly. 
Mag- consists of arenaceclJs dolauite ard 4ypNm w i t h  lesser amxnRs of 
quartz silt ard SMd-size grains, day, ard organic nulterial. 
can be sahiivicled into two majar zones: a 1- algal-acminatea unit ard an 
qper ripple upss-laminated unit. In a&xcp east of 3lrtesia, New MexFco, 
-algal - 
overlain by ccbltinxrus &&Ling. 

5.4.1 AlcXil-lBnUb?i * munit 

varies 

. 
larger average grain size, and is overall a m c h  

'Ihe 

* ted unit displays thin zones of brerxia -lain ard - , 

I ,  

Algal features dcminate a z- a t  the base of t h e m  varying 3 ft to 
5 f t  (0.9 to 1.5 m) thick. Wavy to locally m a t e ,  suthorizartdl, ard 
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-Y, irresular organicrich laminations occur in  g r w p  or zooes an l  axe 
very mrrm~n a t  ard neat the base of the Magenta. 

very low-anplihde laterally-linked h e d q h m  ids. Withinthecoreof WIPp 

19, pmbable Qnall vertically oriented priscatic 9ypsum cqstals  OCQV within 
an algal laminated zone of low-auplitude laterally-linked -ids. 

d&Y Tne subborizcpltal laminae are overlain by a zone amtammg 
spaced, microlaminated to thinly laminated algal heUi@em ids. 
hdqheru ids  may be laterally linlted by laminatias. In eome cases, the 

laminae w i t h i n  heds@em ids retain the same radius ard thus 
vertically stacked. 
an). 

mis 1- zme -its 

* .  

'Ihese 

Tne basal radius varies fran 4 to SinaeS (10 to 20 

?hesehemisplero ids are similar to algal biscuits abserved by Gebelein 
(1969) . 

A Z O n e  ddnated by Wavy laminations and ldd-, 

beds overlies the hemisFherp ids. D r a p i n g l a m i n a e a r e m m r c m ~ ~ ~ ~ ~ @ ~ t h i s  
zone. 
thin aver the tops of the uxlerlying mvy strata. 
strata decreases uprardwhilethewavelength afpears to inueaseupmd. 
Dark oryanierich -laminae are c~ormrm thxraqh this zme. 

and ahxmkme m. - the algal- - t e d m i t b u t a r e m o s t ~ i n t b e w a v y t o  

lenticular berkled zone where there are akadarrt clay interbeds dpaairgs. 

sapea or lenticular intebds often Wcken in the tracgh an3 

Tne amplib& of the wavy 

~ypsum nodules mar the base of the alqal4cdrnted unit decrease in size 
subborizcmtal gypum-filled fracbnes are cpllllpn 

5.4.2 Qrcss-mted Unit 
Tne Kper of the Magenta is acmiMteabyhorizcprtal to suthorizcntal, 

wavy to lentiollar beds exhibiting c r ~ ~ ~ - l a m i . n a ~  ard ~ - ~ t &  
bedforns. nle c!3xes-lan!i.nated unit was suhiivided into six mKping units 
during the mapping of the Mag- in the exhaust shaft (Holt  arrl RWzta, 

19813). mo~emaFpirqunitscanbeidentifiedincoresoftheMagenta. ?he 

v e r t i d  sequence of sediwntary structures w i l l  be diswss& later. 

indude: ripple aoss-lamjnations; rime drift cross-laminations, starved 

ripples; both erpsional stoss ani depsitianal stoss climb- riFples: wavy 
and l e n t i d a r  beddirq; flaser k W q :  erosianal scmr narks: clay drape: 
soft sediment loading; pmbable rip-q mles; p&bles at  hse of 
c r o s s - l ~ t i ~ :  local Qoss-m; ard stmcbrdess beds. 

,y-\ - \ 
\ i , , I  The clastic sedimerrtary struchrres &served w i t h i n  the unit '\ 

x. ,.*I 

- 
These 
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sedimentary features are mDet cnmm w i t h i n  subhorizontal, very thin and thin 
beds that are latemlly -. 

A t  the base of the cross-laminated unit, grain sizes are 1p0re bmmgensems 
and clay-rich hterbds are less CamKln than in the underlyirq unit. w a y  
bedding with l-le cxss-stratificatian is very CCIIPIPBI. !the of 
QPSS-lantinations arxi ripple farms ard the average set size ircmase UPJard 
as does the gmin size. Nearly druc;ureless very thin interbeds arecormpcBl 

naar the tap of the croes-lamina~ unit. Gypsum nodules h a m e  more - 
ahrdantgyps l rmmes and an areallypersistellt, very thin bed ccmmnlq 

-. , 

. .  
0 c a r r s w i t h i n t h e ~ p e r Z f t  (60cm). 'Iheqpmmstccpltadwiththe 

wer1yi.1~~ F o r Q ~ ~ h e r  Membr is gzadatianal a6 the CartXMte fraction 
decreasesandis- with gyp;um. small nodules of gypsum are 
both w i t h i n  the gypam-rich intmbds ardthecarbcnateinterheds. 

5.5 FOluY-Nnm? MEMBER 
'Ihe Forty-niner Member of the FaJStlm Ftalraticnl is similar t o  the 

Tamarisk Member as it ansists of a laver (A-4) ard an upper (A-5) sulfate I 

unit separated by a mdstom unit (M-4) and laterally equivalent Mite (H-4) 

unit (Figs. 5.4 am3 5.5). W i t h i n  the anhydrite (A-5), a seccnj. halite 
unitpresentatthedepocenterofthebasin (13. 4) d c e s n o t m n m r t h e  
WIPP site. 

L 

5.5.1 AnhVdr ite (A-41 

?he lower sulfate unit (A-4) within the Forty-nine~ is an m y  
extensive unit that varies frcmp 15 to 2 1  ft (4.6 to 6.4 m) thick in cores. 
'Ihe sulfate mainly mists of anhydrite w i t 3  s ~ m e  g y p n u  ard carknate. ?he 
carbonate - aremstaLwdanta t thebaseofA-4  anddeuease 

uplmrd. The upperwst foot (30 an) of A-4 is p r t l y  -. -1 
ncdules of sulfate are abLndant in the 1- h t e x b d s .  Bed3al rvrhllAr 
textures locally OccUzI, ard nodules may be superimposej. upcn noehiles. 
chicken-wire xdular and entemlithic texhrres are present. 
texhrre becaaes better darelopea ard larger upward as them m a w  nodular 

thinly laminated, ard the laminae may be wavy to slightly ccntorted. 

Ihe rxdular 

features deminate. The  per few feet (m) of A-4 may be h part laminated to 
.me 

upper W c t  of A-4 is sharp. 
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5.5.2 (M -41 and H a l i t e  (H-41 

t o  an argillaceaus halite ard halite tumd the d e p o s i t i d  center of the 
Delaware Basin. O f  the WIPP cores examiwd , cnly H-12 . halite in 
this unit. Geqhysical log interpzetaticms suggest that halite mxrs w i t h i n  

this zone in boreholes fmmn the eastern site area (e.g., P-18, p.19, P20). 
?he M-4/H-4 
the basin as the halite ccntent a~pears to increase. 

melmastomirrterval of the Forty-niner Member is laterally equivalent 

amsistently thickens tuward the Qpasitiaal center of 

5.5.2.1 F 0 W - M  MXMJXY~ (N-4) 

M-4 varies frcm a mininrrm of 6 f t  (2 m) at  AM: 8 to a mwinrmr of 17 ?X 
In additicn to nnulstone, M-4 may consist of siltstme, (5.2 m) a t  WIPP 25. 

claystone, ard locally - saxMone. 
calcareous. RLinsectionsfmmthisintenml a t  WIPP 19 show a halite cemnt 
ancl incipient displacive halite CrystdLs (Pl. 23). 

It is ccllppcnly gypifemus and/or 

Bath large ard mall 
d e  primary s e a i m e n t a r y s t r u c t u r e s a r e c r m n n n ~ t h i s ~  . I n  

c the waste hardling shaft, large scale * relaticnshigewem 
observed in M-4 as a k&gedm@ d t  h n - d d  by Msional  surfaces (Holt 
and -, 1984). 

M 4  was SUMivided into f ivemapp in jun ie  in the dnaust shaft, and they 
are recognizable in the axes as three reddrsh * -brownunitsbetweenupperard 
lawer gray beds. The laFermst unit wi th inK-4  is gray silkstom 2 to 3 ft 
(0.6 to 0.9 m) thick. It is locally gypifemus and canbins imqubr 
gypsum-rich laminae ard scme gy~sum nodules. 
defined ard preserved horizcntal to suthorizcntdl thin lamixne to very thin 
beds. It may locally be skwtuzdess. Ihe 1- re&lstl * - h m w n u n i t i s t h e  
thickest and usually varies fmm 5 to 6 ft (1.5 to 1.8 m) in thiclwss. The 
stratification w i t h i n  this unit  is less distFnct tban that of the -lying 
ard overlying units. Stratification is more ahmlant near the tcp of the 

zhe 1- gray unit  has W 

&?) unit&cxxalrsasdisccartirauxls I wavy to irregular, l==llY s1-y 
' / /  ContorteathinlaminaetoVerythFnbeds. lnterbedsarewhitetogray. Ple 

of mudstom and exhibits sneared intraclast textures. Greemsh * -gray 
c_ r&uctionspatsarecanmrm. l b e m . i M l e a r d ~ r d d x s h  ' -brcwnunikarencrt 

le fmm one another in axe. always * 

lawer part of th is  unit displays small granule to glpdll W l e  sized clasts 

The miadle re%.ish- * .  

Unit is akUt 1 ft  (30 an) thick. It iS separated f- the &lying unit 
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by a relatively large scale emsicnal surface that ie CcpRkaVw arand the 
circlmrference of the exhaust shaft. As in the rnderlying unit, the 
stratification is 
discontinuous wavy laminaticars to vlin beds. Ihe unit is locally 
gypsiferw. 
It has subhorizontal to horhcntal, slightly wavy thin l amina t ias  to 
~aminations. 
preserved than in the urderlyby units. me Kpenaost gray bed has 
sedimentKy~siJnilartothe~*-unit. Iheqper  
contact of M-4 w i t h  the overlyby anhydrite (A-5) is sharp and distFnct (Pl. 
2 4 ) .  ~ypsum nodules and gypmu CryStdLs appear to be areally restricted, as 
they are m x t  ccm!nrm in WIPP 12, WIPP 19, 5 2 5 ,  exh,mst shaft, waste handlhg 

by mlor and carsiste of irrpgular to 

+IW upper mddish-brc4in unit is also abaR 1 f t  (30 an) thick. 

~n general, st.ratificaticm is mne ccshiravxls andbetter 

shaft, H-3, H-11, and H-12. 

5.5.2.2 Forty-niner Member Halite ( H 4 )  
W i t h i n  the cores examimd , only H-I2 - * halite in- 

s t f a t ig ra~c  unit equivalea t o  n-4. l lm halite irherval (H-4) there is 
q i l l a c e m s  arxi mt very thick. Gecplysical log -ticms arggest 
that the a x u n t  of d a y  in this unit decseases anl W crverall thicJosess of 

borehole H-13, the e t igaphic  e c p x e  descmkd * fortheinbmal.M-4is 
present. Five ft (1.5 m) of halite-bearing sediment occlusWi#intheuft 

to the lower paa of the lower reddish-bmwn unit of M-4. 

H-4 eastward toward the dqx6itid Center O f  the basin. A t  

(3.7 m) section of H-4. The halite is in a e - c  positirn equivalent 

me 1- ccartact of the hali-ing zane with the lateral equivalent 
of the 1- gray d t  of M 4  is sharp. Sfitstcum3 a d  ClayatOne m a t r h  

CryStdLs are annrcm. Rggreqates of halite crystals are asscciated with 
irregular blebs of siltstom w i u  the remider of the halite m. 
UFper omtact of the halite-bearing intenml ie gmdaticmal ard is cnrerlain 
by the lateral  equivalent of the upper part of the laver unit. 
?he reminder of the seqmme at  H-12 is similar to the sequeme abserved in 
M-4 in other cores and the shafts ard presezves the miadle and- 
reddish-bmwn units and the upper gray unit. 

abundant near the upper arxi lower ccntads where incorporative halite 

Ihe 
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5.5.3 Anhvdr ite (A-51 

d is locally subdivided into t w o  parts by a thin halite unit (see Ch.4: 

Lateral Relaticnships). Ihe thickness of the sulfate wies frerm 28 to 37 ft 

sulfate within the Rust.ler Fozmvaticm is areally w i v e  

(8 .5 to 11.3 I&) in the OOLe m. 

?he sulfate bed wnsists of anhydrite, gypsum, and carknate. Ihe 
anhydrite is usually thinly lmninated to laminated, wavy to slightly 
contorted, w i t h  locally - anhydrite ~ x k n u q ? l s  after vertically 
oriented prismtic qypm crystdls up to two high. Radcaorphs after 
prismatic gypsum can be tippea ove, sneared, or vertically oriented. 
reflect epitaxial gypsum gmwth. 
UPJard. V e r y c z u k o n a t e - r i c h i n b & & s  occur. Iiorizcnrtaltosuthorizonbl 
stylolites w i t h i n  laminaM intervals are amumn. 

exhibit ncdules and/or the bedded naiular fabric. 
oc(1v locally. Ihe upper cmtact is sharp and emsional. 

Sane 
in s ~ o e  zones bemme smaller 

Ihe anhydrite may locally 
pmsible prism cracks 
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6.0 DEpcGITICN& 

?he depxitional envirunumb of the Iblstler F o ~ m t i o n  are hhqxeki 
using a mmparative, seaimento logical a- to detexmm ’ 

halite surviviq aepositional processes. Those features w i t h  or 
=P=r- analogs are e q k m i z s d .  Depcsiticnd anal- for irdividual 
features and sets of features are Wived h-an the available literature and 
mntinuirg studies of I&em analogs. .me features cksemed within the 
Iblstlerhavebeencanpiled, and theirmodern or €!xperilumtal analogs a m  
ccwpared to the features. Qqxsitional rcdels are synthesized for rock units 
t ha t  are apparently genetically related. ’Ihese models are then integrated to 
m t e  a aepositicmal history for the Kustler. 

theexttvltof 

?he p r k i p d l  depositional emrirorrments of the Rustler are synerpsized 
f i r s t .  
three sydepwitional dissoluticm models, a sammary of syrdqxxititmal 
dissolution fabrics, and a discuss ianof  sedhmta tionardtectonus * a r e  
d i s w s e d  after syrqses of all depcsiticmal xrcdds. 

A depxitional model for Rustler salt pans and adjaamt envixmuenk I 

6.1 RUSTLER cIEFosITICN& V 

6.1.1 Sdlh  to R.esh Rans itional Fades 
In the WIPP site area, the first  descriptive unit ass- to theme 

in core and shaft a e s  is a thin bed of sulfate. 
probably related to Salad0 style depazltion, is a mnsistent StratigraFhic 
marker the WIPP area, ard the mstler/salaao cantact is usually 
placed a t  the base of this unit for cmvunim. 
f t  (0.3 - 1 m) of halitic lmdstane which is inclrded w i ~  tba mado am3 
mtains very small h m p x a t i v e  halite uystals. Ihe halitic nudstone was 

depsitd within a halite-saturated saline pndflat. 
thmqhc& the deposition of disphcive/irmqxxative halite crystals was 1,’ ‘1 located a t  or very near the -ace of the ~mdstoare.  he sulfate unit is 
generally angillaceous a t  the base ard h x a ~ ~  less clastic upard. 
argillaceous portion of the sulfate reconis the s e t t l i q  and depsitim of 
the clastic material asxziated with a minor fresherung * event. ~~ 

sulfate was nvst likely depasited subaquewly. 

increased. A qypsum-rich saline M a t  develcps-3. Either the kinetic 

This unit, al- 

!the sulfate -lies 1 to 3 

Ihe water hble 

’Ihe 
GI 

?he base level was again lcwerd and clastic inpst  and grain size 
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ervergy of the depoeiticnd system was high or the sulfate amb=nt was lar 
~topreventirmrpcnativegypsumdevelapnent.  Irstead,gypsumwas 
precipitates during the desiccation @mse fol1cd.q flocdirq. 
flocdirq, the base level or wa- table was a t  the mace of the mr3flat. 
mporative puping COKrrmtrated the sulfate a t  the surface wtm?s g~sum was 
precipitzited within void spces, forming a gypm cenent or incipient 
gypcxete w i t h i n  ane to sareral laminae. Further evapzation drwe the water 
table deeper. 
flocdingevent, rewmkuq * ad aepoSition of fragile rip up clasts fmm 
desiccation. lhis clastic interval records an initial increase of the 
ptent ia l  and kinetic enezgy of the basin. 

After 

Bds resulted i n  desioatim of the mds and upm the next 

6.1.2 lisXxmd Ehvimnnuslt 

the beqinnitq of perhap the greatest variation of aepositicmal style and 

environment within the Delaware Basin since the cuaaalupw- 
transition. OnSe again, the waters within the basin were, for a t  least a 
short period of tiw, directly omnect& w i t h  marine waters. 
unconfonnitywasdescribedinshaftswithinafwft ( 1 t o 2 m )  of thebase  
of the FasUer. a’re preserce of fossil bivalve 
mrqlcnnexate locally overlying the u m m f d t y  suggests that a basin-wide 
fr€&eruq ’ to at  least ne2LzymaTine a d i t i c m s  had a l r e d y  oaxrred ad m y  
have keen quite rapid. 
Mesmth th ra rgh theHOveychannd .  Ihetrarrsgresicnwasrapid, leaving 
only isolated eanemes of anqlamxate as ream3 of its passing. 
Consistent with the rapid nature of the transitim, grain size ard 
sedimentary stmctum size  w i t h i n  the roclcs overlying the unam€onnity 
iniicate a der=mse of system energy upwaxd. W i t h i n  a few feet of the 
unwnfonnity, the systen~ls energy 182~chBd a relative steady state as 
b u r ~ ~ ~ i n g  and bio tukt ion  becxrme prevalent w i t h i n  a neazcmarine to marine 
lagam-like envkurm&. 

Clastic depmition cxmtinued under shallcw lagwndL ccmiitiors, anl 
clastic depositional fabrics were subsequently modified by burraring 

organisns. hfcs t  bedding fabrics are nut the d t  of mig-mtitq bedfcams. 
Hwever, c r o s s - l ~ t i ~  do occu+ and axe nxxe aburdant hi* in the 
sectian. 

A n u r m n f o n n i t y w i t h a ~ l c c a l r e l i e f  of a v e r 3  f t  ( l m )  marks 

Ihe 

w i t h i n  a thin 

Presmably, the scax-ce of the water ad fauna was to 

Eurirq quiescent times of little or no aepCeiticn of dLastic 



x materials, biohuht ion and kurnxuq * WerepLenlent anl insame cases so 
caplete as to ampletely eradicate any SedimentKy s t m 3 x c e a n l l e a v e d y  
mottled siltstone. 'Ibis nuttled appearance formed durbq periods when the 
substrate was relatively stable (i.e. , limitel additicm of d a s t x s  * ) , a n d i n  
general, the degree of caopletewss of the bioturbatian reflects of the 
length of time that the sukstrate was stable. In other instarres I - -  

energy of the system was higher, clastics were aepoSited mxe rapidly, 
essentially elbinam bioturhtion or, a t  the least, dilutirq its effect. 
m i s  is represented by those zcne8 mntaidq well presenred StratifFCatiapl 

with no or few lmrrows. 
presence of a lagwol w i t h  water of near-marine salinity has impoaant 

inplications. A direct muwdion to mr% Waters CM be inplied by the 
presence of i n a r b  to near-marine fossils. This is important as it 
represents the f i r s t  anlonlydanmoented-ine episcdewithinthe 

Delaware -in durirq the ochoan m. 
m y  Iake is not marine (-el, 1987, in ~ncgress) ccntary to earlier 
sqyesticms.) 
incursion. 
a rapid transgression. 
and such an event would be likely to have 1ar-q~ lasting ard bruader 
effects. 

precedinJ portion of the ochoan was breachsd, and marine water rapidly 
transgressed over a large area with very lcw relief. 
have easily resulted fmm a local t e c t ~ ~ ~  * event W t i 3 - q  also in 
subsidence. 

lagwml systw yielded a him cnrerdll base level, ard the effect of a 
raising of base level is to deuease the hydrologic gradiat in the 
depositional basin. However, for oxrse elastic material to amtmue * tobe 
supplied to the lagand set t iq ,  the gradient w i t h i n  the basin rrmst rise to 
cimter the decrease caused by a risirg base level. the face of a ris* 
base lwel, the gradient d d  only incmase as the result of tectoau ‘C 

activity. &I the d i s t r m o n  of clastic material - to decrease -t 
t o  the south (a. 4 ) ,  the salrce areas for clastic materials within the 
mrthern paa of the Maware Basin were p~&&ly to the rrorth anl 
northwest. whateverte=tonl ‘c activity inueasd the . fo rc l a s t i c  
deposition ‘Irmst have affected those 

(zhere is graJing evidence that the 

Several possible events d d  result in such a marhe - 
First, a rapid &aqe of absolute sea level d d  result in such 

Howwer, there is M direa ev- to sqport it, 

More than likely, whatever had barred the Delavlmre Basin during the 

such a breach caild 

It is clear that the m a ~ 3 . 1 ~  irnmsion an3 the mbeqwnt shallcw 

@ 
A 

to the north and mri3we&. 
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Alth0l.m separate - 'c events could have resulted h laal subsidence and 
uplift  of pcbntml ' clasticr;aUreareas,cn=ksctcm ' c e v e n t d d b e  
envisiomd that could acrumt for bath the b- of a sarthsrn harmer * a n d  
yet amld h e p  the energy of thebasin at  or near the same level in the 
north. 

the Northwestern Shelf amld aaxunt simrmltanecusly for bath situations. 
Figures 4.3 and 4 . 6  display thicker basal clastics to the wuth camsistent 
w i t h  this psoposal. 

- 

A sartherly til- of the Delaware Bash ard poaSibly a portion Of  

6.1.3 Fresh to Saline RanSiti0na.l Facies 
?he transition between =he or near-marine lagocnal depsit ion and 

playa-like deposition of evaprites is reconled by several ft (2 - 3 m) of 
dcmimWly clastic rock abast 35 - 40 ft (10.7 - 12.2 m) belcw the Webra at 
the WIPP site. 
mgnibxk ard is not very thickl so it is likely that depcsiticm was nearly 
cork- with no mjor hiatus. Pus, the transition i tself  must have been 
rapid. As the size  of bath SedFmerrtary stm&wes and elastic grains 
~ u p w a r d w i ~ t h e 8 e c t i o n 1 b a t h t h e p c r t e n t i d l a n d k i n e t c c ~ 0 f  __ 
thesystemincreased witAtime. zhisiscensistentwithshallcwingupJardin 
nearrhore or sha l law marine systems. 

ard are followxi vertically by grcxlps of gypsifemus interlaminae .The i r  
presence irdicates that solutes kere being m t e d  within the 
g r c a m i / w i t i d  waters. ~ e s s  inhnted hminae ammmly banrd the 
dcarecrus or gypifemus laminae that stan3 a& as resistant zcms in cores 
of this irrterval . 'Ihetops of 1aJninaecrraacIllycCartavl ' themDstcement. 

?hese 1-e have been preferentially ceuenkd by the precipitation of 
ei- carkcmate or sulfate w i t h a R  aff- the werlyirq lmninae and w i t h  
rrrrmmal effect on the underlying strata. It is very unlikely that this 
cement is the resu l t  of a mrmch later pwasive diagendc pru!ess as parcsity 
and permeability do not vary significantly fran lamina to lamina. Themfore, 

'&is zone a m b h s  no abviclus erosiornl surfaces of any 

Near the tap of the sequeme, gmups of carfxnate-rich interlaminae cccur 

. .  

the cements mst be related to an early process. Did these cements formby 

aptxed mdflat, or did they form subaqueously? 
the mncentmtion of solutes a t  the sediment/bu M a c e  on a SUbaMdll * Y  

subaerhlly eqused gypslna saline M a t s  in Death Valley, Wine 
Valley and mist01 Dry lake, California, most Clastic lamitne aLt3 very 



irregularinboththicknessardshape. ‘Iheseirregularitiesareinpartdue 
to very early diageretic gzowth of gypsum w i t h i n  the sediment . 
crusts are ammnni~y fGnd at the surfam of an active saline rmdflat ard also 
contribute to the formation of irregular stratification. Eolian seaiment is 
trapped w i t h i n  the efflo- crust and QI the lee side of irregularities 
(e.g. plygcolal cracks) on the surface of the uust. T h e  effloresumt uust 
is ephmeral and dissolves w i t h  the next rainfall or flooding event. 

is then deposited on the -lying clastic material 
Fo=ke- of - andlaminae . If a 

trapped - 
-tins very irregular, - 
flooding event causes the dissolution of the efflorescerrt crust, the sediment 
carried with the flccd is depcsited aver a rapidly ai.solvirq irregular 
surface. S h a d  the crust be dissolved before sediment isdepcsited, an 
irregular surface form f m  freshly freed eolian seaiment . 
evaprates or infiltrates, another efflorescmt crust foms and displacive 
grrxJth w i t h i n  the crust further disnrpts the sediment . 
effloresceme uust is h i m y  unlikely, ard nane was observed w i t h i n  the 
sediraent sections in any of the California exmples. Ihe laminaeinthis 
section of the Ehlstler are, haever, mylar in nature and do not resable 
thwe abserved in subaerially expCs33 nudflats. I t  is unlikely, then, that 
the cements abserved w i t h i n  the laminae originakd at the sediment/ a i r  

mfl- 

Ihe 

Gncethewater 

presenmticnof 

interface. 
”be cements a m  clearly early, kart did not originate due to subaerial 

emiranent .Ihe expwure; they mst have o~aared ear& -n a 
laminae have a regular n~@~~logy. They are scmeclhat wavy arrl lccally 
contorted, kn this deformatim is due to soft-sediment loadirq. Asthem 
of the laminae ccartavl ’ the llpst ceM?nt, it is likely that deposition of the 

clastic laminae was follcued by a perid of mideation of arbmate Wor 
gypsum on ard within the txbtrate. 

of clastic SeCEimerh CaiLd have cxxurred. Ihe ceuent effectively stabilized 

tuth of a saline kcdy has been reported for both modem and d e n t  
examples by other workers (e.g. Garrison ard others, 1978, for Messinian 
gypsum; Warren, 1982a, for iiolccme gypsum in salinas). clastic aeposition 

preverrted further precipitaticm of cenmmt. AS 1- as the system remained 
enayetic, oxrent did not precipitate. 

this time, little or m rmxkirg c: the substrate preserving the laminae. Early cementation of laminae at  the 
_,‘ 

- resLrmed and either a fre&smq ‘ o r t h e r e d m u  ‘CalenergyOftheSystem 

Rzis type of laminae can be used to 
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Mate subqwxs depceiticmal ernrimments - 
sulfate within the sediment is xmre omxntrated up SeEtiCn until sulfate 

lamhe are c~llplp~n fmnirtg a 1 to 2 f t  (30 to 60 an) thick zcne abaxt 30 to 
35 f t  (9.1 to 10.7 m) helaw the QiLebra in the WW site area. In most 
cores, dlastics are still present. Mci3t of the 1aminatiaP.s. are regular and 
suggest a origin. HcwRvez-, the sttatificatian may be very 
oornrolutedtoccntorted. saftsedimerrt EheZrardlan3ilqareinpart 
responsible for ulis deformation. hterolithic and Mdular stzuctures 
locally are present. W formed by apansive grcuth w i ~  the soft 
Sedimnt ard partW1y d e f M  scrne l b .  Ilregular t o  prhuatic 

entezplithic and vertical features are ahudant in the zom ccehauurr3. 
nodulart&xtlmsandareinterpreted as possible desitxaticm cracks. 

from the near-marine lagoonal depcsits to playa-like Caeposits. 

my be a silica-rich versim of Warren's (1982a) gypsarpnite, %hi& he uses 
w i t h o u t  genetic conrotation. Wanen (1982a) definea gypsarenite as lQypm 
which antams ' at  least 50% sani-sized gypnrm 
sediwntreccnd, ithasnotbeenpxsibletodete2minethecaiginalgrain 
size of the gypnm! &ue to diogerreais. 
depasiticaral pmesses similar to these sugge&d by Warren prcdwxd tbe 
sulfate irhenml . muinat& gypsarenite (after warren, 1982a) mists of 
laminae of - ' ydepositelgypsLmnard/cargypnm!formedinsitu. In 
thisirrtenml , most of the gypsum was pmbably rFm?3& mechanically and 
deposit& w i u l  same clastic materid. 
durhq hllrial W o r  early 'c gnxm of 9ypsum within tbe sediment: 
pmbably destroyed a l l  of the Original gypnrm texhres but the laapinatiw. 

. .  

The sulfaterich interml -the findl stage of thetmrsition 
'Ibis intenml 

Fmm tbe ~ESW.V& 

it is l i h l y  that 

?he gypsum ccnnrerted to anhydrite 

Arakel (1980) 

wzstern Australia and f a s d  tbat early dFagenesis of gypnm! (less than 6,000 

years old) had hliterabzd most primary crystal fabrics. 
Ihe desiccaticm cracks and enter0lithiC to mdular structures w i t h i n  the 

sulfate are mistent w i t h  subaerial expisme. prismatic CrcIcICs f and  
w i t h i n  this stratigraphic zcre may be paas of large scale pol- cracks. 
several authars (e.g. Neal and others, 1968: lucker, 1981; ard maastan - a r d  
Hardie, 1985) have d k a s e ~ 3  the possible miqim of these features. lhese 

prismatic czacks are clear eviderrx of s&aenal erqrsure.Nochilarand 
enterolithic stm&ues, hcwever, are not unique irdicators of subaeridl 

similar sediments in the Hutt and Ieaman L?gcms of 

/-- ., 
/ ', 
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expsunz; Synaeprsiticnal dhgwetic gmwth of sulfate is rrmo3n in bath the 
Eubaqllecus and subaerially depasited edlmlts. hterolithic and nodular 

stmctwes, when cbserred within s a a ~  stratig-Lawc sequexs, are often 
interpreted to have formed in a subaerially expcsd ernrirmmnt (e.g., a 
sabkha: shearman, 1978). 
sulfate are interpreted to have formed diagemtically in - - *  'in 
subaqueous wj.mmmts (e.g., the Qstile Formation: Dean and others, 

1975). Dean and atbers (1975) suggest that ncdular ard enterolithic 
structures are ncrt diagxstic of either SUbaeridL expmuze or Nbaquears 

depsition. 

Mher exanples of enterolithic -or naiular 

nJrir4 subaerial of the sulfate intervdL , sulfatewas 
precipitated and aisseauM * tedtbmqhmtthesoftsediment , ~ w 3 i n g t h o s e  

rocks associated with the marine transgression. when the potenticmetric 
surface of the water table is at or belw the surface of the sediment ,the 
salinity of the grcmiwater became mlch higher than the maxinnrm salinity of 
the previcxlsly of wa- due to capillary -ration.  his 
would be the optimal t ime to develcp early diagenetic gyp;um. Cody and Wi.1 
(1980) demprstrated that primary arhydrite a u l d  nucleate in the prsence of 
certain types of macremolecular organic canpands at tenpera+ams and 
sa l in i t ies  expecbd in hot, arid regiens. 
sulfate originated as prinvuy anhydrite. 

amtinental playa: 
was clearly separated f m  larye volumes of saline water (e.g., marine 
water), and 2) the sulfate was deposited an a clastic (clayey) substrate. 
Ruther, warren reports that the gypsum w i t h i n  tbe c m t m l  part of the 
pal- area of ccmtinerrtdl playas in Austrdlia is usually less than 3 ft 
(1 m) thick, nearly the same thiclolw as the sulfate intenml inthe 
Fustier. 
f1cuUng. Both pmxsses (previwly discvssed ) and precipitation 
and rumrkirq of 9ypsum on the substrate accQunt for the presence of sulfate 
inthisintenml . Andlogars seaimerrts with a similar origin are reprted in 
Mrtt lagoon, western Australia (Arakel, 1980). ?he varkble depositianal 
style and lack of laryer, xmre atable fonm of gypsum reflect the @manic 

chemicaland- 'cal nature of the 4 1 ,  precipitatinj brine body. 

c 

It is pcasible that same of the 

l'he sulfate interval mets Warren's (1982a) hydmlcgic criteria for a 
1) the hydmlcgic system depxitiq the sulfate intezval 

Clastic material was bxu#-k irrtD the basin durirq episcdic 

- 
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Any anmectim w i t h  marim watara nust have been blocked prior to the 
depcsitim of this zcme as the transiticn appears to have taken little tima 
iud an overall salinity charr@ Oaalrmd rapidly. mtenthl evapmtim rates 
were Kparerrlly high as saturatim w i t h  respect to g y ~ u m  was reached easily 
and quickly. As Warren (1982) points art in his discuss icn c m c e d n g  
dinas  in Australia, rapid changes of salinity cantwt ccar w i t h i n  fluid 
well omneckd w i t h  a l a q e  (for all practical pnposes, infinite) boay of 
fluid w i t h  a mnstant salinity. Rapid of salinity can, therefore, 
m ~ s t  reasombly a z u r  w i m  emall vol- of fluid. Ihe presematian of the 
transitional sequence Mca- antinud relative subsidence thrcaqh the 
period of depcsition W e  the sedimentary feahres indicate a rapid 
shallcuing Ipruard. 

waters, subsidence d d  not be reflected w i t h i n  the Seaimerrt asshallawing 
uplrard. -1 1aqocnal-tYpe- depositim d d  have begun again or 
amtinued. ~%rapidbxeaseofthekineticenergyoftheeystemardthe 
ccprcerhration of solutes within the wibx resulw in the death of hrrcwi rq  

a ? , .  Ihe ease of saturation, the b-cnxse of grain size  
(potential energy), the incraasirq-upmni ccummce of sedimwtary 
strucbyes shcwiq the nigmtim of bedfonns, and the presaxx of w e  
plyyonal/desiccation &rwbxes are a l l  ccplsistent w i t h  a transition hnm a 
nearymarine lagoon, via a rapid s h a l l a w i q  due to evapolation, to a 
subaerially expcsd  sulfatic saline rmdflat. 

sueh a transitim is m y  presqv - geologically. Usually, the evidmt 
transitions betwen widely differing depsiticnal m v '  -Itsareerasedby 
one or mre erosicnal events. Ihe time between preserved a e p c e i t i d  events 
isunkncrwn,andthoseeverrtswhci3erecordswereerasedby,~theamxPltof 

t i m e u n r e c o r d e d b y , t h e h i a t u s c a n l u t b e ~  . Iheanpl&tmnsition 
between near-marine ccnditians and the depcsitim of halite in  a saline 
lndflatispreservedhem. 'Ihesesdimmtsreaxdiqthetransiticmwere 
preserved because of ccattirnred subs- thrcugh the transitim. subsidence 
prevent& remrkFTq. of seaiment w i t h i n  the basin durirq a time of decreasing 

base level an3 all- m l y  ccntirnxw depcsitim to cccur. 

6.1.4 Halite (H-11 andHA&OI%3 04-1) Decxxj ition i _,' 

If the basin wre not effectively sealed fmn marine 

f ,  '\ 
\ i r i  I 

'Ihe fresh to saline transitional facies are uverlain by a sequeme of 
rock aaainaterl by halite and laterally equivalmt mr3sbne. Ihe lateral 

4 

-, 
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relationship betrreen the halite-bearirg zone and the nndstane zone are in 
part depositionally controlled. Ihe hal i te  sequenz (H-1) appears to be the 
prukct of the interactdon halite saline nndnat, rrmd-rich salt pan, 

an3 nud-por salt pan envirmmnts (see section 6 . 2 ) .  Ma?qiral 
fllbenvironnu3nts mnsisting of gypsum saline M a t s  and nndflats exist& 
amLnd the periphery of the halite depmiting envimmmts (see section 
6 . 2 ) .  

basin by the syrdep3siticmal dissolution of halite fmm nmrginal ernrimrmmts 
and relocation of solutes tcwaxd the center durm episodic subsiderre of the 
depmmter center. 

l M r g i n o f t h e ~ c e n t e r o f t h e b a s i n , a n d t h e r o c k s ~ i n t h e  
H-1/M-1 stratigra@ic interval in the study area formed as the result of the 
mteraction of halite d e p o s i t i d  envirorrments w i t h  q i n a l  mmwaporitic 
m i .  

Halite was further mmx&x.ated in the depositional center of the 

The WIPP site and Nash Draw area are located a l q  the 

Above the transitional fades, clastics cvntinued to be deposited. 

Displacive crystals nucleated and p?x!cipitated within the 
Groundwater salaty 
saturation. 
clastic sedimerrt in a halite saline m l a t .  
displacive crystals suggests that the salinity was also increasing with 
tinr. A starding brine boay developed in the dqxcmta ard a mul-rich to 
md-pr halite pan develop% Ihe halite pan occupied the 1- 
topographic areas. zhe mid-rich part of the salt pan was affected more by 
Synlepositioml dissolution as it was closer to the nmrgin. 
area, unit  H - l a  was deposited by the interaction of both saline rmdflat arrl 

hal ted the deposition of H-la.  
the sudden rise of base lwel. 
lxdy of watez was anxatrated thragh evaporation. AS eMpcnatian and 

attea&& cmentration a m t h u d  , halite saturation was again reached. A 

large mid-poor salt pan dewlapea and H-lb  was deposited. Minor f?xshdq 
wmts did not bring nu& clastic material into the !system Lut did 
precipitate thin layers of gypsum. subsidence * 

w a s  ICkFered. 
m a t e r i a l  into the system. 
considerably, and rmd-rich salt pan dqxsition daninated the system 
throughout the deposition of H-lc. 

by araporation, and h a l i t e  reached 

- 
An increasing UPJard of 

W i t h i n  the wrpp 

mud-rich salt pan envinxmmts . A transsgression ar fl- event 
?he inpn of clastic rmterial was stspea by 
sulfate was lccally mitea as the 

I, and the base level 
F l t x ~ i i r q  associated w i t h  sobsiderum again htmkced clastic 

Ihe size of the nd-por  salt pan - 
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- Cores of M-1 suggest that it was depasited by the interacticn of m a t ,  
dine M a t ,  ard possibly &-rich salt pan ertvimpmaents and with 
intennittent syndepositimal dissolution d t b q  fmm flmding events and 
vadcse -. Halitic facies of H-1 extended beycnl their pmsed 
baundaries before kirq partially remwed by syrdepositicmal dbsolution. 
s a n e f l o o d i r q o r ~ i v e e v e n t s i n n d a t e d t h e ~ .  Subaqueous 
gypsum depcsiticn followed d t b q  in widespread sulfate units that extend 
beyondthekurdsof the salt pan ardassaciated envimpmaents. 

6.1.5 Anhvdr ite (A-12 
A rapid, nearly instantaneous t r m q r e s i c m  of fresher water, of possible 

marine origin abruptly tenu.un * ted halite depcsition and f u r U ~ ~  planed a very 
broad, t q x g ~ @ ~  'cally law area. Synaepcsitioml dbsolutia similar to that 
reported by Hovorka (1983b, in press), Hovorh ard c;ranPr (in press) , ard 
Fraozasso and Hovorka (1986) for halites urderlying anhydrite and CarbcMte 

part: of the H-1 sequenm. Ihe top of the syrdqmsitimal dissolution residue 
rocks of the san Andres Fbmation in the pal0 mJ.u Basin a f f e t h e  Kper 

represents a time-line or the base of a prnctuated cydle (e.g., - 
Goodwin and m, 1980). A thin 4ypwnn dt,  KIw anhydrib (A-1) , was 
deposit& over the H-1 sequence. Ihe nearly d f a n n  thicloless of A-1 
suggests that rapid deposition of the sulfate occurid as there is TY) 
thickening of the d o n  at t r ihtable  to sutsicbxx of the depmiticmal 
center of the basin. 

confinn that the aepasitianwas rapid and the result of one major 
transgressive pllse with minx fluchatiore of base level. Cne thickr, ard 
insameareasasemrdthinner, zone of anhydrite ard halite 
after vertically oriented gypnon crystals occurs within a wavy-laminated to 
ripple-laminated anhydrite. Vertically oriented selenite CryStdLs a& their 
FSeu?=n* are annmnly reported features inbathmDdern 
ancierrt rocks, m v e l y  (e.g., sd-mihr , 1978; Warren,=Vd ard c) 
R i a 5  Luchi, 1977). Rtey are usually tohavefarmedina 

subaqueous setting. 
upwaxd. Bath Warren (1982b) ard V d  ard Ricci Iudri (l977) interpret similar 
sequences as shallowing UPJard. Wavy-la.uiinated to ripple laminatd anhydrite 

nodular. 

zhe sedimentary structurespresezvedin~anhydrite 

and 

' t  / 
-/ ' 

W size  of pwdcsm- after selenite 

welies the pseudanorph zones, am3 in 6 ~ p e  cores the top of the anhydrite is 

msubaquecwenvimplment . Slight base-level flwmati- are rermded 

- 
A-1 is irrterpreted to have been mpidly depsited in a shall- 
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by the presence of mre than ane zone of decreasing upard Fsardomco;ph size. 
?he base level d r q p d  considerably a t  the erd of A-1 aepaSitian, ard 
subaerial eqmsure of mre of the sulfate in the western part of the study 
area may have occurred, ku t  the evidenz is equiv~&L. 

6.1.6 H a l i t e  (H-2) and Mdstone (M-2) &ma ition 
Ons A-1 was and the hse level lcwxed, clastic material a u l d  

again be transported int0 the sturfy area. 
subsidence of the depcsitional center, or a deaease in the rate of evapuite 
deposition, hcm=as& the potential for clastic trarsport. Mmr ' C  

activity cutside of the sbxly m may have addd to the patential energy of 
the basin. 
claystone were depcsited in m a t ,  saline nndflat, and nrd-ria ha l i t e  pan 
e n v i r o W  in marginal envirormwts (including the shylfy area) &ile 

md-free halite pan envirarnoents existed inthedepasitianlcenter. aoq 
the muyins of the depxiticunl center, repetitive displacive gmwvl of 
evaprite mineral s ard &xquent dissoluticn, drim by a fluduating water 

table, churned the clastic sediment . nleoriginaldlastrc * texturewls 

d.i=w=d, mixirq- of variw grain sizea within a very poorly 
sorted matrix.  subsidence in the aepoSiticmal of the basin 1- 
the base level, and subsequerrtly, laJered the pmtective water-bble an the 
muyins of the aepoSition expcsing the evapxite m i r e m l s  to 
dissolution by meteoric waters. Halite was remobilized, t ~ z m s s t e d  to the 
depositional cater, anl redeposited 1-W a very churned ard halotuxbat63 
w- f- of halite (Smith, 1971, p. 229: "... repeated 
re-solution and re-pxw5pitation of ... salts ... might ... cause ... the 
dLwxt total la& of s e d b m b q  structures in the dLastic paas ... f a  
which the term halotuztx~tion would sem apmpriate..."). 

sedimerrt develOpea incipient soil texhxes (clay cutam or a r g w  ) I  = 
mteoric fluids percolated damward taward the -tic zane. Gypnrm ncdules 
ard crystals ard pcssibly anhycirite ncdules grew w i t h i n  the vadcse zcnre. 
When the water table was a t  or belaw the tcp of the sulfate A-1, mre 
leaching of sulfate may have occumed. 
follming episodic fl- events when the salinity of the water was 

d-. IhearsdleKtentofthesegypxmint&~&~ wasseveraltimes 

E i t h e r  an of the 

Evapritic czm3itions remained, anl silkstme, m3stor~, ard 

c 

!this mujdy 

llrterbeds of gypnu were mitea 

I 
-c ,' 

greater than that of halite as the size of the brine pona increased 
considerably follauing fl-. Gypsum saline nndflats formed lccally on 
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the margins of the basin, arrl displacive gypnu ard anhydrite grew within the 

subsidence was pIcbably episdic, and during periods of no subsideme, 

- 

the pattern of aepasitional env- was shifted 
e x p r d i q  hitlseye as the depression w i t h j n  the depositimal umterwas 

filled, causiq the available fluid to sprezd artward. crce again, the 
clastic nvyqinal sediments WDS churned by the aisplacive action of evaporite 
minemls. Wen subsidence resrmned, Synaepositianl dissaluticn aga.in remcNed 
the halite hrm the mqinal clastic sediments , leaving behini a 

syrdeposi t id  aissolution resi.de. 
H-2/M-2 intervdl , very little halite remamed * witllintheintenml inthewnP 
site m. 

l ike an 

the end of the depcsition of the 

6.1.7 Culebra 

related mxkly sediments was halted by a tmmqsssion of waters w i t h  
nFar-nb?lrh salinity. Marine waters auc6s an extremely lar 
d i e f  area. Both diss~lu t ion  of mderlying halite as watezs of lar salinity 
ome into CQltact Wivl the halite and erosiatlal IESmAhg  of dLastic materidl 

transgression and S&eqxmt rem&irg of rmddy sediE&s an3 same 
cartmates. Nantectcnic deformatian, similar to that described by 
Brodzikowslu * ard Van Ipan (1985) for sediments de.fOnr& as ice melts, 

ion and DeDos itim 
Halite deposition ard the cleposition ard subsequent m0dificatj.cn of 

- 
further f l a m t h e  tcpqx@y. Iheupper gray rn of W l  recprdsthe 

OCQvred as theurrlerlyinghalite -to be dissolved -the initial 
depsition of the gray claystone. Exsicm, transport, an3 deformatim of 
soft clasts of carkcmate cccurrd. Once the tmnqression was cemplete, a 
stable substrate develqed and carkarate depositicn began. 

transgression. pelletal arbonate Imd was aepoSited a l q  w i t h  a mirwrr 
amount of clastic material ,  mostly clay. wa* aepth was qmIt emuqh to 
a l l a w  only minimal reworking of pelletal ard and clay ard fine silt sized 

('-h 
I A 1-, CartXMte developed foll- the \ i f i  ,I '.. - ,' 

lMteridl into bedforms. 
increased, ard migrathg bedforms developed. zhe t=ubtrate was often stable 
and shows eviderce of locally extensive b~otwbation. 
e p i d c a l l y  on the substrate. lhese were, haever,  very thin and mre 
usually choked an3 covered by rapid aepoSition of pelletal lnateridl an3 
clay. 

Harwer, the eneTgy of the System cccasicndlly 

Algal mats M o p e d  

of the algal mats was minimdl. Near the end of Culebra 
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deposition, the marine QlplElctian was blccked and the salinity of the water 
kaeased. Grazinginvertebra tesappamnuydeclreaSed,~algalmatsand 

strcaoatolitic forms developed on the substrate. shallcwing cuxrred, arxi 
5cme clastic material was carried into the basin. 

Uqal features are crmrmaily rep- i n  evaporite settinp (e.g., 
CaTOzzi, 1962; -1 arri Skipith, 1968; Fri- and others, 1973; peryt 
ard PiatkaJs)u ’, 1977; Sheanum, 1978: Butler and others, 1982; Warren, l982a; 

T b m q ,  1985). “q have been to irrdicate: a) subae.rial 
expxure in a subtidal enviroprment (after Icgan, 1961; Icerdall am3 Skipwith, 
1968), b) subtidal settbgs (e.g., Gebelein, 1969), and c) deep water (e.g., 

H o f f m n ,  1974; Playfoxti an3 Cozkbam , 1969). Ihe O f  algal 
features is not Lmique to any emirmlDmt . ksiccaticmcracks~chipsare 
widence of subaerial exposwe, kut ricm were faml in the aebm. No head 
or clubshaped €0- iniicatiq subaerial exposure (e.g., Logan, 1961) were 

abserved, and fenestral fabrics do mt axur. Instead, algal mat, biscuit, 
ard dcmpshaped featLuxs similar to those described in subudal * envinmmlts 
by Gebelein (1969) bere faml.  

c 

D x ~  and shortly follcwing culebra depositicm, halite w i m  the 

M-2p-2 intervat C O I k h I d  t0 be partially d.kSOlVed. Mft sediment 
deformtion cccurred, and the 1- beds of the mebra slumped paa ia l ly  in 
those zanes affected by the dissolution. 

Regional isapachs of the mebra ShaJ a thidcmirq in the depsitimal 
center indicatitq that Qrlebra depositional d t i m s  existed larg ena.qh to 
be affeded by the subsidence of the depmiticunl center. 

6.1.8 Anhvdrite (A-21 ~ K X Z S  

transgression became rmre restrictd chvirg the later stagss of Webra 

depwition. ?iW.srestxictionomtimed after the erdoftheculebratiue. 
Thewaterconthud to imxease in salinity, kecurdq saturated wim respect 
to gypsum. Gypsum a d  carkcnab algal material were inkclayered. ’Ihe 
envimrment was sufficiently eneqetic to locally rewrk the finegrained 
gypsum ard cartmrate into law relief bed forms. Ipcal subaerial eJp53sure 
occurred. 
grew aisplacively w i t h j n  the s t i l l  soft carknate of the culebra. 

fijl 
i t ion LY 

% amneckion w i t h  marine wa- #at existed during the initial all- 

once gnmrm saturation was IBach&l, gypsLnn crystals rplcleated and - 
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sulfate was aeposited rapidly, ard was subaarially expaxed. Sane clastic 

m a t e r i a l  and possibly sane halite were aepoSited over the nearly expmd to 
q x e d  surface of the sulfate. Halite, i f  pmsent, w a s  dissolved by another 
rapid tramgmsicrr. 
sulfate satumtim was again reached. 
vertically oriental selenitic gypsum grew a t  the sediment water interface. 
shallow a d i t i o n s  are inplied by the lack of large vertically oriental 
selenite prism. 

Ihe tranqmsive waters -ted e y  and 
A mre stable substrate exiStea an3 

Ihe &fate was depcsited in a shallaving upmd emimampent. subaeridl 
of sulfate alcmg the mugins of the aepaenter resulted in the 

dissolution and erosion of sulfate by meixoric wam. 

6.1.9 H a l i t e  ard M!Astme (H-3A4-31 
Ihe depositim of clastic materials and halite follawed the 1me-i.y of 

the water table after the depcsition of A-2. 

nxhced in size  by evaporation, solutes were -ted, an3 the sediment 
al0I-g the mysins of the depocenter was to erosion am3 dissolution. 
L u ~ L  chann&i developd amxrg t h e q h  dissolvm or emding int0 A-2. 

?he absence of A-2 a t  WlPP 19 is irrterpreted tobetherewrl tof  
syndepositional &amel-. mite began to be deposited the larest 

clastics across the basin. 
reccgnized, fmm the mysin to the middle of the aepocentet: gypsLlmadline 
mdflat, halitsadline M a t ,  and-rich saltpan, an3 Imd-pasr saltpan. 
size of depositicnal env‘ . chanjedin=%==-changesinthe 
relative position of base level and surficial hydxo1cgi.c system. 
cantrolled the basin - ard subeequent facies distrltuticn. ming 
episodic subs-, syrdepmitiaal dissolutian of soluble minerals cccurrd 
durw subaerial expc6me of the mysinal sedimnents . This-ilized 
soluble minerdls ardrelccatedthentckJardthedepocenter. mrirqthe 
qxsure, these m;smindl sedtaents were affected by soil-fanaing 
which trarrslccated ard reoriented clay-sized particles in micmsccpic 
fractures ard as axtans. 1 3 )  

depositional em- remained stable for sane time w i t h  no large scale 

?he stardbq boay of water was 

- 
areas. ?he saline pan was laxyely desiccated an3 then flccded to bring 

Ihe follaving depoeitimal envimnments were 

Ihe 

subs- 

(3 
\..- I’ 

Initially, nearly plre halite was depoeited in the aepocenter, an3 the 
I 

facies migration. After the init ial  halite deposition w i t h i n  the -, 
clastic materials were b- htn the stu3y area dur- epkalic flooding 
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L a3 a l c e q  the margirrs of the ard events. c l a s t i c s ~  - *  

rarely were deposited w i t h i n  the dqccmbr. 

fluctlMting base levels were amAlcl ‘vetotheomtinud aepoSitim and 
dissolution of saline minerdLs in the saline lrmdflat areas, Anther chuning 

thesediment. 

later, subsideme and 

elastic deposition irrreasea after the initial penloa of uniform 
ccaditions. A nrx-e clastierich halite \IRLB depsited in the depocenter. 
Depositianal facies migratd inward tawazd the aepocerrter. 
size of the n u d w  salt pan decreased while the size  of the d-r ich  pan 
increased. The md-rich ard mxi-px salt pan envimrments irrterfhq€z-%3 
w i t h  one another, w i t h  the --rich facies dauinatbq. 
m a t e r i a l  was irRerrupted anl clastic material, cnce again, carld not teach 

thedepocenter. 
was depmited in the aepoCenter in a nnd-poor salt pan env- .Ebrther 
base-lwel drqs associated with the in=reased SubsidenceeJqxrSedadtiiticaYal 
margin areas arxi allcued m Synaepositimal dissolution of thcse soluble 
minerdls, partiailarly halite, in the w l y  created vadcse zcne. The base 
level stabilized or rose, ard clastic depsition decreased clramatically in 
the depocenter. W-ptxu salt pan deposi t ia  once again daninated, 
aepoSiting relatively clear halite in the aepocenter. 

A basindde ’ 0cC;urred followhg the depsitim of a sea& 

clear halite unit in the depocentsr. Minor amaDlts of halite dcssolved frun 
the interaction of ha l i te  w i t h  the fresher fluids. 

gypsum was deposited in  a thin blanket over the -lying halite. 
of this sulfate pmbably represerrts a nearly isochrcnvrus event. 
was rapidly deposited following the freshemq * event as it shows little 
evidence of l2lickening in the depocenter. 

water declreased, in response to evapolatian. Sulfate depcsiticn ceased in 
the -, arxi nud-free salt bqm to  precipitate. 
sulfate unit locally consists of polyhalite, s q g e & h q  that extreme 
salinities were reached during waporation. The polyhalitized sulfate 
extends in areas beyomi the overlyirg halite T h i s  that 
extremely saline fluids affected a larger area than is irriicatea by the 
halite. 

large anwnt,  and dastic f a d e s  axe mndsbmt . subsiderroewasrelatively 

subsequently, the 

Ihe samx of clastic 

subsidace in ths depoaenter d e r a t e d ,  arxi clear halite 

- 

Laminated to M a r  

The base 
Thesulfate 

l l le fluids OolYZntZated, and the areal extent of the starding boay of 

‘Ihe *lying 

tj? 
- ’  

- 
clastic materials were no lcnger ccmtrilxted to the basin in any 

rapid, and deposition w a s  mined to a snnller area. A thick, lenticular 
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u n i t  of nearly road-free halite with two thin sulfate hterbds wls 
aepoSited. 
inclU3iIqlnuhof the study area. 'Ihismysinal area is agp?m&ly quite 
couplex, ard there are no cores to ewmine f m m t h e  northern andeaEtem@ 
of the study area to resolve - critical CDDICepts. 

that the plyhalite pmbably formed early ard halite was not dissolved late 
because: 
atout equal thickness adjacent to halite, m, or anhydrite, and 

3) renuvig ha l i t e  shculd affect adjacent polyhalite. 
occurred very early, there is still no wideme of @fit mechanisn I 
such as percolaticm of overlying brines, lateral migratim of plyhalitizing 
fluids w i t h i n  unlithified sulfate, or evapcnative =ing of brines 
associated w i t h  lateral miqrati.cn. W i t h i n  a l l  of the mres desaibed, this 
time is represented by a hiatus. A fmshenuq ' event terminated halite 
deposition. 

Ncmkpositicm prevailed a l c q  the maxyins of the salt pan, 

It was argued in ch. 5 

1) permeability is usually law in halite zones, 2) plyhalite is 

If plyhalitizaticm 

1 

6.1.10 Anhvdr ite (A-31 

Fresher ater, of F i b l e  marine origin, transgressed xapidly i lcm~s the 
law topapam. Ihe base of the sulfate is nearly a time-line. Ihe 
tranqre.ssive waters overlaid halite in the depocenter and the thin sulfate 
unit on thenElrqins. saae halite w i t h i n  the aepocenter area -y 
dissolved by direct ccntact w i u l t h  bmspessive fluids. Mtid l ly ,  thin 
hmhae of carkmate-rich clam were asposited by Setuirq & of the 
traFsgressive waters. rpcally, small stxunatolitic algal forms grew. zhe 
water was fairly deep lxt prcbably ncrt belaw sbm-waw base. Ihe sal ini ty  
of the waters increased , and sulfate bgan to deposit. Fjne-grainecl gypsum 
was deposited in thin laminae over the claystone. Vertically oriented 
crystals of s e l d t i c  gypnrm grew a l q  the substrate. QrbcMte-rich 

ink&eds were depc6ited w i t h  the gypsum. A thin ri- bre=cia was 
depositea locally. It consists of thin, takzlar clasts of anhydrite and 
-te in a gypslrm matrix.  i-km3.h and (1971) and Gaxmsm . a n d  
others (1978) regort similar ripup -ids. Hardie ard Elq!&er (1971) 
i n t e r p r e t t h e m t o k e ~ t h e t o f w a v e ~ r k i r q o f ~  ' l y  - 

- 

c: 
1- 

crusts. It is possible that the rip-up breccias formed in  that -, 
dthmgh no other w i m  of SubaeridL expxure (e.g., desiccaticm cracks) 
wasfand.  E&ga?d les so f~ thec la s t swerede r ived fmmsed imer r t  
hardend or lithified by mbaenal * expsmeorinawrbaquecrusenvirowaent, 

6-16 



thebreccias uem depsited in a shallow- setting as 
storm wents l a a l l y  rim up parts of the laminated gypsum, lpdepasiting 

them as thin beds of tatular clasts. Dissolution amtimed to affect the 
-lying halite resulting in slumping and soft SedimerR defonnatial of the 
overlying sediaaslt in a manner similar to the slumping and &&onnation of 
glacial ard related sediments dur i rq theml t i tqof  ice, asaescribeaby 
BrodzjJKwskl * ard Van Irapl (1985). Vertically dented Belerdtic gypsum 
Clrstals-disIUpted by slumping due to dissolutian and isolate3 Stonn 

events (e.g., schreiber ard %breiber, 1977; schreiber, 1.978). zhe wa- 
depth decreased aml law-arqle slipface nigmticm of bedforns became ccmmn. 

vertically oriented selenitic gypsum ccsltiraafd to be deposited 
substrate was stable. Sequences of vertically oriented selenitic gypsrnn 

crystals w i t h  s ize  de=reasirq upward were aepoSited as the water aepth 
c k r e a s d .  
nearly reached subaerial ard was accanpanied by clastic aeposition. 
sb.mpiq of the averlying beds that halite may have originally been 
preserrt ard dissolved soon after tbe deposition of the overlying gypsum beds 

, 1977: sctseiber I 1978). (e.g., schreiher and scfireiber 

tecame very stable, ard large verucally oriented selenitic gyparm crystdls 
grew mmpetitinly upward anl eventually became interlocking. me size of 
these crystals dem=aed upazd Mcatirq a shallowirq upmd (e.g. warren, 
1982a) . Sarne of the large selenita c ';stdl9 - syrdepositicmally 
dissolved. A l l  or part of the CQarSely crystalline gyparm w a s  pr&- - lY 
dissolved and remcNed to m t e  a haracteristic %ashed prism texture." 
Ihe fine g?ain€d crystalline matrix defolmed in respnse to the partial to 
mnplete rarival of the selenitic gypsum. B e  size and nmbr of prismtic 
selenite crystdls aartrolled the lmqilology of the texture. 
anhydrite above mres exhibitiq the crushed prism bxture irdicates that the 
texture was fully develapea prior to the aepaSiticn of the cnrerlying 
materid. ?he upper amtact of the zones exhibiting the CTUsbBd prism 

texture (A-3b) iS graaaticnal. I t ;  

c 

the 

In at least one case, a shallwing ugward sequeme Leached or 

A 

After the aepaSition of the thick d o n  of gypsum (A-3a) , the substrata 

utdefolmed 

. 
/, '\ 

[ i '; ~ o l l w i q  the depositicm and partial Synaepcsitianl dissolutian of -, 

vertically oriented selenitic 4ypslrm crystals i n  A-Jb, the energy of the 

depi t icm of A-3c. The  vertical &age of bedforms M e c t s  a change in 
enezqy, a shcnlirg upward. A fairly lw energy depositional envimmmt 

anl uore OZtxMte was aepeSited dLlrirg the syStemgradual1y- 
c 
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producing mbho?Azontal to slightly wavy bedfarnrs gmiual1y became moze 
energetic ard apninated by wavy to lenticular bedded gypsum and OIfKMte. 

?he amplituae ard size of the ~ - 1 ~ t i c m s  irr=reases uptarti reflecting 
shoaling omliticms. Small, vertically oriented s e l d t i c  gypsum crystals 

were deposited bin3 quiescent pricds and, i n  scme cases, were nzm-ked. A 

nodular fabric was superimposed over laminated sdirent . similarbedded 
n c d u l a r t e x t u r e s h a v e b e e n r e p a r t e d b y ~ k a ( i n F a p s s ) ~ ~ e d t h a t  
textures indicative of subaquecw deposition tiere preeemd wi+A. ln the 
nodules. HaRver, Hovorka (in press) did not - the origin of the 
t e x t u r e , a n d i t h a s n o t b e e n ~  elsehhere. IhetextureisFapbably 
early and developed prior to, or 
w i t h  anhwi te .  N e a r  the end of the deposition of A-3c, algal mats  ard 
stromatolites grew on and s tab i l ized  the gypsum and carfxnate autstrate. 

short-lived a r d  effectively swaupd by werlyirq CarfxMte and gypsum. 

w i t h ,  the replauanmt of gypsum 

Algal fonas are not persistent vertically th?xqh the d o n  as they were 

-, 

6.1.11 D o l d t e  
carbons- material Elpidly dcminated the clastlc * gzaintypeatthemset 

ofMagentadepcsition, andbathgypslrmardcartxMtesarrlandmud~ 
in-. 
(1969) &el@ an the shallud sea floor. Algal mats, b u t s ,  ard domes 
have all been abserved. Algal mats StabFlized the Qlbstrate providirq a 
proteztive wver fruu erosion (e.g., Namran and others, 1970). ?he 

-tation rate governed the morphology, w i t h  the biscuits and domes being 
deposited in areas w i t h  higher sediments tion rates (Gebelein, 1969). Ihe 
lack of ripup c l a s h  of algal m a t e r i a l  irdicates that wave energy never 

prismatic ~ ~ p s u m  CryStdLs grew an the substrate. Algal biscuits ard dcmes 
(laterally linked h 

aver czarbxate ard mat sedimerrts . 
carimmte sand and silt wre deposited inwavybeds. Ihe amplitu2e of the 
wavybedsdecreaseswhilethewavelerqthiKlreasesupllard, indicatinga 
decreaseinenergy. 

~~ss- lamirnted unit which overlies the algal unit. 
m y  exhibits lentiaiiar and wavy bedding (after U and singh, 
1980). Erosicmal m and f i l l  ard &apt? features are CQIPPCII. 

Subaqueous algal forms similar to thcse repr td  by w e i n  

the strwyth of the mat. anirq quiet pericds, vertfcdlly orient& 

* ids, after Ip.Jan and others, 1964) wem depmited tu 

I , (Tver the alw biscuits and domes, 

cis;! 

Gypsumandcartxnatesilt, sarrl, andnadwredepos i t ed ina  
_. Ihe c~css-lamiriatei unit 

Wavy ard 
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lenticular bed forms become m x e  alan&mt upmd, while uxss-lamirrated 
caxkmate an3 9ypsum of a mre unifom grain size o=cuxs near the base of the 
unit. sane d l ,  tabular rip-up pebbles occur near the base of rimles ard 
csoss-laminae. 
the algal unit. As both the grain size anl the seaimerrtary stmctum size 
increase up the section, the kinetic energy of the depxiticmal system is 
interpreted to have hxeased thraY#l time. nlis is cowistent with 
sbdllwirq upward. unequ.ivocal evidexe Of - * sqxsureha!snot~ 
found. 

subaeridl expcmre. I+%=& of the aeposit is htsqmbd t o h m r e f O n l E d w i ~  
the subtidal envimrnoerrt . m i t i m  and aammlatim was pericdically 
rapid, depc6iting local cl imbbq ripples. 
deposition, gypnu again became a mom ammm grain type as 9ypaap an3 
carkmate laminae ad teds altetnatd. 

me usss-laoninated unit records an - O f  energy over 

Howwer, thepreence of M a r  ripup clasts is cansistent w i t h  

Near the end of Magenta 

several authors report cmss-laminaed carbcmate -its within varicus 

evaporite aepasiticmal env- (e.g. anl Xiaxdie, 1975, for 
sedimwtaticm related to a playa lake mrplex; Deniaco , 1983, for 
sedimwtation in a trarrsqressive, shallaw subbdal to- * 

associated w i t h  a sabkha) . Wavy an3 lenticular bedded carixnates described 
ad- by Demicn, (1983) are siloilar to the nagenb. EeDicCo (1983) 
presentedanl- an ideal cycle wiWn the -gue Limestone 
of the central machians.  Ihe idedl cycle amsisted of, hrrm battcm to 
top, w i t h  description (-tion): intrafonuatioxnl caqlarexate (sheet 
stom depsits) ; thmabolitic bioherms ( m b t i d a l  algal patch-reefs) : 

zme 
- 

crossstratified grainstane (subtidal aoicl-pfaoid MIld shoals); ribbcpl rock 
(- 'dal-SAtlda ' mixed sad-  flats): prispcracksd l.anina* (high 
intertidal algal  mud f la t ) ;  Imd-cracked laminated dolostcne (&&ha). 

Magenta does not M a l l y  f i t  Demicco~s (1983) ideal cycle. 
m e r ,  there are clear similarities. No intrafomatimal caoglcmerate 
occu~s a t  the base of -Magenta, as the base of the Magenb appears to be 

gradational w i t h  the underlying anhydrite. Ihe next unit  Wcm reports is 
a t h r d m l i t i c  bichem. lhfs is samwhat similar to  the Magenta as subtiddl 
algal mats and stmmatolitic forms cccur a t  the base of the Magenta. Ihe 
next Conococheague unit is a cross-stratified gnimtnm ldlidl is follaJed by 
a ribbon-rodc unit (Cemuica, 1983). Dsmuco ' Is ritbcn-mck unit displays wavy 
t o  lenticular k a W q  similar to that of Reineck ard Singh (1980). Ihe 

seaimentary stmcbms amtaw w i t h i n  those two units are s U a r  in 

Ihe 
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ard distriMiopl to the cTxxs-lzdn?ited unit of the Magenta. 

Pr- an3nnd-cracked u n i t s  do lwrt cccur a t  the tcp of the Magenta. 

Them. is not exactly analcxpus to a -cycle, whi& 

!Bnia!o (1983) interprets as a shallcrwirrg UPJard sequence. 
analogous to either playa lake arbmates (Eixpter ard Hardie, 1975) or 
M l m ,  clastic marine evaporites pmpased for 

Miocene Solfera Series of Sicily (Han3i.e and nyFter, 1971). Yet the algal 
form and bedding suggest relatively high energy in a shallcw tidal shelf t o  
lagoon envkment . 
evidmce in oozes to suggest the site area was s u h e a a l  l Y - t o a n y  
extent. ?he WIPp site aFparently remained s&tuial * -theMagenta,ard 
did not accumlate hter t .~  'dal  or sqratidal aepoSits. 
(T17S, R28E) display thin Wiated zone8 w i t h i n  the algal laminated zane, 
inaicating sylqenetic dissoluticn ard pmbably suherml ' -. Ihe 

Flagmix was prcbably shall- than the underlying (A-3) sulfates; it was 
certainly a higher energy enviramnt. 

It is mt exactly 

of the 

~n the case of the Misgenta, there is M specific 

(xrtcnps of CKWJ Flats 

6.1.12 Anhvdr ite [A-41 

Gvpsum and -te aepoSitd SubasUeaJsly w i t h  interrm 'ttent subaerial 
exposure follcued Magenb depcsitim. aystals of gypsum Wor miules of 

anhydrite grew displacively in the soft seaiment duriw-expcsure. 
olicken wire nodular and enterolithic textures develqd near the end of A 4  

depi t im as subaeridl exposure tbes "'ncreased. nnirq suherml * expcsurel 
Xdule5 grew w i t h i n  the Under1y- soft sedimerrt , i n c l w t h e M i s g e n t a .  Ihe 
bedded-norhilar texture in A-3C aevelCpea this tFme. anring 9-C 

flocds, the w a t e r  level increased, allawirg the depositicm of laminated 
gypsum sgliment. 

to evaporation and sulfate depxitian ceased as halite saturatim was 
readled. /- . 

6.1.13 -Mite M / H  -4 1 
Follachg the aepoSitim of A-4, evapaation decreased the size of the 

standirq boay of water and subsequently initiated halite aepoSiticm. salt 
pan ha l i t e  was aepoSited in the lowest parts of the basin. w i t h i n  the wn?? 
area, the margin was subaerially exFmed and clastics were emded ard 
deposited. The basin flooded once again, briwing clastic material across 
gypsum a t  the basinmargin and a m  halite in the depamkr. Mite 

Near the end of A-4 aepoSiticm, the water leval dropped due 

i *- 

L:. " 
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I d e p i t i o n  msund and the following facies 
to-: numat, 
md-rich ard, episoaically, nnd-poar halite pans. 

subsidence followed and the syrdepasitimal dissolutian of halite frau halite 
saline nnxlflat facies alcaq the basin nwqh axllrred. 
pan develcped w i t h i n  the aepocenter. A sexad major flooding event again 
distributed elastic material to the of the bash. 
redistributed tawazd the aepOsitimal center. Minor subsidence w i t h i n  the 

depocenter followed and a nearly --free halite pan developd at the 
deF=-=t=. 

W i t h i n  the WIPP site m, WB-4 m x d s  the intexactim between 
mif lat ,  gypsum saline M a t ,  halite saline nndflat, and d - r i c h  halite 
F-w- . M-4inthewastehandl i rg~andseverd loores  
re~anbles gypsum-rich nndflats at Saline Valley, California (Pl. 25, 26, 27 

ard 2 8 ) .  

remrded near the base of the sequerre in cut and f i l l  &psi-. 

pesent, fmm basin maxgin 

subeide.n=e w i t h i n  the 
saline n u l f l a t r  Mite d i n e  mdflat, 

again Omtrcllled the verticdl and lateral distriRrticn Of  faciss. 

A naz3-r halite 

Ihe facies wsre 

sp3epceitimal dissolutian c2uIsBd by water table variaticms is 

- 
6.1.14 AnhVdr ite (A-52 

M-4/H-4 to cease aepOsition. Minar syrclepcsiticmal aFssoluticn may have 
occurredwithinthc6eareasccartaFnuq * atudanthalite. Gypsumsabxat icn 

of carbmnte began forming. MiKn amxrrrts of slipface migraticm ooxrred as 
law relief rimles migra- acmss the subst~~te. ?ha substrate ws 
occasicrnlly capable of sqpxtkq the grarth of vertically ori- & d t e  
crystals. Ihe &=ding body of water decseased in  size an3 haliwwas 
deposited in the vicinity of the aepoa2nter at least OBICL? dur.3.q the 
aepoSiticn of the A-5 . elastic mabxial did mt halite 
&psition. 
them. H a J w e r , e v i d e n c e 0 f e u h w i a l ~ o c a J r s w i ~ t h e w f p p  

A basin wide t m n q r s s i c m  -used the halite ard asscciated w i t h  

was ?3zchd very q u i a y ,  ard s u t q B x s  1a;minated gypulnwithlrdnor amxnrts 

Halite was not preserved w i t h i n  that interval i n  the vicinity of 

cores. - as before. A second transgreSSh uxurrd, ard gypm and carbonate aepoSition 
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6.1.15 ~ t i d D e w w  Lake Fonnaticm W c t  

d e o f c o r e s a n d s h a f t s .  H a e v e r , t h e t h i & ~ ~ ~ o f t h e u p p e r R u s t l e r  
mite (A-5) varies little a- the basin -fating a limited hiatus. 
Little or no localized tectau 'c activity ocI;u12ed d u r i q  the hiatus as there 
is M a m  angular ccmpanent to the umxmfonnity. 

"E c=ntact between mer ~ e w e y  is ercsicmal a t  the 

6.2 IH/M) DERxmcmL= 

the Rustler exhibit seveml of the facies attr- to a hali- 
depositional model. Five major facies axe reaxpized, i n c l w  mdflat, 
gypsum saline M a t ,  halite saline mt, M-ricfi halite pan, and 

md-pr halite pan (Fig. 6.1). "E facies aistributian is a m t r o l l e l  by 
chemical and physical parameters associated w i t h  pan andmdflat 
envimments . Ihe~zanes th?m@m&thes tudyareaexhib i tver t ica las  
w e l l  as lateral mineral ogical zmation w i t h i n  scma dts. 

the least saline grollnd waters and surficial mters a t  the naargirss or near 
~andthearstomcentmtedatthedepocenter. mdistributicn 
C a n t r a s t s w i t h ~ o t h e r ~ ~  marginal ard c a n w c t & t n  the sea. 

l%e d i s t r j h t i c m  of facies is also ccplstrained by t h  patential for clastic 
deposition, a functiopl of the capacity ard canpeterre of the hydrolcgic 
regime w i t h i n  a particular depxitimal settirq. 
irko%x& into the depceiticanl em' 
can carry it. 

to be chemically zcmed (e.g., w e ,  1968: Hatdie and others, 1978; Eqskr 
anl Hardie, 1978; Tffl, 1978; I(enddll, 1984). In mast nqminal 
nnrine-der ived -rites, seawater is the main smrce of fluid. 
concentratians ircmase fmm the seawate- to a maximrm, usually in the 
supratidal area, ard finally the amcentmticm decreases Anther as 
IYmmarine cJ?mmi water daninates. ?he zcnal pattern of mjneral cgies of the 

lU?nJinal marine envimrnnent records these salinity Variaticxw. Irilard playa 
lakes are very oammnly chemically zcmed (Eqster ard Hardie, 1978; Hardie, 
anl others, 1978). Fluids nxwe fmm 
to the center of the basin. Gzrund water inxwses in salute axlcentratian 

taJard the umkr of the basin. "E least soluble mineral s precipitate 

= P - Y  - halite within A l l  of the zone9 KIW cmtamuq . .  

- is the 
of salinity z o n a t i m  w i t h i n  the depxitianal ' . ,with - 

elastic material is 
t &Y W M n  the hydrolcgic s m =  

Mcdern marine amporite deposits and saline CCrRinental playas-- 

I \'! 

._ _, 

SCUFCE? a t  the margins of the basin 

6-22 



first ,  along the margins, ard the mDst soluble mFnerals -it last, at the 

basincerrter. 
to have formEd in a setting very similar to inland playa lakes, thcnqh there 
uas xw marine influame on Rustla depsiticm. 

material shauld therefore ShaJ a relatively shple d is t r i tu t i cm pattern. 

a m s  the &in, the distaxe that coarser clastic xmerial can be 

hydrologic system fee5k-q the bash. 

deposition probably varied little. 
have been a gradual rising wa- level/& m i l y  a s&len am3 emqetic 
went), the base level raise further, pushing the l i m i t  of elastic depsit ion 
away fm the -. 

claystone, m, ard ail- were deposited in  narginal &-ria 
env' nts. 'Ihe plarginal md-rich envirrnrrments were areally less extensive 
than the Imd-pcor sdlt pan. Evaporite mineral s grew displacively wim bath 
thevadose ard -tic zcmm in the saline M a t  envimwpents * -  

grew fmm less d i n e  fluids further fmm the 
precipitatd frun m o ~ e  m t e d  brims rear the halite pan em' Its. 
'Ihe halite salt pan wits are subdivided into parts: a lad-rich sa l t  
pan and a nad-poor salt pan. 
input during the flooding stage. Thenad-poca: salt pan is the zane thatwas 
mumrally affected by clastic aep0Sitic-m during flooding events. 
distinguishirq -istic of hal i te  aepoSited within the &-ri& sa l t  
pan is displacive gmwth of cements on milticrystalline seeds or relicts of 
halite uust. W w  salt pan sediments are recognized by the classic 
void-fill- cenmts w i t h  little or rn displacive gmwth into 
sediment. 
hydrologic system to transpart clastic material during flccd episaaes. 
style of mite deposition is the same fmm one to another. Hmaver, the 

fo l ldnq  desiccation bzu@t dlastic material art cnto the n k x 3 - m  salt pan 
environments mthq mdstnm w o r  claystcne interbeds 
halite. 

c 

FoJstler€&44f&bmt23 are similarly zcned and are ansidered 

?he relief within the depositicunl area was extrendy low, and clastic 

Althmgh clay-sized material caild prubably be transported i n  suspensicm 

transported into the syst0n is limited by the capacity an3 alq&mce of the 

flat  tcpqra&y ard distant clastic saxces, the maximsnn limits of dLastic 
In a basin with an -y broad anl 

Follcwing the fl0cdh-g stage (umich may 

while halite 

Ihe and-ria saltpan d v d  mne dlastic 

zhe primaxy 
. .  

'Ihe terms @-rich ard and- only reflect the ability of the 
The 

early d i a g d c  gmwth styles of halite are different. Episcdes of floodirq 

wim mDstly clear 
- 

,- ~ 

\ 
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6.3 ~ I T I o N A t D I S S O I l T F I ~  

synaepositional aissoluticn plays an important role in  the farmaticn of 

of s y n d e p o s i t i d  dissolution in bath mDdern and ancient 
evaporite sequeruns. 

evaprite depxitional env- (e.g., * ard shreiber, 1977; 

schreiker, 1978: R-kEefi ard Hassirqw, 1985; Lcwmskh ard Exdie, 1985; 

shearman, 1970; Arttnatcn, 1973; Havorka, 1983a, 1983b, in pxess; Hrxrarka a x l  

c;ranger, in press; Wardlaw and scr&redtner, 1966; Adams, 1969; Fkxasso an3 
Havorka, 1986). plimary aepaSitimal fabrica w i t 3 - h  evapurites often are 
extensively modified by synZepositicnal dissoluticn. lhree mDdels for 
sydepiti& dissolution have been created. syndepoeiticmal disso1uti.cn 
fabrics are unique, and several criteria for their iaentificatim have been 
P-. 

authors have reported or interpreted the 

6.3.1 Wll%lXS itiw Dissolution Mechanism 
soluble minerdLs can be expxed to umkmturatecl fluids in a variety of 

ways. n-!z-ee hydrologic situatiw can cause syrdqxeiticmal dissolution of 
evaporites. lhese include raising of the water W e ,  lawering of the wa- 
table, ard varying of the p i t i o m  of fresh and saline grand water zanes. 
~n many respects, it is remarkable that emporites are well preservedwi& 
the rock record at dll. Mite aepositicm can be exbxmzly mid, but it is 
mosfly qhmezal within the aepOSiti& setting. 

the raising of the base level during flccidirq or transgzgssive events. Voids 
caused by the dissolution of halite during minor f l c d i q  events are 

considered to be unique to, ard diqmstic of, sdlt pan aepoSititm of halite 
(xmenstein ard Hardie, 1985). lhese voids are recognized -tally 
by-abrupt- ' tion of zones of fluid indlusiom w i t h  a aepoSiti& 
origin. 
w i t h i n  the halite. m nad-free halite, clear halite CeDentS and void 
f i l l ings m those crystdls eitilrj prinmry i n d l u s h  zcning. In 
nad-rich halite, aisplacive overgrowths QI relict salt pan halite seed 

Qystals exhibiting graJth zonation are -istic textures jniicating 
syrdepositional dissolution due t o  minor flooding. Large scale flcod events 
result in the dissolution of a greater wluue of salt, sapetunes ' theentire 
existing sequmce (Fig. 6.2). 'Ibis style of dissolution has occurred i n  the 

Great salt IaJce ard has been discussed by Hardie and others (1978). Hovorka 

- 

RLe mDst cammmly recognized and reported dissolutiQIpn2cess occurs with 

In saw ass, very little primary depogiti& fabric is prsemed 

fi:i'>\ i 

'\. - 

- 
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(in press) reports arcient analogues of aissolution due to major flccdirq 
during transgm-icms of less -saline watex in the san Andres Foxmation of 
the Tews panhandle. 
transgressicn can ccar below the inmtxb *tesediment fluid interface. 
results in the s l r rmpi lq  anl soft - d&J?maticm of the cverlyirs3, 
-Y deposi- - . I h e ~ a b s e n r e d i n t h e a v e r l y i n g s e d i m e r R  

(e.g., Brodzikowski d Van Iwn, 1985). Same authors (e.g., S c h m b e r  I 

1978; ' d s d v d b e r  , 1977) a- defonDatim of eMpcoite beds 
to nearly syndepositional dtssolutiapl of urderlyirq halite. 
is easytodiaqose is dismpt&, t i l tedandslutpd zanes ccntaining 
vertically oriented selenite crystdls. lhese defonmticxml textures develcp 
before the overlying sedimnt is lithified. If a laxye boay of lw salinity 
water overlies a z m e  ccrrtainvg ' soluble nmterial ,  or the seaiment cverlyirq 
the soluble ratexial, for an SRerded pericd of time, a relatively thick 
vertical d o n  of soft seakpent can be deformed by dissolutian. 

c 

D i s s o l u t i a n  related to a major f reshdrq or 
T?& 

0 

au ld  reseJpble thrse fcnmed by the meltirq of ice in priglacial sediments 

One feature that 

Ihe secom3 major dissolutian style is causd by the lowering of the water 
table. 
w i t h i n  the newly creabd vadcee zme are susceptible to dissolutian by 
daJnward percola- nv&enric water ard surf- rum€€ (Fb. 6.3). mion 
can also play a role i n  the process. raegaxuesS of the ccmpasiticn of the 
fluids below the water table, the soluble minerdls withinthevadoeezcne 
w i l l  amtjnue to dissolve unt i l  the water table, w i t h  fluids of sufficient 
axcentration, is again raised. If rn less-soluble or insoluble natexial is 
contained w i t h i n  the soluble rock, then rn mxm3 of the dissolutian is 

filled void spce within ruck w i l l  attest to the d i s~ lu t i cn .  
dissolution style acccunts for sane of the void space develqpd in salt pans 
following oomplete desiccation. 
ken Ck6erved w i t h i n  the dcminant halite SgLimentS of the Devil's Golf ccrurse 
in  Death Valley, Qlifoxnia ard the loddy sedhmts of Bristol my Iake, 
California. 
tiw, soluble mineral s frem the Mdoee zone a ~ e  at~letely dissdlved. A 
ccnsiderable thicltness of soluble platerial caild bs dissolved i f  the water 
table d?qped sufficiently. Ihe water table can be laJered by a generdl : i ! 
reduction of the vo lm of fluid w i t h i n  the basin w i t h  little or rn basin \,,. 
configuration than@; vadc6e dissolution bmld then affect a dMinct 
stratigraphic zone. 

Wnm the water table is lm, t%cse soluble minerals -ircJ - 

preserved, unless the dissolution is hmlplete. If this is the case, then 
T?& 

In addition, ulis style of aissoluticpl has 

If the water table remairs 1- for an sctended pericd of 

- f----\ 

' , I \  i 
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M c  activity can also pmduce a wiaespread water table amp. 
subsidence w i t h i n  the depcsitimnl center lcxers the water table alcng the 
inangins (Fig. 6.4). 
subsequent r d s t r i t u t i o n  of the solutes to the depcsitiad center. 
soluble mineraLs are effectively c a n r u h l  ' i zedfmmthennrgin .  'Ihistypeof 
syndepasiticndl dissolution can cut a m  facies tracts significantly 
xdifying UEeir lateral distribution. 
meat03 by the dissolutian ard superimposed over the 
pattern. 

!he third hydrologic regime cr&ucive to Synaepositional aissoluticn is 
the result of changes in the lateral salinity distritutm. 
m y  be driven by higher potenticmetric surfaces frcm the margins tcwaxd the 
solute sink, al1cwi.q a fresher gnxnrlwater to interact w i t h  the soluble 
mLnerals. 

'Ibis allows for the dksoluticm of soluble ma-ials ard 
Ihe 

IBsenhd ' ly, a new fades type is 
fades * .  

Fresher water 

W i t h i n  a basin or playa settirq, this pnxess is cimtmlled by the size 
ard density of the bcdy of saline gmm3water. As the areal extent of the 
saline g l w n i u a t e r a I Y i & ~ ~  m3pon3s toartsidermtmla 
(evapratim, subsidence, ard rates of p ip i t a t im) ,  the freshwater zomz 

w e s  ard changes the maxFrmmp ciistrihtion of soluble minerals . similar 
of fi.esher gmm3water are reported by Butler (1969) in the 

sabkhas al0l-g the FersFan Gulf. Fregh g-mmiwa- -the laniwa?A side of 
the sabkhas dilutes the saline gzumdwaters derived f m  the lagwn (Butler, 
1969). \ 

6.3.2 SvrdeDOs iticndl  iss solution Fabr ica 

remgnized or hterprekd by a m&er of authors for both gypmu and halite 
(e.g., m,ensbm ' d Hardie, 1985 for irrxm@lets dissolutian of halite; 
Hovorka, 1983a, 198333, in press; Hovorka ard Granjer, in press, for ccmplete 
syrdepositicnal dissolution of halite). %ere halite is partiauy presenred, 
synlepositioml dissolution terrmna tes or truncates original depcsiticxnl 

(: " ' 1  I )  - - -  
Fabrics ' all stages of synlepositiunl dissolutionhave been 

textures w i t h i n  a soluble material. Pihen the most soluble ' - a r e  
entirely 
characteristically disrupted. 

remgnized arddesxibed indetail by - . ard mrdie (1985). zhese 
textures are p5nlarily voids ard dissolution surfaces which tnnrcate primary 

less-soluble or insoluble amstituents of the sedimerrt are 

- syrrlepositional textures w i t h i n  halite fmm modern env' havebeen 
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- 
fluid inclusion z-. Loweratein aml M e  (1985) attriixte ~ o m e  

depositional fabric ocntrol to the o r i m c m  of voids, ard uley mnsider 
that the preserce of these dissolutian fabrica are unique to salt pan 
environments . 
(1985) desiccaticm stage. ~ j n g  this stage, the w a b x  table is at or below 
the surface. If the water table is belm the surface, the halite w i t h i n  the 
Mdose zone is subject to dissolutian by metecnic water. n~ either case, 
dissolution w i l l  OCCUT duriq the next flocd.ilq event w b n  the base lavel is 
raised and fresh water is bmuqht i n  to contact with the halite. 

mosesedinwts consisting of a high percentage of mud will also 
the effects of syndepositicmal dissoluth. smith (1971) coined the term 
% a l m t i o n "  for the repetitive dismption of nnddy SedFment by the 
expansive grcwth and dissolution of halite. IEaloturhted sediments shara 

smBaredin+2ack&ktwture. c l a s t s a r r d s t r a t a ~ t h e z a n e o f r e p w a l  
w i l l  be SIeared, disk&& , ddisruptal pmporticnally to ttm3 I& volune of 
m a t e r i a l  precipitate3 and lpmcNed by haloturba~cm. lknmrka (l983a) inplies 
that the matrix material  will be pmrly sarted due to the mixinJ of material 
derived fmm variats clast types. slnviving clasts will retain theit 
sorting. 
Mdose zcne, tben soil or p i  textums indicatirqthe -permlatring 
water may be present. ccmplete soil develqment is not expcted. Harwer, 
ixipient soils M d  be cmmn and can be diagKsed by translocat& clays 
and cutans. Ihe deqme of d i s n p t i i a p r i s  a factor of the rnrmberof gmwth and 
solutim episcdes that have OCQIzred an3 the lerqth of time above the 
phreatic zone. Mixirg of intraclaet types, w i w  widerice of 
post-lithifiation brecciation of the -lying material suggests a 

lhese dissolution texhnes form durjng Laer&em * anl M e ' s  

- 
If the soluble mterial dismlves above the water table in the 

syndepositicnal origin. (-:, 
\ i* ; 

'\-A' 

6.4 SED-CX AND 

Ihe aepositicmal setting of the Rustler was ccrrtrolled l e y  by the 
tectonic Setting. Other authors (e.g., Valyashko, 1972) have discysgea the 

relationship between evaporite aepositim and tectatu 'c history, particularly 
with respect to antinental or w y - i n f l m  evaporite 
envimrnnents . I h e ~ e r p l w i d e s a n e x m l l e n t ~ o f t h e t e c t a u  'c erd 

basin. zha depositicnal Wle of the mstle, stages of a 
evaprite pan/playa -its w i t h  ep- transgressive -its (m bases 

of wh ich  are essentially time lines), creates apidure of the subtle 
tectcolic events that cccum& during Rustler the. 

I 
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me d e p x i t i c x d  style of the Rustler initially refl- a champ in the - 
local tectolu 'c setting fm Salad0 the. T h e  salad0 FonOatian was mitea 
i n  a settirq influenced by little or no tectoru 'c activity. Sedimerrta tim 
kept up w i t h  subsichrze, ard the base level of the basin rwnamed * relatively 
mtant w i t h  respect to the surmydug ' toposraphy and umbnent m major 
fluctuations. Minor i n  the base lwel cause3 by episodic ~ o c d i i r ~  
ard subsequerrt desiocation are recorded by the Salad0 as areally extensive 
v e r t i d  &anges in lithology. 
ard clastic materials were bxcu$it into the basin mainly follaJing 
desiccation, the m x h m  pt&x.al ' energy of the system or the ability of the 
system to m l y  clastic material  to the basin was quite low. 

materials. 
Asthe 

transition fruu mad0 evaprites to Rustler clastics is quite abrupt, the 
charge of ptmtial energy mst have also been abrupt. 

clastic reeks are assessed. BiahUi3atianl preserved fossils -, and 

fossils casts and mlds in the 1- Rustler Mate tbat those nxh w e ~ e  

deposited in near-marine ccnbiticrrs. 
maer time the local to regional base level or sea level was lnueh higher 
thanthatwhichpmduc&theSalado. Wmthebaselevelofasystemrises, 
the poterrtial energy of the system-. So base-level rise or decrease 
of potential energy mst have been mre than offset by a rrmch greater 
inrrease of potential energy yielding a relatively thick Rustler dLastic 
section. 

As the dastic amtmt of the sdlado is small 

?he 1- portion of the Rustler consists y of clastic 
%presence of these clastic rocks suggests that the maxiamrm 

potentid ene~gy level of the basin ixxeas& CiUrirqRustlertime. 

Ple sibtion is 
ccropourded further when the depositional envircnments thatpmducedthe 

"his inplies that a t  the start of 

lacal and possibly req-ional tectoru 'c activity increased during Rustler 
time. ?his pmvided the potential energy change that initiated Rustler 
deposition. Tectonu 'c events which a d  prcduce such a charge include qlift 
of clastic - areas, baskwide subsidence atxl/or t i l t ing,  and subsidence 
of local depccenters. of the possible tectcnic events menticnd, d y  
subsidence of 1cca.l aepocenters can be supported by direct evidence. Isapach 

maps of the tatal Rustler thickness and ummned 1- (Fig. 4.7, 4.15) 

gerzezalized, howwer, that i f  either uplift of clastic sauce amas or 
basin-wide subsidence =&/or tiltirq had marred, the effect and, therefore, 
the actual extent of those pxxxses was minor. 

show evidence of thickening inthe area of those aepocenters. It canbe 
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halite and the bittern salts and their strat@a@dc Zoares ccartauurq . .  
€quiments are especially useful for pale&z&mlc * hnstigaticms. Halite 

and the bittern salts w i l l  be m t e d  in the 1- tqcqm& 'c area 
w i t h i n  the basin. 
deposited over a large an=a. 
teCtanic influences, the distritution of halite also changes. 
differential subsidence ouxr ,  older halite will be expcsd alarg the ,mxqins 

of the developinj- basin. Soluble minerals will be cannabilized. Halite will 

surface zumff, ard redeposited i n  a halite pan. 
develops a lenticular shape w i t h  the thickest section at  the pint of 
greatest subsidexe. 

between halite renuwed by synlepositimal processes related to tectonu 'C 

activity ard later aissolution unx-elatal to the aepoSiticaxil enviroDrment . I n  
this report, halite is dmunstmte3 to have been dissolved synaepositimally 
fmm specific facies tracts laterally adjacent to halitic mcks. 
features that ShaJ thFs process on be used to better differmtld * tesud l  
pmcesses fmm nu& later dissolutian that has also aff- same of these 
Ihlstler rucks. 

I f  the t q p ~ ? ~ ~ # ~ y  is very flat ,  then halite can be 

shaild 
As the tqxxp@y mes in response to 

b e d i s s o l v e d f r o n t h e m a r g i n o f t h e b a s i n , ~ i n ~ t e r o r  
Thus, the halite SeEtian 

?he distribution of ha l i te  w i l l  record the shape of the 
area. It, therefore, bemnes imperative that one can dM&q&h 

'Ihe 
I 

Nearly instantaneouS f- ' events or t z a n q n s i o n s  m t x ?  an 
effective time line or iscchrcoYw surface. 'Ihe sedhmts aeposited over the 
time line represent plnctuated aqgradatimal cycles (e.g., &ierscn ard 
others, 1984; Cccdwm ' ard m, 1980). W i u l i n  the FUstler, 
transgressions ard fn&mnr~ . e v e n t s a r e ~ b y c a r i x a a t e s , g y p s u m , a n d  
anhydrite. ?he thic)meSs does nat vary much, irrlicaw that either 
subsidence slawed during the depcsitim of these units or, perhaps mace 
reasonably, the units were deposited rapidly 

ongoing subsiderce. 
is reasaMble to assue that they wsre mre slwly aepoSited. 

sharp and show no eviderce of a hiatus or subaerial between them. 
Over the lateral extent of such a ccntact, the StMdinJ boay of water nust 
have med chemistry nearly uniformly by nlixilq. 
considered nearly isochmnous planes. aaemically gndatimal contacts 

not to greatly reflect 
these mi- thickpn slightly in the -, it 

Evaporite beds of differ- amposition can have contacts that are fairly 

lhese contacts can be 
r_ 

between cartonate and sulfate axe an exauple of ULiS type of 
surface. One example of this type of isxkmws surface w i t h i n  the Rus t le r  
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is the ccn'ltact htween the Culebra ard A-2. 

g r a d a t i d  w i t h h  the WIPP site area, ard rn evideme of 
between the t w  units has kxym fand. 

bicqenic activity within the waters to cease a r d  sulfate saturatim to be 
reached. 
W-, but in terms of Ihlstler events, it can be considered 

W ccntact appears to be 

!mus, the lithologic change is 
htelp&& to be the result of SradUallY -ins salinity causing 

sulfate saturatim and aepoSitim was not absolutely isochmDwxls 

events can readily occur w i t h i n  ccpltinentdl WapOritiC 
depsitimal envirmrments . Subtlecharqesinthetectoau 'c develcppent of the 

can be reflected by these bandaries. 
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7.0 REVIEW OF DESXUITm 

7.1 'IMRXXJCI'ICW 

Fran the t b  bedded salt was k d t h l l y  remmpended (N?!S, 1957) as the 
preferred reek type for the disposal of radioactive waste, part of the 
amcern  in selectirq specific sites has been the role of dissolution. 'Ihick 
sections of evaporiteS, MWing  halite, i n  basins azuml the wxld clearly 
attest to the fact that circulatirq w a t e r  has played little or rn role in 
these parts of the basins. No halite SeCticn a d  l q  remain i n  the 
presenoe of cimxlatbq fresh, or even mcderately saline, fluid in any 
quantity. 
evaporite mcks include areas in which 
M halite or appear to have greatly rechrced sections of halite ccmpared to 
other parts of the basin. lhese areas are frequently , with or 
w i t h o u t  &ticurd aiteria, as the result of the dissolution of halite or 
other soluble evaporites fxuo the section. 

range fmn modern to ancient an3 surficial to subsurface. 
this 

N e v e r t h e l e s s ,  6ape basins, EX& as the Delaware Basin, that have 
W o r  beds a t  aepth amtain 

W i t h i n  this chapter, many stuiiss of rucks are reviewed; the examples 

an3 is to smnarize a t  last a prtim of the evidence 
Ihe abjective of - 

collective wisckm that may be used to hterpr& mck d t s  that are subject 
t o  solution. 
separating processes and establishing relative ages, thcugh these will rn 
dcubt be refined or  rejected w i t h  experkme. 

Walters (1977) describes the ~inZ'~tances in which halite is dissolving 
in central Killlsas, causing amtimhq subsidenoe and collapse. bnks 
(1945), for example, describes f e a m  that he attr- to aissolutian of 
halite and collapse of overlying beds, all o m m z h ~  befare the end of the 
DeMnian. ~,arnrmberofstudiesaxcernbasinswhezeewideme maybe 
m i x e a b e t w e e n m o d e r n a n d d & ( p e r f i a p s m n e l a t e d ) ~ o f  
dissoldon. so too, the Delaware Basin contirares tobeewmused * for 
evidence of dismlution and the processeb, rates an3 ages of wvfi 

dissolution. IhediEalss ion and search forevidemeantimespartlybecause 
opinions vary as to the effects sud~ aissoluticn mi- have on the 1- 
kolation of radioactive wste in  the Waste Isolatim Pilot Plant (WIPP) . 
me exterrt and 
asthednninant theory a&hiniq the origin of ~ t i ~ e  sulfur in world-class 
deposits such as the Wnnzoil (formerly anml) C!u&xsm mine i n c l w  
circulatirq water dissolving sal t  within the Castile Fbnration (smith, 1978). 

S u e  aite.ria are also distilled frcm the literature to use in 

of dissolution are of in3ustrial inkrest -. 
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maprites are generally amsidered to dissolve when the fa- of 
source, solution, pathway, and sink are present (Johnsan, 1981). 

soluble material needs to be present, a fluid capable of dissolving the 
soluble rccks exists, a p a m y  for nmeuent is pmvided, and a sink is 
available to pennit ccntinuirg drainage f- the area of solution. 
(1983) used slightly different termw ’ logy for these factors, us% five 
terns (triw, path, cwntimity, -, and sink) to be mre explicit abart 
initiating events (trigger), lateral  or vertical extent of soluble mck 

(wntinuie) ,  and the nature of the fluid ( x x l r ~ e ) .  

usually invoked in discuss ion of dissolution interpreted to take place at  
scam= depth within the zpck wlm, they are certaml ’ y applicable as w e l l  for 
surficial or  -ace dissolution such as that which occuls in karst 
terrains. 
continuity and trigger. ME Andamental questions, however, averride the 
discussion of these factors: 

That is, a 

‘Bxxqh these fadon are 

For the M e r  staxiy, there is cocy3eTn abaR the factors of 

What is the real extent of dissolutian in  the Ihlstler Fomaticm? 
What is the t h i n g  of dissolution in the Rustler Formaticn? 
What are the c r ikc i a  by which  we separate depcsitional variation, modern 

or continuing dissolution, and ancient dissolution? 

- 

%e fccus to this time has keen to v i d e  masamble or passible 
exp1anations of relatively consemti- estimates (that is, assmirg the 
mximum) of the extent and effects of dissolution. Vnxcqh -tion of 
the extent, timing, ard ~ t u r e  of thp dissolution proaucts, a better 
hypothesis or set of shaild ene?qe which is a@icable to 

=thea&em New Mexico as bell as other b a s h .  There has been, within the 
discussion of the h y p t k s i z e d  
dissolution in  
effects and features of signifi-. 
dissolution in this area are features dxervable a t  the scales effective for 
geophysid logs, pxhap maFpable a t  scales rarqhq up to 1:100,000 or wen 

1:250,000, arrl visible in hand specimen w i t h o u t  mgnification. 
fmn this study (al. 8) that minerals ard rock fngmmts have also been 
dissolved in the m i m i c  range. 
are critical, as menticned previcusly. 
difference in scale is due to the relative volurru? of material dissolved and 

whether the solutes were transported art of the system (a t  whatever scale of 

and -le features of 
New Mexico, an implicit notion of the scale of 

Ihe features generally attr- to 

It is clear 

A t  a l l  of these scales, the same factors 
The Andamentdl, cbsenmble 

I 
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- 
observaticn). 
microscopic volume without mcessarily affectirg cpemticzm or isolaticn of 
waste on the scale of a repository. W dwxscqic dhgemtic alterations 
tothesediment arelmportarrt i n t h e ~ o f t h e s e d i m e n t  ,ardwillbe 
ewmined. But the major foous of the review and discuss ion of dissolutian 
FtetxmM and pmceses in this chapter is cal scdles that are rearer 
repsitmy size. 

For example, a large relative wlume may be remwBd hrrn a 

7.1.1 D k ~ o l u t i C f n  in sartheastern New Mexico 
D i s . s o l u t i c a l  of rocks in sartbeastern New Mexico has lorq been d 1 

anddiswsed . xee (1925) discussed solution ard fill related to  the pecas 
River valley and gypsum terrains here. mey and WfiJqtOn (1953) described 
stratiqnphic relaticwhips of evaprite beds near and uxkr the pecos River 
valley; dissolution of saw of the units was ccnsidered the saxce of thilmed 
beds and the abservahle stratiqqhic relationships. O l i v e  (1957) descrkd  
surficial trarghs on a surface of castle gypsum in the Yeso Ii.ills/m 
Plain araa; he cardluded that subsidence had OCEvred as a result of 
dissolution of gyysum. More recently, Arderwn an3 CD-WOIlOeTS, in a 
series of papers (Arderm, 1978, 1981, 1982; 

1978), discllssed data and h b q m s t d  dissolutim of the Castile and salad0 
Formations. lhese authors generally d u d e  that abart 50% of the halite in  
the Delaware Basin has been dissolves and that amajar part dissolved in the 

late Tertiary. Badman (1974, 1976, 1980, 1981, 1984a,b) extends the perioa 
of p s s i b l e  dissolution, mainly for the Rustler ard Salad0 Fbm&ims, back 
to miassic, and possibly Pexnuan ' , time. Xmbert (1983) extensively rwiewed 
t h e d a t a a n d ~ ~ t h e e x i s t e n C e , ~ , a n d r a t e s O f  
dissolution for evaprites of the northern Cehware -in. 
dissolution hypotheses previax3ly presmkd by Arrdemn (1978). Halt and 

pa~ers (1984, 198613) demewtrated the presexe of ahsdant depositional 

features i n  the Rustler Formation at  the WIPp site, Muling same zanes that 

d.is=nlutim of the Rustler was less extensive than had previously been 
interpreted. 

dissolution associatd with karsthg of e v a p r i b  in their study of the 
Gypsum Plains. 

- 
and others, 1972, 

He has d f i e d  

have been as dissolutioPl residues. They CCmAlxied that 

Sams and Wells (1984) present some of the details of 

- 
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W 
W e  this d o n  drms not v i d e  an ahaustive accamt of the study of - 

diss~lu t ion  in the Mawaze Basin, it does iniicate the rarge of studies tha t  
bear on the general pmblem of dissolution of evaporite units in ulis area. 
AS part of a better appnocimatim of the extent of aissolution of the 
Ihlstler, the sediment0 logy of the Ihlstler was ewmrned * ard-in 
detail i n  previws chapters. 
a t t r j h t d  to dissolution are irrterpreted as depcsitimal-, albeit 
with synsdmm ' tary dissolution for sane areas. W i t h i n  uzis chapter, the 
features that have been attributed in other stujles * to dissolution, bath 
surficial and a t  depth, fmm modern exiinp1e-s as well as dent, are 
summarized. 
as the nature of the procnss. mese are aapred to the explicit feataxes of 

The features of several z m  prwicusly 

'Ihese features, as nrmmnarized, Mate relative t i m i r q  as w&t 

the rarsfler Formaticn attritartdble to dissolution (UI. 8). 

7.1.2 objective of the IhJstler D i s s o l u t i o n  study 
%principal objective of the Rustler is to reasseqs the limits to 

which the Rustler has suffered solution. A better ullderstarriuq * 

depasitional envimnmmts , as described inother chpters, pmvides an 
important step. Beyon3 that, other - on the effects of dissolutian 
a n d t h e c l h p x t l  'c features has been extensively r e v i d .  To this reviaJ 
and- of aepcsiticnal env' 
of shafts, au-es, and lq-3 in 0l.der to better determw * theextenttowhich 
dissolution has a l M  the Ihlstler Fonaatiaar. 

of the 

- ltsareaddeddtrect&Eenlaticms 

7.2 REVIEW OF DIWI.I?X'ION 
DiSSOlUtiOn ProcesSeS and features W i d  to Set the Stdqe for 

further analysis. In addition to the data and hypotheses 

beenewrmned * for d a t e d  discllssicns. 
some of the assuptiom and/or baclrgrrrmr?. infonuation and inplicatiors for 
sautheastern New Mexico w i l l  be stated art as they may not always be explicit 
or familiar to -readers. Certanl y,  scme of the details are not r e v i d  

here, as that has f m y  been dme before (e.g., Ardersaar, 1978, 1981, 

1982: Andersm and others, 1972, 1978: Ardersaar and Kirklard, 1980; Badnuan, 
1974, 1976, 1980, 1981, 1984a,b; F!achan and others, 1973: Xaxbert, 1983; - 
pa~ers and others, 1978), particularly in these references w i t h  same eqhsis 

sclutheastern NeW Mexi= and the Fonuatic8If the Wider 1i-m has 
samz of the mirg vieqoints and 
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on the suitabil i ty of the northern Cehmue Basin or t h e m  site f o r t h e  

disposal of radicactive waste. several authors (e.g., Ardersm, 1982; 
&&man, 1984b; Illmbert, 1983) have reviewed varicus to aaxamt 
for some of the features in sartheastern New?&xico. 

'Ibis review begins with the features and chhaderistics fmm a mmber of 

studies in the literature and SlmaMlrizes the evideme ard pmceses 
hypothesized to ac(xwlt for them. 
prcceses w h i c h  my OCQV a t  or near the surface (kcst) as well as those 
hypothesized to OCQV a t  scme aepul w i t h i n  the i-d.hrmtzu'y p i l e  (Weepll 
dissolution or stxa- dissolution resulting in soldon breccias) . In 
addition, there w i l l  be features a t t r W  to %arly'* ard *81ate81 stages; 
early m y  IEan synsedimen tary (e.q., m&rs and H a s s i r q x ,  1985), or it may 
wm that the dissolution is geologicdlly old ard has keen succeeded by some 
length of time w i t h  rn evidence of dissolution. 
dissolution has crrwrred Within the Quatennry or may be active. Neither of 
thesetermshasnecessaril ~ ~ b e e n u s e d c o n S i S t e n t l  y w i t h  depul of process, so 
that mar-mrface (nshalla*o) and deep are also used as moaifiers to describe 
the relative position of the seaiments l h n  dissolutian took place. 

It w i l l  becune evident that there are 

mte usually means that 

- 
W i t h i n  this chapter, dissolution f e a W  or pmceses are gnxpsi 

a) karst, i f  the dissolution ccunxd a t  or near the 

acaxdirg to +licit or explicit khxpmtatlon of the locatim of the 
solution process: 
surface, or b) solution breccia beds, i f  dissolution ccurred at  sufficient 
dem (unaefinea) to result in brecciation of the units. 

7.2.1 Karst 
'Ihe literam on m a c e  dissolutim or karst is very extensive for 

carbnates. 
ken prwided by Herak ard Stringfield (1972), -lie (1980), Sweetbq 

Fxcellerrt reviews of karst and their hyazOlogic systems have 

(1972), J- (1971), and b D i l a m a r t e r  ard csallany, eds. (1977). 
Examples of paleokarst in CaKhnates are becanirg nDre c5mKmly reparted. 

Evaporite rucks dissolving a t  and near the surface by karst prcesss are 
mch less fresuently t r e t e d  in the literatwe, pat-tly muse sulfates and 
halite, especially, are =re soluble and do not csop a x t  wel l .  
reports of reseafih on karst in evaprites in the 
area are those by Sares and Wells (1984) and BarAmin (1973, 1974, 1976, 1980, 
1981, 1984, 1985, 1987a,b). lhese reports largely follow CaKhnate karst  

Amxlg the 
New kkxico 
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terminology, as carefully reviewed in Badrman (1985), 

in evaporites are differentzla ’ ted fm carbcnate karst by Badrman (1985), 

additicndl terms 
have been introcbrced (-, 1980). Ple bywhidlkarstisformed 

foilming Ffeiffer and ~ a h n  (1972, p. 211) ; he amsiders the dissolution ard 
corrosion of -rites as dcminarrtl Y Fhysical FC=IC-= in centrast to the 
chemical activity where meteoric water canbhs w i t h  a2 to form acid which 

dissolves c2Lbnate. 

differentla * ted, mmt of the n?sult.i.rq landforms am3 = SUYface features are 
described by the sam tennuU, . 1~andwillIlotbedeScribedhere.  

lhalgh the processes by w l l i d l  karst is farmedluight be 

n~onewterns,karstmxlndsardkarstdcmes, a r e a p p l i e d b y ~ a d m n  
Karst (1980) to evaporite karst features f m  sartheastern New Mexico. 

inaterial attributed to soluticarmllape and subsequent erosion of less 
resistant- ’ mcks. ~ d n o e s a r e a l s o s l i g h t l y e l e v a t e i  
toposraphic features, apparently danal in structure, and attributed to 
solution of 
areas to leave the dacal features. 
shallm solution due to a collapsed core fran earlier dissolutian. Brtreme 
exanp1e.s of this, f m  rather deepseated earlier dissolutim ard collapse, 
have been reported from 
Ardemcm, 1978; Eachan, 1987a,b) ard ekahere (e.g., Lardes, 1945; Bcwles 
and Braddock, 1963; Wetrich, 1985) ; amng the names -id to these features 
are breccia pipes, breccia chinaseys, anl txansfonnational Ipeccias. 

surfaces on which evaporiterelated karst has farmed, ez is 
forming, exhibit a variety of karst features. Pfeiffer ard Hahn (1972) 
report large depressions as w e l l  as sinks as a cmsqwxe of evaporib 
dissolution in Germany. In the Swabian A l p s ,  Ffeiffer ard Hahn (1972) report 
karst as deep as 6,400 f t  (2000 m) w i t h  fresh water. Few details of features 
are prwided, thcugh it is clear that apen fmcture ard averrm~ pomsity 
must be present in highly m v e  karst zcnes. Ffeiffer ard Hahn (1972) 
relate basins or dolines in evaporite karst to %egular salt leachi@ hem 

cutcrup down alcoq dip. lhey expect sinks and mysinal tensicail gashes to 
reflect ‘*irregular salt leachlrg,lq solutim a t  greater depth where water 

circulates in zones of defomatim ani disnplticm. Belloni ard athers (1972) 
report karst in M i O c e m  gypsum alorg the central Aperaunes * of Italy ard i n  
Sicily, h t  they wide 110 details of internal feabxes. G l a z e k  an3 athers 

mxlnds are slic&tly elevatei t cpqzqh ‘c feablres amsi.stin3 of breccia- 

‘ evaporites a t  shallow depths ard subsidence of these 
Same karst dcmes may be -istant to - 

New Mexim (e.g., E l l i o t ,  1976; 
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(1972) M a t t e  karst @manem, unspecified, c e u r  on the z e x s b i n  
evaprites of western -land. 

%uffusicm -11 frcm 
to lapis ,  dolines, natural bridges, or  bl inl  valleys %hn salt caxkrq~.~* 

Eileahu (1972) reports collapse sinks or 
soluticm of evaprites; he also refers 

Bleahu (1972) that 6Qoe Of these formS to Kapidity Of the 
dissolution.. .display only an e@maxal exbtmce. II 

of - New Mexico. ?mmq the features f o n d  are dolines, collapse 
sinkholes, caves and erosional surfaces, W e  the didrage systap has been 
significantly affected by karst ~apcesses. 

(1957) exarmned ' large linear valleys whi& he termed solution-suksidence 

trcn@s. 
features in the pecos River valley, sare of which are attrikRab le to 
evaporite karst. 
solution, erosion and subsidence fmm evaprite karst -. 

Sares and Wells (1987) report their work on the karst of the Gypamp Plain 

Fmm the same genexal area, Ol iQe  

Bacfrman (1974, 1976, 1980) also reports dolines and collapse 

Nash DKaw is amsidered by Bacfrman (1974) to be !Ale to 

or active karst terrams * aremainlyinvestl 'gated for their 
hydrolcgical patterns ard may exhibit few inpoaant features to htexpmt 
ancient karst systems frun the breozias and related rocks, includ3.q 
residues, that are the preserved remrd. 
ancient karst in carbcmates are important: aLmmurries. uhits frun separate 
-, the MaaisonLimestone or Grcrup of WrCminJ andMmltdna and the 
Mississippi Valley-+qpe (W) lead-zinc wits of Kissaul *andEamx&ng 

-, - 
axlnearsurfaceprocesses. 

beds f m m t h e  Madjson Grpup of scuU~-cmtral Nmtarn. Ihe Missicm Canyon 

is the principal formtion displaying these features. 
(1966) states that the paleakarst and solution bresxia beds have samz! 
featuses in cmumn: unstratified aepoSits, m h l y  cszbmate fmgenb3 w i t h  
m chert i n  a m a t r i x  that weathers reddish or yellcruish gray, and mst ly  
arrgular to sutmqular fragmts. 'Ihe clay mineral is different, mainly 
kaolinite in karst -its axl illite in solution b m i a s .  I&-&ZS (1966) 
reports that karst is riot stratig?z@ically ccntmlled, ahibitirg poorly 
defined upper and lower surfaces, cavities that widen u p m d ,  atd mxe 
matr ix .  
Mississippian, prior to the sedimwtation of the Amsden Fomation of late 

- 
several sttxlies of 

f e a m  that are partially attributed to surficial 

FCherts (1966) describes both paleokarst fea- and mluticm bmo5.a 

- 
Roberts (1966) also infared that the karst developed in the late 
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MississiFpian (chesterian) to - 1 d  age. 
beds. 

?k separated the karst in 
p r u x x  ard time fran the solution U * 

generally quivalerrt to the Madison GmJP Of -, an3 described several 
sand0 (1974) exdrmMd ' the Madison Limestone of north- W y a o i r g ,  

features he attrikuted to pdleokarst. 
of red clastics, are in- as f r a m  enlarged by n e t e d . ~  water 
percolating down fran the surface. Larye cavities, with angular blocks of 
CarbOMte and clastic f i l l ,  OCQV a t  the tcp of the Madisan and exterd to as 
much as 90 f t  (30 m) below the surface of the Madism . 
interprets these cavities as sinkholes, as he did not find evidence of 
collapse of caves. Caves are also ccmmm~ in this part of the &fadism . s a n l o  
(1974) d i f f m  ' tes pre-Amsden caves, fi l led with red clastiffi, fmm apen 
cavities wfrich may be Tertiary or Holccene in age. 
f h x s b n e s  and dripstones, and are hbqmted t o h a v e ~ b e l c r w t h e  
vadose zone during the time of 
to the vadcse zone is also indicated by the deepst local base levels for 
erosion of the surface. m i a  zoms that are st.rati-caJ.1~ l i m i t e d  and 
have a clastic matrix were also reported by sand0 (1974). He follcws Mual& 
and Wayhan (1969) in interpreting these forns as havhg originated as another 
phase of the sane process that fonaed caves, sinkholes, 
during the MississiFpian. In this r e q e t ,  these authors differ from the 
intmp-etation by Roberts (1966) of breccia beds c a m  by soluticn at depth 
(see below). 

Enlarge3 joints, marked by a fi l l ing 

* (1974) 

Ihe older caves lack 

in  the late Mississi@an; the l i m i t  

I 

enlarged joints 

me carrara Formation and werlyhg m a  Kirg Limestone insGRhern 
Nevada  display arqular breccia blocks, varying in size, that are grcssly 
stratifom. Ihe litholqies are 
specific units, rwealing that rwqh stratigm#Lc order is preserved in the 
breccia. 

Tertiary age cave. Ihe -is of collapse ciue to evaporite dissolution 
was rejectea by Gillett (1983); he follma Middletm (1961), r(0bertS (1966), 

anl Vaurpvl (1978) (see belaw) in exp3zti.q a planar basal curtact and 
strongly stzatiform ixdy to form frau evaporite dissolutian. 
evidence of eMporites was fam3 and Gillett (1983) cites mrk by F a h e r  and 

Hdlley (1979) suggesting --shelf, unrestricted marine env' 
G i l l e t t  (1983) did not recoLd flawstone features or speleothems m y  
attributed to vadase zone caves. It is Merred here that G i l l e t t  (1983) 

've an3 can be attrihted to * .  

G i l l e t t  (1983) prcpses this breccia unit  as a %ealedfs early 

No di rect  

-. 

1 
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considers evaprite dissolution as a process that cccurs a t  depth, 
did not diredl y state caditions. 

attribrtes these to aillapsea caves. 
"are so o$viously soluticm caves that there never have teen uber 
-tias of their origin** (p. 831). 

he 

Breu (1950) describes fea- called circle deposits fmu Missour i. He 
Breu also reports filled caves whi& 

7.2.2 Solution Emccia Beds 
several features, hl* solution breccla * b e d s o r ~ € q u i v a . l e n t s  

ani transfolrmaticnal bn3xias or b-ia pipes, have been descrk& ' bya  
variety of authors, most of whan have attributed the to dissdlution 
of a bed, especially evaprite rocJt, a t  s u e  aepul llnder saturated (-tic) 
cordktions. 
the m y  karst-related -. 
are important areas displayirq these feahres. 

!lhe desmiptiuns of these features yield scane amparisms w i t h  

% &di.scm G r u q  and W depcsib 

Landes (in Iandes and athers, 1945) extensively c % %  * theMackimc 

Lanies divides the breccia into 
-ia, brecciated equivalents to several Silurian to Dewman . a g e  
formatiers of no&hwm SCrRhern Midgan. 
t h e e  types: megabreccia, intra-formational breccia * , ardtrans-fazmaticndl 
breccia. Membmuz ia amsists of very large inclined blocks with ran3cm 

orientations. - by m-br%zciated mck. -Iarde6 always associites 

.stages of bmxiation range han nl&-dam** to severely 
shatteredanddisbJ&& . m-fmti- breccia oc~lls in layers 

irrtra-formational breccias w i t h  mqabmccias. 
fissuring to mnplete breccia tim. 
several Stmtiq-raFhic units, ocwrirg as vertical bodies to several llutdxd 
feet in width.  

f t  (500 m) . Fmpenk are nearly all very mar. Sare trans-formational 

to higher resistance t o r e o e n t e r o s i o n t h a n t h e ~ r o c k s .  Mcue 

Stages rarge han extensive 
"rans-formatianal b m i a s  cut thraqh 

Lardes estimates the vertical thi- to be as nuch as 1.500 

b-ias are well-hiurated, fo- prCminerrt stacks or ather features &e 

ccarmusnly, these breccias are pxws d m-hkabxi to partially indurated 
and do not stand cut as an erosicm-resistant rock. 

before depasiticm of the overly- t&vanian LUrdee Lime&me. 
**Irregularities** (not further descrihd) in the brdee are attribRed to 
later setuirq, bLR not to the episcde of brecciation. 

Iaxb (in lardes and athers, 1945) d u b  that bxecciation 0Cr;urred 

I 
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~ased on relationship to the Silurian sdsina Iardes 
theMaciuM * c Ez€ccia to have formed fmn collapse of overlying units when 
salt was dissolved from the salina Gruup. He ernrisicns solutim ard wllapse 
as the salina wds expc6€d during early Darcauan * ararndthemaqinofthe 
basin. ~ r h  crated by the solution may be the scurce of the aentral basin 
salts of the lawer DeMnuan ' DetroitRiverFmmatian. Ihesurfacewsexdd 

~ackinac Breccia ard related formati-. Recent emsion has these 
breccias. 

of evaprite dissolution ard collapse features nat attrihted paaial ly  or 
wholly to Pie- or later activity. Ihe variety of brecaa * typg- 
clearly distirqukh& I - the -lying - ' 

andstmthe3,ardtheIXlrdeeLimestane was depositea u l l a m f d l y  over the 

?his report by lardes and athers (1945) is the earliest extensive report 

iscowideredtheMme 
for aU. Irrternally, breccias are amsistently angular, the degree of 
brecciation varies. zhe relatiaaship to -1yi.q beds, startkg w i t h  tAe 

DJn3eeIimsknz I is a clear feature to diff- ' t e e .  uit%%?sclearly 
places the bmia t i cm prooess as PLUrdee  based QI the lack of 
breccia-related features in overlyilq rtXkS. 
whether s ~ o e  brecaas ' skuld be atL ' *  ' 4  to karst or not; rnrst are cletr1y 
associated by Iardes w i t h  solution at  depth. 

?he Mississippian BOCPIB Foxmation of tbe area amsd the KansasddAcm~ 
border near Miswuri is a daminantly CarfiaMte unit that hcsts lead a d  zinc 
deposits ard displays solution/subsidence featurea m g h t  and Fischer, 
1970). 
ft (33 - 100 m) i n  diaueter w i t h  a vertical displaeuent of several tens of 
feet almq bam3.m~ vertical faults. Slum breccias are chert nodules to 
frarpaents of rock in a clay residuum in the Bane Fcmration. later 
Mississippian units averlyitq the E!ume have slump breccias w i t h  large 
liwstane blocks ard @ar fragmts in a residual mater ia l .  -t ard 
Fischer (1970) in f s  that these simp breccias are hsal parts of slump 

- 
It is not clear fmm review 

S~UflBl D ires are kmcciated, irregularly cylinctrical masses 100 to 300 

Pipes. 
m g h t  ard Fischer (1970) also report cn lpeccias f o m d  tectaaucal a 1 Y  

within the Jcplin Member of the Bxne Formation. '.merel -te layers my 
be less canpetent -1y than chert 7.-. ncsg w i t h  u ' tim, 
W g h t  and Fischer (1970) reprt ,  for exaqle, a large block of chert 
plucked fmn the 1- part of the overlying unit  ard wed laterally urder 

- 

-. 
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- 
the unbrohn part of the unit. small thrusts and mmal faults with law 
axqles in the inrmpetent beds also signal this horizcntal slippage e v ~  

thw the region has &fend only slight &mctmal warpin3. 
Ohle (1985) rwiewed breccia types and probable breccia-pnAwhq 

processes for a variety of districts in  North America hostirg 
related aepaSits. The breccia bcdies are midrxed by Ohle (1985) to 
-rise two broad types: strata-kuud (or mantes) and breccia ~~~LUUIIS or 
chimneys (or breccia bodies strata kumhries). with sam= 
wceptions, the breccias are attrihted p r h i p a l l y  to qxavity-im3wd 
collapse associated w i t h  solution. 
attributed to passage of hot fluids related to ore depositim, 

has been attributed to true karst. 
very small, angular clasts that tend to be e q u i d k m  icnal rather than 
slab-like blccks associated w i t h  cave fill-. 
shap factor, a d i n &  with umsual, often very ~lrcw, breccia bcdy 
dimensions, may inaiCate additicmal forces beycxk3 gravity-in5uoxI mllap;e of 
d i s s o l ~ o n  zone8. H e  pmpases that tectcplic fonzes may have been 
responsible for r&&xst-like fmqentaticm of ~ ~ l u t i c m  cavities in 
cartmates. As either an alternative or additional force, ohle (1985) 
considers chemical brecciation (Sawkins, 1969; Iemish, pers. cam. cited by 

Ohle, 1985) a passible m e a ~  of produc- smaller breccia fraginezits 
consistent w i t h  these MississiFpi Valley-type aepoSits. 

Ohle (1985) also briefly nk?ntim breccias of minor extent prcbably 
=-bysedimentary processes or gynlepositional slides. 
(1958), as r e v i d  belm, consider scme of the breccia badies to be 
Synaepositicnal slides. 

m i n e a l O r q t h e V ~ T r e n J . O f s a r t h e k s t M i s s a u l  .farmedincaztxaate 
b-ias. Ihe settirg is amsidered by Fegtzrs ard Wis (1977) to have been 
consistent w i t h  a caxbm-ite margin, and they attrihte the 

subsequerrt collap=. NO dire% evidence of eMporites w a s  presented. 
wideme for BBales and Ihniy (1977) have sumarized the lldvect 

evaprites i n  the Vilaunum hendofsartheasternMissarr i. 
facies" is asscciated w i t h  algal carbonates and minor rdbeds, and the 
lateral relatianship are similar to maxyinal carkmate-evapri- settinp. 

pb-zn and 

' 

Wt of the soluticm and collapse is 
same 

W i a s  may mist of very large to 

CRle (1985) believes this 

- 

Snyaer an3 odell 

Rcgers and Ilavis (1977) reviewe3 the geolqy of the l?uick mine, a Rz-zn 

b-iatim as haV- been initkit& solution Of evaprites ard 

. .  
m%hiterock - 
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Beales and ?hrdy (1977) have also f& snall amwlts of t iny 9ypsum 

crystals, inclUaing swallowtail twins, in imperviw b-ias which they 
conclude is direct Wczitim O f  the f o m ,  M ) T ~  generdl presence of 
evaprites.  
widespread, leadhq to nudl of the brecciation in the region ry~w hosting 
abudant R r Z n  ore bodies. The problem of "OCQilttl evaporites was also 
discussed by schreiber ard schreiber (1977) in a study of bkdibmanean 
wsinian evaprites and mJdem solar salt wrks. 

(mm) , halite layers between layers of 9ypsum crystals grum vertically on the 
sediment surface have disrupt& Mzmal epitaxial gmwth. 
are absent laterally, due pmbably to dissolution. 

considered suggestive that very thin beds of halite formrly existed. 
Middleton (1961) also describes Wh w i t h i n  the Mission Canyon 

Formation of the 
variable in size (micnxapic to 10 f t  or 3 m) and very angular t o  s l i m y  
mundeaon*es. 

m t t i m e s  plymictic. 
episodes. Fmpmts of different strata may be mixed, thaqh a cnde 
stratigraply may be preserved. Middleton (1961) states that "the 1- 

breccias do not have the same extent UPJiud. 
transitions (p. 191): 

'Ihese authors propose that evaporites may have hen  n u d l  mre 

cn a very d SCdLe 

W mite layers 
Mdc un i t s  of ~ e s s i n i a n  

gypsum consisting of thin beds w i t h  breaks in CIyStdl gnmth are therefore 

G r a q ~  in Montana. He reports that the fragmmts are 

Limestane is the cumon lithology, but clasts are 
Breccias of fonoer breccias iniicate nultiple 

boundary of dlmmt every breccia is well defined" (p. 191), the 
He describes well the qward . 

"A qradual transition may take place uptards fmm a breccia 
mixed, rotated fragmmts into cme in*& W is depcnstrably l i t t le 
nwement of the f?zgmne3 and the rodchas been- . ted in place." 

of 

fiddleton nrggests brecciation m y  have taken place before the - 
Formation w a s  deposited, but he is careful to point cut he did not have 
evidence to L-t or refute this hypothesis. Finally, as the -1yi.q 
units are not a i v e l y  W i a t e d ,  MFddletcn (1961) believes that #*a thick 
breccia usually in3icates an original zone of thin int&xds or 
interlaminations of limestone and anhyd?Ate" (p. 194). Rckezts (1966) 

investigatd the Mission c%iycm Farmation as well, findirg both paleokarst 
(see W e )  and solution breccia beds. 
beds have a sharp, wdl-defined, an3 laterally amthxxs 1- ~QR&IY. 

Roberts (1966) reported, as did Middletsm (1961) and 
vertical pxqmssion of breccia fabrics fran snail- mrted 

R d - e r t s  fanrd that solutim breccia 

(1952), a 
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fra- upaxd to slightly fmcturd and displaced r w f  rocks. 

position as the soluticarbreccias. 

Same wells - 
i n  the m sbaranhydrite that is cassidered !3lmtigE@lic!ally in the same 

depth to have OQXvred durhq or aftm Iaramude * 

maprites ~IUU the W i l l i s b n  Basin ard 

Rckerts (1966) ccmsidem this solution at 
C=wenY. 

'il-gareasareirrterpreted 
by Parker (1967) to have been partiauy dissolved. 
evaprites are t3ichnd by a & l i t i m  sediments t ian to CQqEnSate for the 

salt removal and indicate the time of rennml. 
these changes of thickmss and lateral loss of halite mainly an the basis of 

geophysical logs. hprtant (and arguable) i n f m  is that "thin 

the salt beds pmve that  locally there was little depositional dmqe of salt 
thickness.** In the Di l l -  Ranch field (yrcming) , an estimated 100 f t  of 
salt loss resulted in 38 to 93 f t  (11.6 to 28.4 m) of WdcRenirq of mrriscm 
ard Dakata Farmaticsls in adjacent w e l l s .  From the Mzrd area of N o r &  Dakota, 
160 f t  (48.8 m) of salt in a 200 f t  (61 m) section is correlated laterduy 
w i t h  60 f t  (18.3 m) of reported -1- * .  
accapnyirq this show abart 250 ft (76.2 m) of QPparerrt -tion. 
fmmN0rthEdWtd (Frybergfield), saltWaSremovBdfromR?nUlan * r o c l c s  
resulting i n  a q l e t e  ccmp€mati.on by the en3 of thellmassic (suift 

Beds werlying the 

Parker (1967) hbxpmLs 

regianally persistent seaimentary units directly above, betwm, and belaJ 

Ihecross-sedian - 
Also 

Formation) , tkugh elsewhere in the a r e ,  Parka (1967) cites Andwan (1966) 

to indicate that collapse may affect Jurassic ard Q.etacecus rocks. 
cutlook field in ~ c n t a ~ ,  parker (la6 - ShaR that solutim of the ~arer 

Devanian Prairie Formation is cupletely canpensated by sedimerrta tion d u r i q  
the l a te  DFNanian. 

In a rwiew of features and pmesses related to dissolution of the 
kvonian 
(1966) &I&X~ that the late fea- were ' lefmuthe 
Mission Canyon solution breazias ani the Mackmac ' Breccia. Starrtcn (1966) 

reports successive stages of primary eqmri te ,  a i a  ocrmposed of evaporite 
matrix with floatirg d o l d t e  clasts, ard evaporite-frer? breccia. 
lithologies are d o l d t e  dlasts w i t h  antiydrite or dolauite mat r ix ;  the c lask 
rarqe fran sand to mbble size, a m  and arqular. Anhedrdl dolauite 
clasts have sharp, straight edges while sucmsic d o l d t e  is crumbly. Qasts 

may be fractured, breoziated and aisplaced. stanttnl lists fan: features he 
considers important: 

In the 

Fomtion fmm tbe sarth Stmyeon Lake field, Alberta, stantcn 

Ihe 

- 
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1) anjular, u11soTted, clasts: bmluen f- displaced 

2) 

3) 

w i t h i n  breccia, 
clasts often float in  anhydrite matrix, 
caplete -: bretxia with clasts floating in anhydrite -> 
breccia with mre closely pcked clasts anl -ite mtrix -> 
breccia w i t h a r t  anhydrite, 
fractures are rare beneath b-ia; breccia grades upaxd into 4)  

highly fractured rock. 
Stariton (1966) midered f O X  in the d e v e l w  Of the X.&x 

breccias: 

a) 

b) 

c) sinailtaneous clasts and eMporite Wqxsitionll; no or 

d) 

solution brecchtion causing settling of evaprites, plastic 
defomtion, oancentration of fine clasts up against clast surfaces, 
w e  in volum as gypsum -> anhydrite; 1- streqth from mter 
in%mck, 

ramdfn3, 
selective replacement of cazbonate by anhydrite to explain anhyllrite 
matrix. 

1 

Of these mechanisms I starrtcn (1966) omsiders soluticm U . t i c m t o a c c u m t  
for a l l  features m e d .  He also axxluies that the mluticm U * t i o n  

is pmbably ccnmypl at very shallaw depths a d  that "gzdual subsidence, 
brecciation, s a a l l d e  solution precipitaticp1, and evaporite flowage ocav 
sinnrltaneously w i t h  the eMporite .soJution.lq 

Ihe ELk mint Camp evaporites of the prairie minces, Canada, are 
cansidered Eevcman * i n  age. Tbe  Prairie Formation, part of the ELk 
mint sutqrap, consists of sulfates ard halite: it averlies the w-is 
Fonnation, a limestane unit. Gormll and Al- (1968) rwiew aridence of 
salt solutian f m u  the Prairie Folmattan in  -'&man. On the basis of 
geologic data, solution kegan as early as late . SaltsFCdlqsinthe 
area are amsidered evidence that sal t  soluticm is c m t i m h g .  

salt solution of the ~ l k  mint i m y  has ~esulted in collapse 
features ( W e  an3 athers, 1964; christensen, 1971; Gerdzwill an3 Hajnal, 
1971), similar to breccia pipes wrt& for sartheastern New S (Snyder 

ard Gard, 1984: ~achman, 19876; wies, 1983) as w e l l  as broader struchnal 
lcnvs and u n i t  thimitq. c2-a WdaESEes of overlying d t s  may be 
Used to infer ages of solution and, in 6cme ciramstances , differentla 'te 
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solution frm tectcau 'c or d e p o s i t i d  features. 
distbquhh depsiti0na.l from dbsolution ea@s on the basis of the 

configuraticol of the urderlyirg units Versus  dip on the salt u n i t s  (Fig. 
7.1). sharpchargesinbalitewithxwersalofdipareassociatedwith 
dissolution. zhe umierlyirg units change little. &nsisterrt dip directions 
and changes in dip of &lying units are assccjated w i t h  aepaSitioml 
changes. me Palo Ixlro Basin of the Texas panbarrlle is ow of the potential 
sites for the f i r s t  repositozy to aispcse of high-level radioadive waste. 
AS the rucks of interest are emporites, vari- geolqical and 
g e a m ~ l o g i c a l  shdies examim the extent, nature, and timirg of 
dissoluticol. 

solute loads, especially chlorides, in streams; 2) salt squmces that 
abruptly disappeax between relatively cloeely spaced wells, as well as ahupt 

thinning of s t r a t i e c  squexes away fran salt units: 3) z- with 

poorly consolidated to u~xplsolidated r&-brwn nud cnrerlyirq salt beds; and 
5) folds, collapse &i.mnep, breccia blankets, and sinlttdles on pennian 
artcrops. 

in Gustavsapl and athers (1980) as the "r8latively clc6e spaced wells" usually 

Gorrell and Aldemm (1968) 

~ustavsan and athers (1980) reccgnize salt dissolution based on: 1) high 

abrupt salt thinnbq that also truncate f ac i a  tracts; 4)  mres that show 

- 

Criteria 2 and 3 are not easily recenciled with the figureS &erred to 

aFpear to be 5 miles or rmre a p r t ,  and it is not clear, on the basis of the 
natural ganrma ray logs presented, har the preseme/- of halite is 
always in-. 
dissolution. 

Criterion 4 could be carsistent with syn- 

A playa, lake McCmmll, CnrerlieS an area bhere abcut 165 f t  (50 m) of 
salt appears to have been renuved. C;ustavscn and athers (1980) questim i f  
the relationships are clear in hiicatirq cause and e f fed  between lake and 

salt dissoluti~. origin of playas appears to be different, in 
that SQne do not shew any evidence of salt dissollltion in *lying 
formatians. Modern collapse is cc=urring in Hall as sinks and 
depressions have been formed ard a t t r i h t d  to salt dissolution. 

probable age fmm la te  m c e c u s  to as la te  as Qmtennry. Bcumhm 'es are 
marly vertical w i t h  slickerrsides. 

be cenwted or uxamted. 

collapse &im-eys in different anas of the Texas panhwUe range in 

- 
Bedairq may be vertical, ami breu=ias may 

Ihe breccia chinuqs are located over areas 
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identified as actively being dissolved or of passible paleoaissallrtian of 
salt. 

D ~ S S ~ U ~ ~ C X Y  is amsidered also to have caused f rachuiy of Fennian 
rmdstcoles and fi l l-  of frachves w i t h  9ypsum. Golds t e in  ard col1i.m (1984) 
describe in sane detail the fault ard fracture sets in ca&cmps of permian 
formations mer lybq  areas Mieved to have rndergone or be subject to salt 

dissolution. 
portions of the permian age evaprite-bearjng sec t icm in  the palo 

win area have keen dsscribed as havirq ur-deegone dir;solutian, an3 s a l t  

dissolved (e.g., Gu&avsm ard others, 1980). GHxvson (1986) has 
re-ewmined evidence of salt aepoSition and dissolutiicn in the vicinity of 
themnadlan ' River valley to test the -is that the river develcpzd in 
response to mlution ard collapse. As evi- of -1- of wapcaites, 
Gustavson (1986) cites the follawing: 

springs ami chloride loads in drainages demxrstrte salt is s t i l l  being 

a) "ataupt" lateral lcss of subjacent salt asso5.a- with "strwtmd 
wllapse" of overlyirg units (eu@Iasis aaded) : 
b) 
f i l led w i t h  gypsum, insoluble residues of soft mxbtzrm, mite, or 
d o l d t e  C N e r l y ~  salt; 
c) folds, breccia-filled chimeys, ard s y w  of gypsum-filled hacrures 

' ted zcmes, fractures w i t h  slidmsides, srterrsicm hactures 

permian artcrops a lmg the Canadian River Valley; 

d) d~ chloride brines in 6clllle --ills abave salt; ard 
e) high &loride in the Gumdmn ' River. 

Gustavsan c n n c l a  there 85s s t m q  evidence that  perrman * saltsformerly 
&33xl€dfarthertothenorth,ncatheast, andnarttaJlestbeneaththevalleyof 
thecaIx&an ' Rive??' (p. 463). GustavsoPl (1986) concludes also that a few 
salt units show lateral facies dmqes, generdlly w i m  charge in thickrss 
or &mctwal unplimticaS. Gwtavsm (1986) relates the Caradhn River 
valley to salt dissolutian based an several factors: th3 river trerd is mt 
that of the ogallala system; the trend follam the struchnal trerd on the 
=hates, w e r l y i y  the zone attributed to dissolution; ard the plain north 

of the valley is aixut 250 ft (75 m) 1- than to the sarth. 
difference is also attrituhxl to dissoluticP1. G&xswon (1986) infers that 

the age of dissolution may be as early as Miocene. 

lhis 
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Residues OT brecck m reported by S d t h  (1972) as evFdence of 
xmre extensive or %aturell ~ l ~ a r  surface dissolution of the Qpr &qmsian 
Limestone of Ehgm. Beds of the upper Wqnesian Llhstom have Mlriwly  
collapsed or fandered as a amseqme of dissolution of the unkrlyirq 
anhydrite beds. B e  residue fmn the anhy3rite mists of carbonaa ard 
clay mineral s w i t h  sane ami quartz and txaces of detrital heavy 
minerdls. 

100 to 200 f t  (30 to 60 m) thick based on the insoluble cmtent of the 
equivalent mite -. 
Ihe clasts may Mly fmm angular to subangular. Ihe dlast n E q i r 6  arrl the 
matrix  fran the Qp2r Mafpsian Limestone aJX enriched in calcite lelative to 
the center of clasts: this Wedolanitizationll is attr- to the d o n  
between grarndcJater ami the nxk at  the time of the dissoluticm of the 
underlying anhydrite ard allapse of the linestme. Smith (1972) attributes 
the brecciaticm to lla nmrber of rapid collapses separated by a lcng pericd of 

strata is 

It has been estimated that the original anhydrite m i g h t  have been 

The of brecciatim reported by Smith (1972) is highly Mlriable. 

relative stability" (p. 264). In addition, broader scale famierug of 

sagging, ard the pmcess is midex& to cause a l l y  slight brecciatial. 
Alorqwithtfiisgentlefandering, the~MagnmianLtpestore  inthearea 
displays lla gentle warp- (mt f and  in beds mderlyhq the evapcoites) into 
irannaerable dcmes and basins of up t o  10 metres (sic) anplitude and 25 t o  200 

metres (sic) dimpeter' (p. 266). 

by Smith (1972) to be the reault of gentle ard slw 

7.2.3 other Breccia scurces 

insaRheastMissaur iinterpretsd by Snyder anlojell (1958) to in=ltde 
breccias of -My syrrlepositional origin. The breccias l ie laterally 
adjacent to carbonate bars or banks ard possible reef depxits. 'Ihe breccias 
vary fran very snall clasts to larqe blocks >3 f t  (>1 m) : ~llocally within the 
disturbed mass, beds may be cnrmpld and folded withalt fracturing.. .I1 (p. 

little widence of abrasion. zhe m a t r i x  is dolaoite with ather c n n s t i n ,  

an3 it enclwes tareccia blccks. In addition to carkcante brecaas ' , dolauitic 
&ale b m i a s  m w i t h  c&xmate matrix. Bath types of breccia are tigtk, 
w i t h  rare cavities or c p n  spices. 

% D o l a u i e  of Late cambtian age is a Arm ore--- unit 

906). S n y d e r  ard odell (1958) that f w  are angular ard there 

- 
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.. . , - me b-ias are h b x b d e d  w i t h  rtaiteds. lllebcdiesof 
b-ia may be >z m i  ( 3  Ian) w i d e ,  >lo0 f t  (300 m) wide,  and as thick as 80 ft 
(25 m) . 'Ihe basal contact may 
also be 
deformation nm?%ilq the contact. While the units are adjacmt to cabmate 
banks and reefs, they also tend to a m a t e  in areas where the olixnates 
are thin (and the depositional surface was ~xenrmably lwer) . 
~tzuctures indLude small thrust faults and drag folds. 

ciuring early diqenetic ard lithification stages. A bed on the -in of a 

Later breccias can truncate earlier b-ias. 

or gradatioml w i t h  soft sedbent to mre br i t t l e  

Internal 

snyder and odell (1958) believe the b-ia bodies moved and fonnsd 

CarbOMte W a S  Subjedea to increased slope by greater ccapction of the basin 
facies. 
m a t e r i a l  near the s u r f a m t e r  interface fran hi- on the slope begins to 
m e .  
are cn&zed by the sluupilq lrass. llle glide planes and different brecciation 

A glide plane forms in mOre incbxated d t s  as the unaplsolidated 

MOZ lithifisd beds are brecciated, and clras folds and thrust faults 

styles w i t h i n  the breccia masses have keen used by Snyder and odell (1958) t o  
separate breccia masses into distinct events. 

Inpprtant dia-c characters used by Snyder and odell(1958) were: 

a) localization and shape of breazia bcdies, 
b) -- units, 
c) p i t i m  relative to carfrnate hanks or reefs, 
d) different d q x s  of brecciaticm within masses, and 

e) glide planes. 
m inbividual mass, exumbrd in a care, for ewmple, wuld reveal angular 

fracpmts w i t h i n  a matrix. 
be PmperlY interpretea . mthem=pretationreaChedbysnyderandodel1 
(1958) wmld not have been reached w i t h c u t  the extensive -icnal 
data available w i t h i n  the pb-~n mines. 

It is poasible the m d k h z b d  dts waild also 

Smith and others (1961) describe 1- breccia ' i n a c a l w  
siltstone matrix and snall shale and sar&tae msses i n  the Kississippian 
st. rcuis rAbE&m2 i n  Irdiana. 
dimensions of a few to tens of feet (m). 
stla@''. B?x?ozia f r a W  range fran very alqlllar to .subqdm and up to 
abcplt 6 ft (2 m) in 1erg-U~. Sam fracpaerrts are to have stylol i t ic  
surfaces. 
s a f s k m e  tha t  are even vertical in 

Ihe breccia ard clastic masses have 
Ihe breccia k d y  is lkn&ly funriel 

Matrix displays ccartcated to sinucus bards of siltstme and 

places. smith and athers (1961) 

-. 
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- 
sqyest these b r e d a s  formad, probably during the €wmsylvanian, by folding 

be eliminated, given the limited data, tbxqh smith a d  others (1961) 
consider tectaau 'c breccia, glacial 1-, cave collapse, an3 evaporite 
solution and collape as less likely alternatives. EMpcaites in the st. 
Imis ocuu a t  or above the zme of brecclas * , and the thickmss of evaporite 
is snall in ur&&u&d areas. 
evaprite solution-mllapse is not e i c a h l e .  

(1961) t o  have formed by f i l l i rg  smll caverns on a paleokarst 
reactivated on a ucdern karst surface. 

a r d S l ~ i r g d u e t 0 m r r e m e n t o n t h e M t .  Qrmelfault. ouleroriginsmaynot 

lateral beds also suggest that 

?he SanMXme and siltstane masses are interpreted bysnlithardathers 

7.2.4 Delaware Basin Features 

Castile Fon~ation of the Ma- Basin, discrussea the relatianships between 
bejs of mite breccia and laterally ecrJivalent halite units. 
earlier work, Aniemcm ard XidiLard (1966) ~TKI Kirklana ard Ardersar (1970) 

reported that shcxt, selected thin intenrdls of lamirnted 
cores a- the basin shwd him correlation coefficients (r = 0.99). 

&rkrson a r d h i s  amrkers have anclrded that there is a near mek-one 

co- of laminae ccuplets acxss the basin, as well as of laxyer 
units, nodular zones, 2lrd other features. 
changes did not OQW w i t h i n  the basin. Amcad the %+=stem xmzyin of the 
basin, Amkrson ard others (1972) reported firding bma5.a beds in positiorn 
stratigraphically equivalent to halite units in the eastern part of the 
basin. Anderscpl arrl (1972, p. 70ff) 6411e of the detzuls . Of 
the arrat-qemnts of breocias in these beds: 

ard others (1972) , in  a mw classic paper on the laminaw 

- 
hrrn a few 

lbey ~xEB&cI that lateral facies 

1 

"Bads of laminated anhydrite as thin as are foot #ickwitWn hlite keds 
wre than 50 ft (15.2 m) thick are also present as unbrecciated layers 
w i t h i n  correlative b m i a  units, involve aFprcorimatey the same ramJw 
of laminae, and minixin their identity anl reDain u d s t w k i  w i t h i n  
overly- ard umk~ly i rg  braccia beds despite the ramval of salt. 'Ihe 
presence of thin anhydrite beds w i t h i n  ha l i te  members can also be 
infemd frcnr Sanic l-, and these beds can be correlated with b m i a  
zones in the University of New Wa-RxillipS m. 1 mre.. ..If 
The breccia generally ccnsbts of mcbngular-shaped, subarqular 
fragwnts of sirgle laminae or gmups of laminae wbedded in a matrix of 
anhydrite... Ihe fragmnts, generally less than o m  an in length, OCCUT 
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in varicus orientatitma, tut mod OCCLV w i t h  stratification, i f  visible, 
and 1a-q dimension nxu the horizcntal. !&my of the fragnmts appear to 
have beM only slightly displaced." 
*@In sane of the blanket breccia beds it is difficult to conelate the 
upper contact because of solution collapse that resulted in a 

the blanket solution breccia, ard w i t h  l i t t le matrix. 
collapse-type breccia have been observed a t  the tcp of the Halite II 

blanket solution bixuzia." 

mllw=-tYpe - * ... mistirq of larger, rmre arqular fra5ppents than 
Good exauples of 

(sic) and in the u p x  part of the Anhydrite N Memker (sic) above 

Along the Bastern m?sJin of the Delaware Basin, Aniermn am3 athers 
(1972) report the relationships w i t h i n  halite of the vnicn-university "37*9 

core: 
#*?he w i n k l e r  camty core, huaever, revealed that  thin anhydrite beds of 
only a few decimeters thick w i t h i n  mre massive halite units maintained 
their p i t i c m  ard character after halite solution. 
the ObSerJaticm that single arhydrite laminae, cmce separated by several 
centimeters of halite, were sa&lms * littledbtmbed upm solution, 
shawed that the wi thdrawal  of h a l i t e  was a very gentle prooess." 

Anderscol anl others (1972) Carsider dissolutian mod likely to have taken 
place after salad0 time. 

geophysid 1- were used in amjunctian with c x x e  to ccpy31ude that 
dissolution accumted for the lateral thiraLing of units frcrn thick halite to 
thin breoAa beds. 

repmsentdbyabrecciabed. ~ S e c F h y S i c a l l ~ a l s o y i e l d e d  
thickness in fomt ion  for halite ard sulfatic units indicatirq differirq 
thi- patterns for these units, unlike mdels of deep wa- depzsition. 

Anderson ard others (1978) zecOgnize two different types of breccias 
within the breccia beds: dissolution brexias  ard c0llap;e breccias. 
dissolution breccias, ard others (1978) see textures similar to 
those descr- abwe, having fmgmnts oriented generally parallel to 
~ i n u n i t s a k w v e a r d b e l a w .  Inaddition,theyalsoreportthatsompe 
fragments "are quite small (less than 0.5 can), ?xurd&, and suspended in 
rardcrm orierbtions w i t h i n  a matrix that caqxises rmre than half the volute 
of materidl ."  Ihe matrix is an inpxlre anhydrite matrix. Aniermn an3 others 

(1978) report that the dissolution brexias may be as nu& as a few tens of 

fact (sic), and 

Both in Arderson and athers (1972) anl Anderscn ard athers (1978) , 

It was cordu3ed that each of the halite units is 

W i t h i n  

feet (several m) thick and %re alpuximtely Pmportianal to the thickmsses - 
of correlative salt beds." lhese authors estimate that the ratice of breccia 
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to salt thicla'~~~ is abart .03 to .05 w i t h i n  the examples aMilable to them. 
Collapse breozias are angular frapents of anhydrite often overlying the 
dissolution bmccias. The angular fmgnmts are fi t tea tqether in a tight 
interlockirq pattern w i t h  little ar m finc ' IEdanhydr i temat r ix .  Ihe 

fraqmnts raxqe in size from a fev millimters to blocks of mcne than 30 an, 
w i t h  a definite tendency for fragments of similar s ize  to be farnd 
together.18 'Ihese authors describe this type of breccia as formirq "at 
apparently zarrlan positicms in overlying anhydrite bedsw as a 

chainreaction dissolution chambers coll~irq resulting in *a d i m h A m g  

W e .  

- 

of . .  

I ~ I  addition to the fea+axes of the breocia beds, Arderson and crthers 
(1972, 1978) cansider that s o l ~ o n  and subsidence/collapse caused, or is 
related to, the Big  Sinks dissolution area, tmuqhs w i t h  Gatuna-age seaiments 
at the surface (Maley and Wfbqton, 1953), and Inxi-ccia pipes, castiles 
(Kirklard and Evarrs, 1976; Ar&rson arrl Kirkland, 1980) and ather collape 

( V h ,  1960, 1963). 
Arderson anl others (1978), as Well Andersol (1978), attrikRe 

dissoluticm arcund the muqins of the basin to pxkable effects of ccntad 
w i t h  the Capitan reef. Aniersm and others (1978) a?x saa2what ~ g u e  about 
the general prcogs of dissolutim, reftm5ng to an advanmq * frcnrtinthe 
subsurface, pmbably prece&d by a m  and bmels  at  the leading earpe 
developing an uneven front. They also 
breccia pipes and other collapse -. Arxlmxm (1978) and 
and Kirklard (1978) described m specific roles for intrusicm of water fmm 

c o l l a p  stmchms or breccia pipes. hierson and others (1978) 
x p ~ e  blocks and fragments may have MNed laterally into voids beb6een 
separated horizcntdl laminae of anhydrite, ani that fluids or slurries may 
have helpe3 nuve breociated rcck. 

MOB= recently, -inson and Ewers (1987) report a fan-&qed I1 

uni t  in the w i l e  near the westernmuqin of the Delaware Basin as a 
gravity-clriven clastic deposit. W t i p l e  cores frcm a relatively epall area 

m e d l  bedding in clast units, gm5ed clasts, clasts in an anhydrite m a t r i x  
or caaent, anl interim 'ttent rrumal laminated beds similar to thse descriked 
by Ancterscn anl others (1972, quote3 almve). 
interpret this unit  as a perrman- ' age gravity-driven clastic unit, not as a 

- 

part of the dissolutim to 

the underlying nelaware Mxntam ' GrulpthrrxlFpl frachups, resulting in 

* 

c 

kbinsori d B x e r ~  (1987) 
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aissolution breccia. 
deposited wes t  of this areb 

It is not clear that Mite I of the W e  was 

m many plblications (e-g., J- and others, 1973), the mstler and 

upper salad0 have keen described as having urdergane dissolution, resultirg 
in amplicated surficial features. Harever, specific features of the breccia 
beds have not generally been presented. Basic data reports for WIPP 
boreholes variously present general to detailed descripticns of material 
attributed to  dissolution residuea8; the Monnation frm & '. dcores 
(Q1. 5) and hteqmta tians (Ch. 6, 8) differ in many ways frem those in  the 
basic data rep-. Lambert (1983) describes the relationship3 a u c q  several 
features Mated to dissolution or hy3rati.m in the vicinity of Nash m; he 
indicates that g-id log signatures in the area of Nash Draw may be 

guides to units that have keen partially dissolved. 

(1983) as exhibiting breccia w i t h i n  paaS of the Rustler and sdlado 
Formations, but IY) details are given of the nature of the breccia or extent. 

Natural gama ray and neutxun logs accawnying the li-cgic log do not 

Mate any signatures diagncstic of the breccia, and (1983) did not 

report any difficulties in ' t h e s t r a t i g r K h i C ~ W i w i t h i n  

core frnn the perrman . i n ~ ~ , T e x a s , i s d e s c r i b e d b y ~  

the co?xs. 

7 . 3  D I s a T s s I O N  OF FtEVIEW 

Ihe review of the limture revedls several points and areas that may be 
i n f h  to be camon. Various authors clearly differentiate between those 
solution events that ocarr fmn the surface dmnwaml, either at or near the 
surface, and those events which tmk place after same a m m t  of turial and 

which win at  the bed. 

dixwsion of dissolution in 
been 

d a t e d  to karst processes) dissolution. 
specific depths to these phenaneM, for the various authors appear to have 
different, scmetunes * unspecified, criteria for deep and -ace. 
HmeVer, we my here differentla 'tethesetwoerrlwmbersofapxbable 
general ccntinwm as f0llmP.s: 

These aucepts have keen pardlleled by the 
New Mexico, wheze a dicbtmy has 

It is not possible to assign 
betM€en weep dissolution" d near surface (generally 
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surficial to m a c e  prapsses shar clear ard relatively direct 
c o d o n  to mztxaric water s~llces frcm the surface daJnward, with 
soluble material aissolviq as meteoric water passes thruqh. 
''Ceep ~ l u t i c m ' '  ShaJS an irdirect caarecuantomdeorz ' C  water w i t h  
dissolution initially m l y  &in& Stratigrashicdlly arxi not 
imdiately affecting the m a o e n t  mcks exept by brittle defonuation 
as a of removal of material frcm the affect& bed. 

?hese ttn, kinds of pmceses, in the rev- liteature, result in gnxssly 
different f e a w  as they are presenred in the geological w. 
N e a r - s u r f a c e ,  karst-relatd processes w i l l  result in a sequexe of brecma 'ted 
material with sharp bmrfaries at  the upper surface (Fig. 7.2a) as aepaSition 
covers karst and ends the precess. m 1- extent of dissolutian may be 

wrrtrolled a t  a xater table or a t  sane &mi& kaxdary, bLR, unless the 
dissolution prceeds to a very matme stage, the lower bandary is likely t o  
be poorly defined and irregular. 

1- bandKy w i l l  usually be much shazper, defined by an insoluble ormxh 
less soluble underlying rock. 

laterally, and brecciation w i l l  pmpagate uprard to a variable distancr! (Fig. 
7.2b) in reqonse to the renwal of soluble mck. 

generdlly, in this process, be nnre diffuse anl undefinable, unless m 
m a t e r i a l  is that fracturing Prapagaees uniformly to the aaface. hk 
shauld still efp=t, hcwwer, that tfE bmxiation, as described w e l l  by 
Middleh (1961) an3 athers, w i l l  decrease upward as the hactures becrme 

By dissolving a bed buried to scare dep&i, a 

- 
Ihe breccia is likely to be mare centirarars 

?he uprard bandary w i l l  

hairline cracks to miQpcracks ard my c t h p p a r .  

that there are reeks inwhich dissolution has occurred, but inwhich the 
process has long ceased t o  operate. 
two differing kinds of evidence of dismluticm episcdes frcm the geologic 
past. W criteria by d c h  these a-m decidsd the issue are that 
deposits over1yh-q a surf- that had been brecciated w e x  unaffected ani 
that cayensation in the form of dep36iticn had taken place by a particular 
pint in geolqic time. 
adjustments may IlDt easily be h b z p m t d  to- i f  dissoluticn is 
contrkutiq to the adjustment o r m t .  It may be in a develqmental sbge or 
have been cupleted withcat  a unique stage beirg assignable. 

l'he time of dissolution can be wsll-defined in sam cases. It is clear 

lardes (1945) and Parker (1967) v i d e  

present day geamqhic arxi sedimentologic 

I 

(;ustavson 
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(1986) and other authors describd the palo -in have ccmpikd 
dissolution. Amxq these criteria, criteria they believe indicate contuaurq 

local subsidence ard water carry* a laxye chloride ccntent are the 
diSSOluticn. 

. .  

. .  
clearest, mmt easily accepted evidexe of cxmtmwq 

A partiailar pmblem, largely ma&hssd a t  this time, is assessirg the 
effects and extent of early or synsedimentary dissolution. Amxlgthepapers 
-eyed, few reveal any consideration of early or diSSOlUtion 

i n  mrk.inp at  the WIPP 
of evaprites. 
dissolution i n  me horizon fmn the salad0 as 
site. Hovorka (1983a, i n  press) PmVideS Widenee of synsgiimentary 
dissolution of halite to pruiuce disbxhd t e x t u m s w i ~ p a r t s o f t h e s a n  
~ndres Formation of the Palo rxlro Basin. 
dissolution of these most soluble of rocks, mly these present significant 
evidence of syn * *  ty dissolution (other papers consider mainly 
microscopic evidenm of very minor remnml; e.g., ardschreiber, 
1977). lowenstein (1985, 1987a) prcpxes that early -is cmments and 
p l v  halite mi- before the sediment is turiea deeper than a few bzns of 
feet (several m) . 
tied very cl&y to the seaimenta tion surface by ataezvation, carsistent 
w i t h  the proposdL by -in. 
&tion of mDdern analogs for evidence of significant dissolution. 

areas w i t h  mites to areas w i u w t  -rites or w i t h  a dacreased 
section. 

g e o p r y s i ~  log interprets ticas. Rris appxch, wlemented  by s a ~ ~  am 
jnformation, w a s  also used by Andezson ard others (1972, 1978) am3 by other 

Delaware Basin. ki reviewed in sweral scures, the principal justification 
for this practice is that W l y b q  and overlying d t s  are la teral ly  
extensive hna ~IWS w i t h  salt to areas w i t b a r t  salt: it is Miwed that 
lateral facies changes w i t h j n  salt beds did not occur over short distanms 
either. (1986), A r & r s a ~  ard athers (1972, 1978) , ard Parker 
(1967) clearly follcrw this line of reasmhq. Anderscp! and others (1972) 
u t i l i z e d  the correlation of limited sequences of anhydrite/carfxnate ccuplets 
within the Castile to balster their belief that sulfatic an3 chloride beis 
exterdd virtually fmn side to side of the cdaware -in. 

Of these, Fcwers and Hass- (1985) relate synsedimentary 

Of the papers ]auwn to consider 

' 

Early dissolution features as uley are presmtly ]auwn are 

It seems clear that the rocks demard an 

The extent of dissoluticn has been assessed largely by extsapdLaticn fran 

Far- (1967) presents an early -1e based nearly exclusively on 

authors a- ' to UXkEhId the exterh ard Of dissoluticPl in 

zhis pxwides a 
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canservative, Kper limit to the extent of salt aissolutian w i m  the 
basin. It is also clear, hawwer, that w i t h i n  salt pan env- 
(Laenstein and w e ,  1985) lateral facies charges may ccan- over rather 
short aistances , enhanced by the depositional changes that bring dlastics to 
the margins and remwe soluble nnterials. In a&Uticm, as water emprates 
fmn basins, tha brine is restricted to wll-defined areas, again resultirq 
in lateral facies champs over short distances . W i t h i n t h e I h t s t l e r  
Formaticpl, as p r e v i d y  discusd , a?x3 in the San Am3res (Hcuorka, 1983a, in 
press), significant c & u q ~ ~  in envimments ana/ar relative sea level may 
(xxw rapidly, result- in the rapid cover- of an area wia a carknate 
fmn much higher and fresher water. lhese units may extend laterally far 
beycsrl the extent of a previ- saline p, ard they should mtbe cxmsiderea 
direct evidence of the extent of the mst saline facies. As i n  6cme previa.Ls 
types of ev-, the extent of eMporites w i l l  have to be evalua td  basin 
by basin and case by case. 

- 

?he rate a t  which evaporilxs dissolve is mt easy to evalua-. 'Ihe 
miteria and examples pmvided by Parker (1967) may be as clear as any. 

units which adjust to dissatutFcn have 1- the w i l l i s t o n  &sin, sedtoentary 
anl 
of the F?qbenj field of North IXkota clearly toakplace 
Jurassic, banrled by the depo6itiCar of the S w i f t  Fonnaticn. 
100 f t  (30 m) of 

years. w i t h i n  the mawam -in, c&f.Lrerrt authars have attriRRed 
dissolution to widely vary- len$hs of time as far back as Penuian. 
significant amxnrts of waporites have been cu~~idered dissolved even as 
early as the tim of the en3 of Qstile depcsition (Arderscn a d  m, 
1972; %&man, 1974, 1976, 1980). In cukrast, &de?xm (1978, 1982) ard 
Arderxln ard Kirkland (1980) attxihxte mDet dissoluticn to  m z o k  ar later 
m z o i c  time. 

rate-deper&nt. Breccia and brecciatim are considered cowequenees of 
evaporite solution Kd suteidence/wllapse. -, SeVerdL authars (e.g., 

Amkzson and athers, 1972, previcxlsly quoted) have also h t q x e t d  
dissolutim to cux.r under same 
laminat& anhydrite beds wi- halite beds may be m%sb.&d while large 

volumes and perentags of halite are remwed; at  the saue time breccias a m  

In - 
kxam3s well defined in g e o l ~  time. 'Ihe adjustment within parts 

the latest 
* W Y  

SaaimentS ws?xe depositaa w i t h i n  a few d l l i c m  

me forms whicfithe dissolution residues take are often mrssidered 

so graaually that thin, 
*- 
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formd aroLlllci the udstl&& thinanhydritebeds. m c u g h t h i s ~ i s  
mtaaMcateainthisreport , i tuaybehpxhnt  marisk-view 
to  question whether such a slm, gradual process warld, even i f  it ~CCIIZS, be 

of any 

events and processes that may be said to h l v e  the dissolutian of rock 

materials. W i t h i n t h e -  V f  m d  types of m r  

to a waste repcsitozy. 
Follming this last point, it is -iak to anrment on the scale of 

sanetimes given mi- names, may involve small or large awnts of 
dissolved rocks w i t h  transpcat distances of solutes rangirg fzun mi- t o  
kilcmte?=s. 
destruction of pcamity is near one end of this  scale. 
sedimentary rpck is free fmm the minute effects of diagemsis, irt=l.* for 

sane the effects of weatherirg inmediately follming depsitim. W 
well-knmn, i f  imperfectly urrderstood, - are not reviewed here, 
th- their effects are seen even in the W e r  (QI. 8 )  an3 are reported. 
Near the crther end of the scale, relatively high 
wnsiderable vol1p3pe may be caqletely hrrn the system. scale of 
p-dcansequent features are of principal cnumznwithinthe previaJs 
review as these are the scale of processes and features that are hypthesized 
andreported, respectively, tooccyrintheFastleraswellasinthe 
underlying evaporite formatiaprs. 

normally a t t r ih t a i  to dissolution. ‘It is quite clear, fmm prblisbea 
studies of dissoluticm of the Ehlstler and other evaporites in the 
Win, that dissolutian is a tam used for pxcaxes ccanzirq l c q  after the 
deposition of the affected units. The term is used in the saue sense in this 
report. W are @mmlem asscciated with very early, ?-My 
synsediruentary solution of w r i t e s  fmm the Rustler, o a x r r i q  befare 
burial d lithification. 
process includes the effects of early muml of evaporites fmm s ~ o e  of the 
same units interpreted by as dissolution having occwred after byial  
and lithificaticm. synseaimentary prooesses are d M 5 q r ~ A  ’ fmmlate-stage 
dissolutim in  this report by call- it early or synsedinrentary 
dissolution. 

pressure solutian fmm g m b g m i n  ccntact and the creaticm or 
Hardly any 

of rodcs of 

- 

It is impartarrt also to note a dtstbztion in timing for the 

In that sme, paa of the reported 

Such features and processes clearly are assodated with the 
sedimentary histcny of the units, diff- * ting them as well because they 
may be elimi~ted frcm the calculatims of the 
affecting the WIPP a t  sane future time. 

of aissolutian 
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c 
?he genw.al features that are n m t  widely accepted as evidence of later 

dissolutim a t  depth are arqular breccias that have Prapagated UPJard kxt 
with dmkhhuq * strain. m e s e h a v e l a J e r ~ t h a t l o c a l l y a r e w e l l  
defined. Early, dissolution or dissoluticn befare ahquent 

burial reveals an upper bmn3ary that is stratifarm. 
relationship are -lid to the plvsical features in m, shafts, 
and geophysical lags in the next chapter. 

of these 

7-27 



- 
8.0 ~~ITIcN?LAmEFaTxm 

T h e  late Ftmuan * FUstler FormatiCn has a ccmplex @-depsitional 
history. D i a g e n e t k d o n s a n d m e c h a r u  ’cal mspmses to varicxls stress 
fields have a l M  ard in s ~ a e  cases have drastically ChKgedthe 

and the Mture of Rustler rocks. Ali3laqh the origin and histmy of any cme 
of the past-depositional alterations within the M e r  may be very axplex, 
each feature is the result of cne or lmre simpler ue&ankm .?hese 

mechanisrsorprocesses&beunderstoodanlkeptinperspecti ve. A l l  
pt-depsit ional modifications or alteraticms are the drivm by 
disequilibrium. a-muical disquilibrium causes either the addition of 
solutes or the subtmd~ ‘on/remwdl of solutes. 
stress field and the rock may result  in a mecharu ’& adjustmwtrtoirad 
equilibrating the systan. 
considered to be -ic featutes, while mechanicdl d c m s  to  stress 
fields cause ucst of the r e m a w  pcst-depsitional alteratims. 

they can all be attrilmtd to the operatian of one or buth of the follcwirq 
chemicdl n-actions: the z&ition of solutes to, arcyOr the remmal of solutes 
fmn, a particxitar site of d c m .  Ukewme ’ , a l l o f those  
past-depa;itional features that can be attxikutd to a 
the result of a mechanical, albeit ductile or brittle, respmse to Mziaus 
non uniform stress fields. Nan unifozm stress fields can result fmm the 
action of either teztom ‘c Fapcesses 0rchemiIx.l didgemsis. 

-, and recognize the importance , of early/syrrlepcsiticmal chemical 

diagenesis, including solute addition (e..g., Atakel, 1980; Butler and w, 
1982: Eugster & Hardie, ~ 7 8 ;  Gonritz and scfireiber, 1981; HaniLe, 1968; 
KinsMn, 1976; and W e ,  1985: shearman, 1970, 1978; and Smith, 
1971) ard solute rplMval (e.g., SChreFber and Schdber , 1977; Hardie ard 

Disequilibrium between a 

general, chemical reactions cause what are 

Reqadbs  
of the amplec i ty  of the genesis of any cme M v i W  dhger&~ ‘c feature, 

- 

pmcess are 

Mrmercus studies of evaprites report, htetpmt, or hfe tbe 

’ 

others, 1978; Havorka, 1983a, in pxess; mmsten * andHardie, 1985; and 
pawers and Hassinsfer, 1985). As early dhgemdx ’c &wls are CCllmDn w i t h i n  

for the fomation of many of the dhgnst ic  evaporite SedimentKy skwtmes 
unique to a particular depcsitional s e t t i m ~ ,  it is necessary to d i f f m  ‘ t e  
beisem those early/synaepositional diagexb ’c PeadiaPIs and thc6e late sbqe 

diagenetic reactims not related to the original depositional setting. 

the depositioml settings of mcst evaprites and, in fact, are -file 

_. 

So, 
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for the pqxee of this stuly, early/syniepsiticmal dhgemti CreaCt i cmE 
w i l l  not be considered in the same context as later diagenetic reactions, and 
the follcWirq definition of late stage didgemtic fea- w i l l  hold. L a t e  
stage diagaetic features origitnte in  a system not closely tied by time or 
original grunriuater d t i a n s  to the host material. 
features formed within the 
deposition of the host mater ia l  are omsidered to be part of the aepoSitional 

In other words, 

water system a t  or near the time of 

system and w i l l  not be discussed in amtext w i t h  la- aiageneti C 

features. 

8.1 CEMWrs 
several e were observed a t  mi- locations thmx$mt the rustler 

?he clastic rocks near the base of the biotuzkated clastic intenml section. 
and w i t h i n  H-1, H-3, and H-4, and locally M-4 C0ntd.n halite Cement. W6t 

halite uments appear poikilitic. Halite emmts are onwum w i t k i n  

halite---  lock^, but as yet, IY) clear methcd exists for'miquely 
aistbyishiq between halite cement precipitated i n  the near sur fae  
envj.mment and that precipitates clurhq burial (m * andHardie, 
1985). lhis be- the case, IY) 
H-1, H-3, or H-4 can be made. 

part of the M e r  clexly have a diagenetic origin as halite w a s  not 

associated with the depositional settirq of that unit. 
w i t h i n  the intezval s both abare (H-1) and belm (the Salado) this zone, it is 
likely that the solutes that fonred the cement were derive3 ~IUU ane of these 
zanes. 
origin. saw of 
these voids are m o ~ l o g i c a l l y  similar to skeletdl and displacive halite 
crystals, while other voids are irregularly shaped. 
intergrarniLar Cement in the vicinity of the halite-filled voids. 
halite-filled voids are relicts of displacive and skeletal halite crystals 
which have suffered synlepositianal d k d u t i o n .  Ihe cements fonmd after 
the partial dissolution of the halite crystals, pmbably saretme * d u r j n 3  
early burial (e.g., , 1987a). 

mer. 

t i c a l  of timirg of halite - in 
m, halite ceumks within the laJermost 

ks halite cuzurs 

Halite cements w i t h i n  M-4 prubably have an early or Synaeposititmal 

'zhin &om fmm M-4 a t  WIPp 19 sbow halite-filled voids. 

mikilitic halite is an 
Ihe 

* 

Gypsum are culmnrl w i t h i n  Sam? of the clastic units of the 
~ypsum cewnts have been ohserved in the trand3.cn zme, the 

Magenta, M-2, and M-3. A Synaepositional Origin has aSSirplea to the 

-. 
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c 
4ypfllm cemented part of the transiticn z- and it w i l l  not be 
here. 
rnldteMember. ‘ IhegypnrmconmIts ‘ relics of laqe pikilitic anhydrite 
crystals. ‘J3e fabric locally to be ercpansive. It is likely that 
much of the sulfate originat& as tmnqc&d grains; widenoe of thee 
grains has been destmyed by one or mre episoaes of replacamt/alteration 
of gypsum w i w t o  anhydrite and back to gy~slr. sape paikilitic gypslm! 
cement om2u-5 within the -parts of 8ape of the nrrdstane (M) units. 
Hawever ,  no anhydrite pzeaxsnr was observed. 

while others are not so cmrsely crystalline. 

~ t h e m d s k m e u n i t s .  aEyarenE6tcomrnnearthetcpandthe 
base of the nndstones am3 near sulfate irb~%&~. 

Gypnna cenent oc~ll8 as an alteraticm of anhydrite w i t h b  the &fagab 

Gypsum cements cccur locally w i t h i n  M-2 anl M-3. Scme are pikilitic 
The are mt penmsive 

8.2 

ov- art clastic grairs are fcurdwithin SQIlB ZQneS in 
the Rustler. S i l t  and very fine Mld-sized within the 
and sane of the Im&tone (M) unib, -it euhedrdl tenninatiarsarddark, 
irregular, anl m y  elliptical rims of foreign material w i t h i n  the 
crystal. l ? l e s e e u h e d r d l c r y s t d l s a r e ~  tobedet r i ta lgminswi~ 
guartz-. ManYof-quartzgraFns---. 
mese gIains and their -were present prior to the doldtizaticm 
of the gram3 mass. 
display thin, mughly elliptical zows of dark material which are hbqxetd 
t o  be the original clast baadaries prior to overgrclwth developnwt. Ihe 
volume of the wergmwul is usually nu& greater than the original a. 
Ihe marqins of the OZixMte grains -y display eviderce of anmsion. 

m e  gypnrm avergIowths an fine Mnl-sizdgrah of gypslrm are f apd  in 
thin sections f r c m t h e ~ H  intenral of WIPP 19. These gxains have mt been 
replaced by, or altered to, anhydrite sirce their Qpasition and 

overqrmth. ?he p i n  mycrin might have suIvIve6 the replacepent of gyparm 
by anhydrite, kR it a x l d  not have sumived the capnrersian to anhydrite. 
!me a n h y d r i w  cxmnrersian waild have destmyed the orighal g m h  

- 

Euhedral- of CarbcMte w i t h  M-3 andx-4 
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8.3 S l Y I f ) m  AND PRESSURE SOLUl'IW 

stylolites dfmmdrate presswe soluticn w i t h i n  the Rustler anhydrites. 
?he stylolites within the anhydrites are subhorizcntal to hcnrizcntal ard cmly 
coar w i t h i n  laminated sulfate. Clay ard mark the stylolite 
surface. 'Bey are srtremely ccamncn w i t h i n  the Rustler anhyrhites. 
pressure solution w i t h i n  the Rustler OCQvred i n  respmse to a sh.ess-field 
w i t h  the maximum principal stress in the vertical. Qlcium sulfate w a s  
liberate3 by the presmre solution ard remwed frcm the site of reacticn. 

8.4 

Replacemerrt ac~vs when the pmceses of solute addition ard remwdl are 
Fs€lld-i al?= ir&qm&& to be replacements. sirmrltanew ard balanced. 

Thenrst ccmrcn -1- is anhydriteaftergypsum as -. 
scanetime prior to nwinnnn burial ard the develqxrent of stylolites, anhydrite 
replaced gypsum on a volume for v o l u ~ ~  basis. 
gypm did not wxr, as a volume K&UCAJ *on is associate3 with that reaction 

and no evidexe of volume &arqe is fand.  mien or dehydxati.cn of 
4ypsum to anhydrite wxld cause a lcss of original depositicmal texhnes. 

Cnnvesion or dehydration of 

seccalarygypannafteranhydritecccurs~theanhydrite (A) 

units. ~ b o t h g y p s r r m a n d ~ t e a r e p s e s e n t , t h e g y p s u m c r y s t d l s  
usually cmsscut the mite crystals. Ihe vollnlb2 of gypsum dserved 
w i t h i n  the anhydrite (A) units is at  a minismna near the centers of the 
A-uni t s  a d  amaxinm near the -ins. Fklaticmship bebem the ~ ~ F ~ U I U  and 
anhydrite fabrics cmmt be deterrmned * whengyp;umisthemainaarstituent. 
-er, 
ccnversion of anhydrite to gypsum ma not observed 
within anhydrite. 
replacemerrt of anhydrite when mite is the major castituent. 
relationshiphetweenwhatiscanrertedtogypsLrmard~tisreplacedby 
gypsum be comes less^ . asthepeKab3eofgypsumincrsases. 

hisplacive as early syldepoaiticmal xdules  and partly replacive. 
Stratificatim w i t h i n  the arkmate swxmduq ' sameof thegypEilllpfilled 
~ l g s  appears to havebeendisplaced away franthevug. TYds -an 
early syldepoaitional displacive origin for the wgs. Ihe majoriw of the 
wigs, hawwer, do not have definite expnsive textures preserved wi& the 
SurrCIunding carkmate. In fact, m t i f i c a t i o n  w i t h i n  the cazkmate often 

* of the fabric caused by a mlme kxease during the 

So, the gypsum is htetp&d t o  be a volume for volme 
gypsum ocame3 

Ihe 

-filled vugs within the culebra are tobepartly 
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tenninates abruptly at the wg-carbnte mugin irs3icating that sure of the 
C Z U ~ J M ~ ~  was -red. 

faurl w i t h i n  the vug fillings. 'Ihis wests at least a m y  replacive 
origin of the sulfate vug f i l l ing w i t h  m evidencs of passive pare filling. 
Relict crystals of anhydrite are pmsemed as centers withjn sure 9ypsum wg 
fillings at H-12. ' c  relaticmship Mcate that m t e  cnce 

again, as late stage expansive- are* CQmmCnly asscciaWwithor 
attri.ht&tothedevel~ofthevugs,gyp.nndidmtresultfmm#e 
hydration of anhydrite, krt is instead, the volume f a  volume re@- of 
anhydrite w i t h  gypsum. 

replacive of anhydrite. R e l i c t  crystals of antiydrite occur within the 
Magenta. Gypsum to CrOSSCUt optically CcrRirnvXls Mhydrite 
crystals. Anhydriteis htexp&A tohavebeentheprincipal sulfate 
present w i t h i n  the Magenta aTKI to have been replacedwiul OPT mnvertedto 
9ypsum. It is m l e  that 
originated as M t a l  grab of gypsum. lhese 9yp~pm g d n s  wze prchbly 
replaced by anhydrite prior to mmcinum hsial ard later r e p w a m e r k e d  to 
gypsum. oanrtusion to 4ypnnn w i l l  be discued in the f o l l d s q  secticn of 
this m. 

Halite peuicmqh after gypam! swallowtail crystals are ammm within 
thcse anhydrites in ccntact with halite mi-. Mxm halite 
after gypsum are pmsent, the reudnirg sulfate rcck cunists of anhydrite 
with m, or very little, ~~ypsrrm. mike anhydrite, halite appars to c d y  
PseUdanorFh CQarSelY crystalline gypsum, leavirq the gmrnd ==b- 
unreplacd. 
crystals Mate that the anhydrite w i t h i n  the swmmlmg * Itaterialis 
micro- to finely crystalline while the anhydrite within the swal1wtA.l 
crystal form is also finely crystalline (slightly laIyer than the gmund 
mass). Halite is intezpretea t have*^^-^ 
crystals prior to, or synchnncus w i t h ,  the replacment of gypnnn with 
anhydrite. 
required to replace micnrrystallinl? mteial. After the gypam!ms replaced 
by anhydrite the whole rock was finely crystalline. 
anhydrite, there would have been little l~itsan for the ha l i te  to have 

- 
No evidence of crystal grcwi31 inward into a void was 

entirely filledthewg.3 ard ismwpartidlly replaceabygypam!. Qrm 

Gypsum is a major d t u e n t  w i t h i n  the Magmta aTKI is at least m y  

of the sulfate within the Magmta - 

'Ihin d o n s  of anhydrite pseudcmarFhs after gypslmn smllmtail 

Ihe energy requird to replace a large cxystal is less than that 

,- 
If halite had replacerl 
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preferentially replaced the swallowtails. Halite replacement wculd have mre 

H a l i t e  replaced aragonite allochems in  the cartxrmate-ricfi unit equivalent 
readily occllrredwhen the rockwas gypsum. 

to the bioturbatd Clastic zone of the- 1- mE?mber. 

shell fmgments are the mmt ccnmnan allcchem affected by halite replacanent. 

III marry places, the halite ccnterrt i n  the matrix is volmztrically 
greater than the cartxnate. As the allocfierns did not collapse within these 
zones, the halite aiuld not have bem a void fi l l ing cement, but insbzd, was 
a repla-. 

d halite p ~ a w ~ @ h s  after vertically g r a ~ n  gyps~m crystdls. 
blades of anhydrite project irrt0 the crystals of halite. 
interpreted to be replacements as the space cccupied by a halite caild not 

have remained cpen while the anhydrite czystals grew into a void. 
aorqate d o l d t e  crystals occur w i t h i n  halite pse&nc~m after 9ypslrm 

'Ihese crystals caild not have 

Shells ard 

Anhydrite replaad halite along the mysins of crystals with in  anhydrite 
r c r S r  thin 

'I?iey are 

CIyStals in the unnarmed 1- mwber Of H-12. 
qrwn irrto void space, as the void w a i i d  have callapsea. A rep- 
origin is pmposed for the elongate d o l d t e  crystals. - - (e.g., 
Havorka, 198%) have htqxet& nultifaceted d o l d t e  CryStdLs in halite as 
replacapents. 

- 

mlanite r e p l a d  sare detrital an3 authigenic quartz grains w i t h i n  the 
Culebm. samequartzcrystalswit3lirregular an3-Yed=dJ=have@=t 
lna?SJins w i t h i n  the d o l d t e .  other quartz gdns aisplay im?gdar or 
h y e d  m;imins w i t h c u t  any ev- of replacemnt. Samz authigenc 
crystals am2 gdnswitheuhedrdl- also-it cormdedmarqins. 

me authigenic quartz crystals and quartz qxains w i t h  averqrarths fanaed 
prior to do ld t i za t ion .  lhe doldcrite grmrd mass has partially replaced 
the quartz grains am2 crystals. 

8.5 REmYsrALT.zmm 

&cqsbl l iza t ion  oocufi when crystals, W hxeased teaaeraturesd 
pressures during burial, change their morFhology to minimize energy. 
ReQystallization results i n  quigranuhr crystals w i t h  few ixlusions as 

halite yield triple jw=tianS at  angles of m y  120 degrees. 
f o r a i g n m a t e r i a l i s p n g e d t o t h e c r y s t a l ~ .  Annealirqtexturesin - 
texh.rres are usually -destrqre by reaystalliztion of evaprite 

Depositiimal 

lnulemls. 
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Halite at several locatims within the F&stler is htxqr&& to have 
been recrytallized. Triple junctions, plrged inclusims, and qdgmmlar 
grains showing no depositicanl fabrics a l l  a x u r  w i t h i n  that part interpretea 
to be reccystdllized. These texhxes are fapd w i t h i n  zoares H-lb an5 Xi-3. 

B e  reQystallizatim is pmbably the result of cause3 by lcediq 
rather than increased tanperature during k4lriala.S the gEldient 
within the hlaware Basin has been cansidered law. 

Recqsbl l ized  gypsum QCCI~ZF at several locatims within the lustle.r 
section. ThebaseofA-5isreaystall izedattheWhandlbqshaft(IWlt 
and PcXJeTs, 1984). Same of the coarsely czystalline gypmu fami in the 
1- part Of A-2 and A-3 is tobemay&lllized. ?hefinely 
crystalline g y p m  waa =rganized i n  the 
lithologic aartacts. 

of fluids a t  the 

8.6 CXCIUM ' S S '  
lbe relaticplship betwen anhydrite d gypwmp is ax@=. The stabuity 

of each aepene upcn tenparature, presnue, arrd tbe i& etrerqth of fluids 
incorrtactwiththeminerdls. ~batharepmsent,oneisreta&ble.  'me 
actual pmcesses of either replacement or cuwersicm are not w e l l  
understood. Anhydritepeuhm@saftergypannhaveyettoberepartedhom 
modern evapxite depasits. 'Ihe wlme pmb1e.m associated w i t h  the canrersion 
of one to another at lithmtaticpreswrrehas yet tobe aaerplately 
a d r e s d .  
not unique to, tbe s-le hydra* of mite to or &hydra* of 
gypsum to anhydrite. mess the sulfate was cnly a m i n x  ccnstituent within 
thesedhmt , primary depositional features within tbe sedimslt warld be 
destroyed during the simple conversitm of m e  to  -via the additicm or 
s&tn&im of water fran the crystal structure. Gypsrrm or anhydrite that 
has undergople sinple amvexsicn retams ' rn primary depositional &mztmss. 
mg. are a l l  be severely deformed i f  not QBtmYed by the wlrmre change. 

Ihe majority of the m e r  sulfate shdied PliiCeOSCQPiCally and 

- 

HaJwer, cne f e a t w  is Buggested here to be indicative of, but 

micnxaJpicdllypresenresprimazy seaimwtary stmchms arrlsh-m no 
evidence of either expansive or implosive texbxes. 'Ibis indicates that 
replacanent, not s-le caonrersion, was the main prccess of change betwen 
thetcm 

- 
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sulfates. Anhydritepeu’ , t l . i r q g y p s u m i r d i C a t e e r e p l ~ .  several 

h i m y  gypsiferazs zones, hmever, preseme fewitr original depositional 
texhnes tban are pas€wed else&3x where replaceperrt of gypsumwit3l 

anhydrite clearly has ccrwred. 

the canversion of anhydrite to gypsum in the preseme of fluids. 

t h i c k n e s s  w i t h i n  the Rustler in the vicinity of Nash Dmw are the r e s u l t  of 
the “jackirq L@ of the section due to the voluue change during the hydration 
of gypsum. 
rpJBdls an aknrjance of pr* featmes presea& w i u l i n  the mer 
anhydrites. 

anhydrite t o  gypsum in the presence of fluids ocaured. 
RLIS~~E?C section w i u l i n  Nash Dmw is brecciatd. 
w i t h i n  the Salad0 Formation i.rk3iath-q remwcil of volume Arrm w i t h i n  the 

Mado. 

apparerrt increase of thiclcness wii3i1-1 Nash Dmw. lh.& aFparent thkkmss 

adjustment affects nearly all of the units the Rustler, mt just tbe 
&fates. 

secondary. Same of the M e r  

meSe zoms are thin and laated at the base 
O f  A-2, A-3, A 4 ,  and A-5 and a t  the tCp of A-3. lhese have seen 

several authors (e.g. Snyder, 1984) have Farposed that hxeased 

Detailed description of axes fmm the Rustler w i t h i n  Nash Draw 

So, it is unlikely that a l a q e  scale s h l e  conversion of 

T h e  breccia originates 
In aaaition, the - brecciation has 1- the M e r  sectiar giving rise to an 

N o t  a l l  of the gypsum in the Rustler 
gypmm is primary and was m CQNeLted to or replacs3 by anhydrite. 
~ypsum overgrowths on clastic gypsum grains are preserved w i t h i n  tf-3 a t  
hTpEL19. 

theykeenconrvertedfrananhydritetogypsum. oulerprimaryfabri~ocarrin 
gypsumfrmnmdstcne(n)uni t s .  nlmpmtivegypsumcrystdlsare-. 
Isolated, twinm3 , stellate, arml Wte crystal forms are present. 
Lentiailargypsum is rare as the prcpEr0rganic ampards mqlired to form 
lenticular gypsum (w, 1979) m not present in the aepoSitimal w. 
Mostlhlstlergypsumisdhqmetl ‘c. A n h y d r i t e m f o r g y p s u m a r e  
-. PrimarygypsrrmoccursanlyinthenudstDne(n)lmits. -the 
nlu3stoneunits pmtectd xrmegypsum~diagenesis. 

internal texture of the&? grains waild not be preserved had 

8.7 FRA(sNREs 

MU& of the m e r  and the overlying Dewey lake is extensively 
fractmd, w i t h  xcany of the fmctures fi l led w i t h  fibruus gypsum. w i u l i n  
amptent mc)cs, the majority of the fractures are hcuiz0nta.l or 

-, 
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subhorizontal and parallel to bedding planes. 
fra- m less CPIPIW. 

separation along a s-le frachna. 
relat- shar that the hachne style dlarqed tlumgh time. 
Gypum-filled fmctwxs occasicmally parallel slidensided surfaces in the 
mdstcme units. 
gypsumn-filled fracbms have slickensided surfaces. Ple sli- 
pmbably developed as the m&tnrb¶ units deformed due to lCmdil73 anl 
unloading. 

collapse (e.g. MiMleton, 1961). soluticn collapse -Y 

f r a m  ard Qacks, an3 then lnd&ukd beds. w i t h i n  WIPP cxrres d 
shafts, fractures are ccmaepily, but not eLlusively, horizcntal - ‘Ihey- 
in zanes that are not well - or omthxms in the v e r t h l .  
'Ibis f- style persists -the D&rfey hke. W is no aFparent 
relationship of WIPP fracbrirg to dissolutian at the site an?a. A vertical 
to sub-vertical m k r i m r m p r k i p a l  stress in ilxlicaw by the brimnwl to 
sub-horizcntal fractures. me orientaticm of tbe least -pal stress xas 
SOmRJhat variable, as suggested ky variable frachxe orierrtatians. Ple data 
are consistent with an unloading origin for Iblstler fmcbxes. Differential 
Unloadirq is considered resparsible for the majority of the M m  
fractures. L 

Subyertical ani VerLFCal 
Gypsrmn hachpp fi l l irqs usually w t e  

saveral episcdes of CrOGBQRtFrq 

lhis axura at the exhaust shaft, \Irhere arcuate 

n’lese fralztures are aissimilar to fmcturirq a s s c c i a ~  with SolUtFcn 
’ 

decrsase clast sepration to give way to  a d e s  of fxactures, hairline 

I 

8.8 FRACNRE mLwNGs 

F r a c t u r e f i l l i r q m a t e r i a l s a r e v e r y m m a D n ~ t h e ~ e r .  nm 
types of fracture fill* OaQV within the mstler: halite and gypml. 

Halite-filled fachnres to be ocpltained wi- those zmes 
contaw halite (H-1, H-3, anl H-4) ani W i t h i n  the 1- part Of ths 
unnan& 1 m m e m J x r  between H-1 and the RE?tlar/Salaao CCrRad. 

halite fra- fill- are fibmrrs and may be cl-, dte ,  oxarge or 
blue. A few of the frachrre fmm d o r  Zcrred (e.g. WIPP 19) in the 
clastic dts  located stratigra@dcally belud H-1. W i t h i n  the hali- 
dts, the halite frachne fill- are ansidered to be qnbxhl ,  while in 
the clastic units Mud H-1, uley are qmlzxml * aniantitaxial(afterRtmq! 

arrl Rarnsay, 1973). 

I&& O f  the 

- 



- 
-filled frachnes ccmnrily m the H-1 d t  that Unit 

is present. 
are bath SyntaXm ard antitaxial. Pieces of the wall-rocJc material are 
ccamnonly inclw w i t h i n  the fracture fi l l irg.  lrLsst of the hqer fibraJs 
fracture fillings d.served within the Rustler appear to have a a n n l  line 
which always parallels the f r a w  surface of the host material. Ihe suture 

line is the site of amzderate to ahmiant arrmxlllt of indlusion of w a l l  rock 
mater ia l .  b b s t  of the fibnxs fracture fill- are parallel to host rack. 

Hmever, sane are tilted away f r a n  the m a . & a r ,  and in rare cases, some 
are sigmidal. 

the fracture opens in small increments. the fracture init ially opens, 
this Creates a void and a zone of law pressure. 
fluid migrates to the site of law pmssure. BE ipressure decrease axpled 
w i t h  newly created void space is om3ua 've to solute precipitatim alorq the 
fracture surface. If the f l u i d  is near saturaticpl fur a particular minerdl P 

the pressure demease associated w i t h  f n c t d n g  can drive the fluid to 
become saturated with that mineral and precipitation can m. If  the wall 
rock and the fracture fi l l-  canimn * thesauemineral IavergmWthuKn 
grains or crystals of that mineral w i l l  m ard the fracture fi l l ing is 

thesamemineral as that precipitating in  the mid pmvidd by the frachme, 
then nucleation of the mineral m, ard the hacture fill- is antitaxial 

(Ixlmey an3 Ramsay, 1973). 
fracture fill- as small parts of the wall rock are included WithFn the 
crystals during the iniW fmcturiq ard precipitation. Ihe subre line 
exhibits the saue morFbology as the 

Ihe gypsum fracture fillings are clear to white ard fibmus ard 

F i b r c w  fracture fillings result frcm grrwth of the jrriividual fibsrs as 

-line or pare 

-. 

Vki.ial (Rrmey ard Ranrsay, 1973). If  the Wall rnck does nOt Caw* Of 

TIE suture line is mDst visible in antitaxial 

surface on the wall mcJc. 

Once the initial fm3xring and SubSequerR precipitation cccurs, the 
fractae fi l l ing grafi  -1y as the hachnre f i l l@ minerdL 

in the direction parallel to the fracture surface, so theylmrst gmw 
mnpetitively in  the dixect~ 'on perperrlicularto the w a l l  rockard away from 
the seed crystal. M s  causes a fibrax Q.ystdL habit to develcp. 
habit is visually enhanced when the f i l l i rq  material cewists of one of the 

precipitates as -. lhese (NeT9rcwu1s are CCllstraFned by ea& other 

'Ihis 
- 

1s that are readily twinned (e.g., gypsum). 
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. ‘4 - the flzlcturing cmtmues , sepration ocu3rs betwerl ane side of the 
fracture fi l l ing and the w a l l  rock. Fluids luigzate to that point, m 
precipitaticm then occuzs at  the ccartact between the w a l l  rock ard the 

fillingmaterial. S o , t b y a r g e s t p a r t o f t h e f i l l i t q i s n e x t t o t h e w a l l  
rock, alxi the oldest paa. of the frachlre filling is adjacent to the suture 
line. me width of the frachne Q1 each side Of  the suture line is related 
to the availability of Weal mtrimta an3 the fresuency of m s e p r a t i c m  
by fracturing alcq each side. 

Ihemorpbolagy of the fibrous frachve fi l l ing is the result of the 
stress field w h i c h  pmauCea it (Rnney ard m y ,  1973). Fibers 
perperdiculartothe fractw33 surface irKlicatethat-was Iy) 

parallel t o  the frachxe surface at  the time of fmctwmg . asubsequerr t  

filling. Fibers that are tilted with respect to  the we -ate 
that there was a ccqment of d i s p l a m  parallel to the fractum surface 

and that the cmpment was present ulLw#mt the period of fmcturin3 and 
fi l l irq.  S i g m i d a l  mqhologies develcp when a aqmen t  of displacenmt 
parallel to the fracture surface 0cI;UzB after the initial hacturing. 

me fracture f i l l ~ w i t h i n t h e m l s t l e r  ccrrtain informatian akalt any 
changes th rou# l t imeof~ch  . b y  of the lnecipitating fluid ard the 
stress fields whid fonaed the fracture. chemisl analysis of the mkrerals 
clxltained w i t h i n  the gypslon fi l led hacturee ard detailed analysis of the 
fracture fi l l ing mr@mlcgies w a s  nat part of this shrdy. Hwevar, solutes 
for both halite and gypsum frachue f i l l i n p  were pmbably locally derivd, 
as possible sauces for a l l  the solutes exis t  w i t h i n  clcse preodmity to the 
fractums. 

Halite-filled hactures seem to be anfined to eithex zmes ccrrtaining 
halite or zanes adjacent to halitic intervals. 
w i t h i n  the clastic part of the unna;med lcmer nenber appear to axar only when 

of the remwdL of halite frrrm fracturee was - fand  in the clastic 
i r r t e n m l W h e n M - l W p r e S e n t .  H a J w e r , W I P P 3 O i S t h e ~ y ~ ~ t h e  

unnamed larer nmber hhre M-1 overlies the clastic interval andthe 
wer/salado cantact is in  its m m a l  positicm w i t h  a nonnal 

a d  it is p i b l e  that the wre did not intersect a halite-filled f z a w  
astheyaIBrmstofhlverticalorsubyertical. Iheremairrder of tha cores 
ccortaining M-1 are located w i t h i n  wash Draw- 6ope 

within the Salad0 in the vicinity of the Rustler/saladr, antact. 

Halite-fill& fmchues 

H-1 CCCUpieS the Skat igrSphiC k b W a l  abvetheclasticzare. Nowiderne 

- 
OCQILF 
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Gypsum-filled factures occur only abave the b t e m a l  H-1, when halite is 

Imemte in  (1987) believes that 
present. 
a d d  not migrate dowr&rmd below the halite. 
porosity in sud-~ halitic units is pl- Synaepositicmlly, w i t h i n  a few 
mters at  most. W w s  M-1 is present, M halite exist&. ard gypwaa 
precipitated in hactures w i t h i n  the nndstcple. Gypmefilled hachnes are 
less cannon in thme cores which have less gyps~nn wi- sulfate units. In 
other vords, gypsum-filled frachrres are less cormw when the gypslrm to 
anhydrite ratio of the sulfate rocks is d l e r .  Iess gypsum was observed 
within the anhydrites (A-units) in the thin secticms of H-12. 
H-12 has seen less fluid capable of w i p i t a t h q  gypsum wi- fracbxes. 

'Ibis apparerrtly indicates that v t u r a t d  fluids did not or 

Ihe Ihlstler at  

-. 

8.9 DISSOLYI?ON 

RamVal of solutes by aissoluticm occurs a fluid is present that is 
um%rsaturated with respect to the mineral king aissolved and the energy to 
drive the reaction exists. D k l u t i o n  Creates void w. Mid 
space or wideme irdicatirq the f0nre.r pmserce of void 
present if dissolutian ard rapoval of solutes has cccumsd. 
porosity varies i n  scale fran intercrystal linetov~qgytocaven#ls. 
presenred porosity is & v i a ,  the former preseme of pomsity is mre 
difficult to see; it can be -zed by fi l led void spa= OT fea- 
indiat- the ductile or brittle mechanical adjustment to the -form 
stress field caused by the porosity.' 

P r e s e r J e d p o r o s i t y O o l l f i ~ t h e R u s t l e r .  ! b s t o f t h e m i t y  
canbedirectl y a t t r i h t d  to the void space created durirq the dissolutim 
of soluble miwdls . 
cartxmate, sulfate, and halite-bearbq rocks of the M e r .  

mrst be 
D i s s a l u t i a n  

W e  

preserved dissoluticn pamsity ccuxs wi- the 

-. 

8.9.1 MicmDo rositv ard vllarv porosity 
InternyStdl1i.m micrqmrcsity and vuggy porosity is camm within the 

Culebra. N e i t h e r  filled nor open intmqzmular mity occurs w i t h i n  the 
Webra as the culebza ccnsists of dense micrite and aryillacecus material. 
Sulfate is not a major constituent w i t h i n  the cul&ra. Sulfate occurs as a 
pore and fracture fill- material ard locally as a cement. -ine 
and vuggy porosity resulted fran the disso1uti.cn of arkmate, w h r e  there is 
nogypxmprennsor. S m a v u g g y a n d ~  line mity is 

- 
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attributable to the aissoluticm of gypnan. 
culebra are to have crmizmd . gypann. rarge, openwgs=Yhave 
result& frcm the aissolution of gypsum. vqgy porosity is locally wzll 
developed in 9ypsum fracbxe fill-. D ~ l u t i o n  of gypsnu is the l a s t  
distbpishble event to ocav w i t h i n  the ailebra as gypsum dissoluticm 
appears to effect. gypana-filled fractures. 
culebsa has a solubility index clcse to om (Myer, pers.caam.). The sulfate 
within the ail&ra wa- is pmbably partially derived Aom the gypsum 
fracture fi l l-  an3 the aFparently related gypann vug f i l l h j s .  Nrther 
dissduticm of sulfate ani carkcmate w i t h i n  the cubbra is rat likely given 
the present chemical ccnditicns of the waters w i t h i n  tbe aebm as they are 
apparerrlly in  equilibrium w i t h  gypsum, ordered and disardered d o l d t e ,  
calcite, and anhwite in the vicinity of the WlpP site (m, prs.cmm.). 
Where fresher fluids have a- to the Webra in Nash Draw, dis6oluticm of 
carhnate ard sulfate an contime. 

area. Intercrystdllim porosity was fourd in thin hnnmod of the 

anhydrite units. -line pomsity was less c~mpon i n  thin aections 
fm H-12 tban WIPP 19 and in bath ckses 
the upper ard lauer ccntacrs of the anhydrite units. Kbere present, parcsity 
w i t h i n  the mites was usually 1- than om prcent. severdl of the 
MZPS fm Nash lkaw shmed the develcpperrt of vuggy pafositywithin the 
sulfate units. 
i n w a r d t o w a n l t h e v o i d c e n t e r , a r e ~ w i t h i n s a m e c o r e s .  T h i s  
porosity is interpreted to have originated frcm the dissolutian of sulfate 
w i t h i n  the Rustler. ?he presence of large vuggy ard avtxmxs pafosity 
within the Rustler in thevicinity of Nash Draw is h k q p t e d  to have formed 
a s t h e r e S u l t 0 f d i s s o l u t i a n 0 f g y p n r m b y ~  . grcun&A- (seealso 

Bachman, 1984 a, 1987 a,b). 

sections frmn H-12 and hTPP 19. 

gypsum. 
unaffected by the dissolution. 
cxammn. 

A l l  large scale vugs wim the 

Dissolved sulfate within the 

D i s s o l u t i a p l  of 9ypsum is o~pmrsl within the sulfate units acrcss the study 

- 
to be mWe absrdant near 

4 y p s u m c r y s t a l s ~ ~ g r e w  bnp cpen vup, scue OaRaUurq 
. .  

midaxe of gypsum dissolution w i t h i n  the Magenta was f and  in thin 
-line porosity ccazs w i t h i n  the 

SmdLl relics of mite remain w i t h i n  the gypsum am3 a ~ p ~ a r  to be 
Dis~olutim of gypsum a t  Wqenlzi artopps is 
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Intergrarnzlar porosity is cmmmly w e l l  aevelCpea i n  h a l i t e  cenentd 
clastic mcks. 

h a l i t e  crystals. Halite cenentd clastic units in the unnared 1- member 

a l s o & - & i t ~ c m e b , ~  1 ar porosity. 

M-4 at  WIPp 19 is cemntai by halite ard wits micrcsaqic 

8.9.2 Caves ard Cave Fi l l i nus  
Ihe only )ayxJn cavrxmous porosity in drillixq the m s  

near the site was in WIPP 33 (sandia National LabxatcnieS and U.S. 

Geological Survey, 1980). Ihere, drill-, logs, and dumhole televisicn 
Scanning denmsbated fluid-filled (at the time of drilling) cavwzms 
porosity w i t h i n  the btqenta of mlebmm& ' lateraldimwsions. &ctman 
(1980) at'trihtes this porosity to dissolutim nerv the -in of Nash Draw. 
It is clear that c a v m  porosity also is pruakmt within Nash Draw as 
part of karst-fonnirq pIlxzsses. 

the mebra in WIPP 19 to fill- of cavenms porosity. 
abserved closely in the WIPP shafts, is amsidered to be paruauy algal in 
origin anl is believed to be ubiquikus (a. 45). 

Tamarisk anhydrite clearly leads F e n a l l  ard GWxms (1970) to copssider that 
dissolution had destmyed that bed, and that a bedded claystme must 
therefore have formed in 
In this daamerk, the claystone, which is present even helm the 1- 
Tama?zisk mite, is amsidered depositional i n  origin, and the anhydrite 
is considered to have been lost very early at  WIPP 19 (01. 5, 6). 
fillings faLnrl eke&ere * &it bedded elastics, but the mre 
cow113n c h a r a ~ i s t i c  attributed to cxve fillings is the piled to floating, 
slab-like collapse bloclcs piled me cn anather or floating in a mtrix. More 
impoztantly, on a bxader scale, caves ard cave fill- a m  likely to shm 

feature in cores or shafts is considered likely to be a cave filling. 

Fer ra l l  and Gikkcms (1978) at tr ihte  the laminatd claystanes fund abwe 

6 daystone, 

Ihe lack of a 1- 

pomsity ChnrinJ this dissolution event. 

Cave 

an upper limit that is w e l l  definsl ard an irreqular 1aJerkXmhry. No 

8.9.3 Dissolution ard CBllanse Features 
Asa. i sas& in the previous c h p t e r ,  overlying ccmpetent rocks deform 

brittely when large volumes of mater ia l  are LpmcNed fran stratig?z@ically 
distinct zones. 

uderlyirg evaporites can be assessed after m i r q  the cores of the 
Rustler fran Nash Draw. 

'Ihe behavior of Ehlstler materials due to the renuval of 
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-. ?he qper postiCn of the Salado Fbmatia~ w i t h i n  Nash IEav thins 

is present in the vicinity of 
dramatically. zhe depositicxnl env' ' of the q p e r  sdlado give little 
reason to escpect depositional 
Draw. 
deformed. 
overlying straticpzqhic units a 3 ~ l l c  within the 

(Vine, 1963; Baclmum, 1974). 
to borehole, tut in each case is kvxrn to indludembze than a Bpall or 
isolated zone within the brehole. 
described previowly frcrm the Missicm Canyon, for ewnplle, in that clasts are 
generally quite arqular, tkaqh Wiey may vary in size. These bmzaas ' i n  
some cores display the upward dexeasing extent of brecciatim also described 
fmn the Mission Canyon (e.g., Middletcn, 1961) anl ather Wapcpite soluticm 

dissolution of the upper Salado, the 
tabulated for each of these barehdLes (Table 8.1), sud the 

Rust le r  s e t i o n  defend has h=en estimated (Table 8.1). The ratio of 
thic.hess- tothe thidrness reducticnl is estimatedt0bebetIem 1:l 
and 1:2. Few Fu-evials Sbxiies repart sufficient data to abtain an equivalerrt 
relationship, but tbere are -- of a cmnxs-3. A study such as 
that by ParkeX (1967) rmtavls ' d a t a c m t h e ~ o f r e m w e d s a l t , t u t t h e  
logs do rrot reveal the axtent of brecciatim anl the renmlal may have been 
early eTlcugh that breccia6 did not resul t .  

stratiqnqhic units werlying the salad0 in Nash I)rew are br i t t e ly  
upaxd stcping alx5 danwaId mixing of dlasts derived fmm 

salad0 arrl the -e. 

'Lhe extent of brecciation varies f r u a  borehole 
'Ihe upper Salad0 within Nash Draw is hbrpmt4 to have paaially aissolvea 

These mias are similar to t hae  

zones. &i Me varicus boreholes in Nash Drav were diff- yaffectedby 
lcss of Salado salt was 

of the - 

Adjacent boreholes WIPP 29 arrl WIPP 32 shwtwo hporhnt effects related 

to dissolutian. W i t h i n  the 1- unnamped member, WIPP 32 in particular 
displays brecciated smeared htraclast  texhrres in zanes that laterally have 
halite (seems). &%.~&~ofthelarer~mentmerinthisbcaphdLeis  
b-iated, krt the q i t i m  of breda t ion  over speared htrach& 
tw&ure (describedinch. 5) r evea l s tha t theha l i t e in the l awermemberwas  
dissolved essentially syrdepositicnally, while the brecciated texture is 
post-lithifiation. The breccia- textuxe is clearly coarsistent with late 
remwalofsalthnntheSalado. IheLp4Janlaxtentofdeformaticmisnot 
c1earastheqperpcntFaars0ftheIhLstlerhavebeenremJvedbyerosicm. me 

x 

textures in WIPP 29 are similar, kR seemmuh ?xduced. Tha.qh thismay 
partially be &e to locally varying pmcesses of dissoluticm, mDst of the 
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d i f f m  in  this rep& is attributed to the differenm in core aiameter 
betweenthetwoboreholes. WIPP29isalxuta2i.r&(5an)diametercore 
whileWIPP32coreisabart4inches(10aa) indiameter. !It?e- 
diameter is important to the detection and hkzpr&ationof these-. 

collapse, upjard stcping, and mixirg of clasts derived AFm varicus 
stratiqrarnc horizons OCQIT in core fmu WIPP 13 where the defonmticm is 
not clearly attrihtable to Salad0 dissoluficn. 

clearly derived frun the merlyirq mite (A-3). A-3 iS teeoCiated and 

belw the mgenta displays dim- stratificaticm. 
part of the deformation is within or belm A-2, hA the origbatiq b i z o n  
for the deformation is not clearly identified as the entire mer section 
was not cored at WIPP l3. Ihe extreme deformation of the M-3/A-3 ccntad 

Ihe lowest defonred unit  is 
A-2. Ihe aVerlying mxlSb%3 (M-3) alS0 deformed and a8lbhs claSts 

&font& the base. ?hs cerrter of A-3 was not ccapd, but core Of  A-3 
Ihe sauce of a t  least 

does Mt !SqUh? that 5Qoe Of  the Mid Space 02d.gilXltd wim the M-3 
horizon. Hrwever, this cannot be overrule3. D ~ l u t . i o n  of a l a q s  

the overlying beds cculd partially accamt for the features rrbservad. 

Haever, cu depositicwl mcdel germally predicts that  halite was not 

presemd within the M-2 or M-3 stratigraphic interVal after the aepOSition 
of the overly- units. Our aepcsiticwl mdel is based upcn the 
descriptions of sarerdl cores and shafts and regicnal hbxpmtzticrn of 
geqhysical logs, while WIPP 13 is an isolated d r i l l  hole. Withcut more 
mnplete Ehrstler data w i t h i n  the WIPP 13 area, the cause of the stzuct.urdl 
deformation observed at  WIPP 13 canmt be adequately c m s k a h d  . Iherefore, 

it nust be amsidered an anamlyuntil m data are available -that 

thickness of halite frcm either the M-2 or M-3 horizm ard #e collapse of 

area. 
collapse, upvard stoping, ard mixirq of stratigE@lic units originating 

in the M-3 mtipwc 
Ccartains &ly identifiable clasts and blocks of the -1- rccks. 

occul in the core hnn borehole €I-3b3. M-3 

Ihe 

-.. 

overlyirg mite contains dim- and averturned stratification. 
aepositional model does not exl=lude hal i te  within the M-3/H-3 stratigra@c 
intenml a t  H-3b3. Based upll the aFparent distrilmtion of facies, H-3b3 
o x l d  have ccpltained a small v o l m  of halite. 'Ihe ratio (1:l or 1:2) of - 
def-titm of the M e r  aecticn w i t h i n  Nash Draw to  the volume of Salad0 

by 10 to 30 ft (3 to 9 m). 

C u r  

r e m o v e d i r d i C a t e s t h e t h i ~ O f t h e M - 3 / H - 3  interValmayhave-- 
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?he M-4 intenml a t  ?I-3b3 also CentaCM a 1- block of mite, 
prenrmably dcwndnpped, and a day-filled fracture a t  the M-4/A-5 CQltaCt. A 

snall amoulTt of halite may have been renwed fmm the M-4m-4 SttatiqmFMc 
interval. lhis WaiLd also be cansistentwith the depositional mdel of that 
interval. A c t u a l v o l ~ ~  ‘cncarldhavebeenatnrstseverdl feet. 

?he M-3/A-3 ccmtact a t  H-llb3 is bt-ecciat&. zhe c l a m  an3 the 
unlerlying thin sulfate unit are brecciated, kut the brecda dlasts are 
confined to the tcp of the M-3. MLnor aKxJnts of subverb ’Q1 fracturirq 

resulted frua the dissolution of a very thin sectim of halite. 
depeitional rmdel for the x-3fl-3 intervdl 
a t  H-llb3. 

OccULs within the extreW 1- @ Of A-3. RLia carld have 
(xn 

the - of halite 

Dissolution of halite is not a unique explanation for the features 
cccurrw a t  the M-3/A-3 cmtact. 

br i t t l e  ard ductile materials can occur khen the ductile m a t e r i a l  flaws 
(e.g., M g h t  and Fischer, 1970). 

Wi t t le  deformation a t  the cartacts of 

As described by MciIQdW and Fischer (1970), - beds- 
stronger units may Shm breccia *ticslduetotectmlc * events. meyaescribea 
pluckirq of bloclcs frua an overlying chert by a less a m p t e n t  carbmabz. 

w i t h i n  the M e r ,  it is quite possible that same brecxia, local in extent, 
could be a t t r W  to this me&amm * aSthe-in-is1arge 
for several beds. As McKhight ard Fixher (1970) pint &, the mDvemnt on 
adjacent beds my be very Qpall to pmduce these features. 
m i n g ,  slichnsides ard minor defomatim may be mnsistent w i t h  a 
amamt of laterdl nwement taken up by hxnp&mt beds. Tbcu@itseeas 
likely that s ~ o e  breocia (or defonaation) may be f m  i n  such a manm=r, IY) 
feature has been unicpely attributed to the prccss. It may anly be possible 
to do so where the affected units are eqma3 alcmg drif ts ,  as in ’&em 
PE-ZN -its emuned * by WRli- ard (1970) . 

paseibly w i t h i n  sama core mater ia l ,  
rare and isolated slightly brecciated areas. 
in the exhaust shaft ( H o l t  and -, 1986a), have - i x q  
stratification underlying and overlying the hrecciated area. 

just i f icat im for 
althcalqh in the case of the culebra, extremely local solutim of carbcnate 

R u n  shaft 

mere exists within the shaft, 

zhese areas, as in the mebra 

lhere is no 
’ these as evidence of hrcader dissoluticn, - 

may have cawed such a feature. 

8-17 



34, * t e ~ ~ R e d u c t i o n  AFpmXhate lhiclaress of 

- Dorehole intheutmer Salad0 Fmstler Secticn D i s ? m ~ t e d  

WIPP 25 115 ft 280 ft 

WIPP 27 155 ft mtite seztim 

WIPP 29 455 ft htire section 
WIF” 30 O f t  - 
WIPP 32 460 ft htire Section 

WIPP 33 O f t  - 

Table 8.1. “liCklES.9 Of IUStlW d o n  disrupted Versus th.iCktESS 

redudion by dissolution in the qper S a l e  in the vicinity of N a s h  Draw. 

-. 
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precipitation in the depocenter. 
desicxathq-tpmrd squemes c n n p r k  WSt of the Rus t l e r  (Fig. 9.1). 

of sulfates or carkcrates of nearly uniform thickness, these amtacts are 

tholqht to be nearly isochfinwus surfaces. 

~ P E J  site, in the d e p x n k r .  sulfate units are uore nearly uniform in 
thickness f m  depccerrter cutward, Mcat ing  either an incregse in 
sedhmtation rate or a decrease in sutbidence rate. Here it is 
that sediments tion or  accumlation rates may have been relatively greater for 
sulfates ard caxkmates as halite acampllation rates were controlled by 
syt.depositicnal dissol~on. 
d-, S m l Y  m- * tom&tcme and halite unit patterns. 

depxerher to margins. Five major facies were aepmitea, frcm aepoCenter 
outward, in the study azea in these generalized depositional, envirmmnts: 
d - p r  halite pan, m3-rich halite pan, halite saline m a t ,  gypsrnn 
saline nndflat, an3 M a t .  clastic seaiments were aistrilxltea llyLiriy 
a m n d t h e  -ins as the capacity and 

decmsed-thedepocenter. F l ~ e v e n t s i n t r o c h r c e d c l a s t u s  * a n d  
m e d  theat tcmxd the d e p c x b r .  m-ims, or a rise in the base 
level, caused 1- areas to be cavered w i t h  =*that was very likelyto 
be UndeMtUrated w i t h  respect to halite. Halite was dissolved a r u m l  the 
margjnsasa-. l l - e w a t e r b e c a v e m m e s a l i n e a n d ~ a s  
evapration antimed . H a l i t e w a s c a n c e n t r a t e j . i n t h e ~ a s t h e  
@eS of the brine atltracted. nnirg lower water levels (lower base level) 
additional halite was CaTPubdl i z e d a r d m w e d t m a x d t h e ~ b y  
rainwater or the encrcahirq lens of Shallw glxndwater. mess subsidence 
rates varieil dramatically aUrhq depsition of halite ard nadstone units, 
halite ard nu3stom acumulatd slawly relative to sulfates ard carbonates. 

Halite was dissolved Synaepositionally Ann halite ard nadstcw beds a t  
mall to large scales. In the mer, the s e d b m h q  
drastically modified by larye scale aissoluticn in respoarse to varicus 
corditions: 
or base level, a laJering of the watertable or base level due to enpaa t ion  
or subsidmce, or a changing in the lateral position of saline gran3wau.  

several shalldrq-upmrd or 

~ecause the upper kcun%ries are ataupt ard are overlain by widespreaa units 

Halite units are lerrticular w i t h  the thickest prt south arrl east of the 

ll-e Culebra is saumhat thicker in the 

TIE halite ard pldstone units vary mmt in lithofacies ard thickness h-an 

of the hydmlcgic system 

a transgressim or freshenirq event that raised the wa- table - 

-., 
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Halite was dissolved by less saline wa- after a t r a % , i c n .  D i . ~ s ~ l u f A o n  
continued in scme cases after the overlying seaiment msdepasited, Worming 

ard slumphg ulis .* t. subsidence or eMporatiQi lawxed the water 
table a t  the m q i n s ,  subjectiq halite to dissoluticn by -ic water in 
the Mdose zone and redepasiting it i n  the aepocenter (soluble mineral 
cannibalh). Irulipient soil features formad in the vado6e zQy1 of the 
mryjnd nnd-rich sedhmts. 

ideas of dissolution of halite frcrn mDldstcare units. 
demnstmte that halite- rexwed fmumyrrinal saline pan tormdflat 
ernrirorrments before l i thificatim anl before the overlying sulfates were 
deposited. 'Ibis ccntrasts with explicit ard %licit ideas that Rustler sal t  

w a s  dissolved long a m  the Rustler was deposited. In additZion, the 
d a t i v e  thidcness of halite remxred fnm lmdstcnes is amsidered here to 
be much less than the thidmess of halite i n  equivalmt zones. 

L its have also been alterred since depcsiticm. Mite am3 
gypsumcementsarecamam. S a D e ~ g K a i n s h a v e b e e n C r v e r g r a r n b y  

authigmic mineral 5. cxrergrarths m Sam5 clastic gyF6um gmins irdicate that 
gypm-anhydriteqypm alteraticm did not m. This implies that other 

gypsum =Y be w*. 

w i t h  the replaoement of gypam with anhydrite. Halite also replaced 
carbcnate allochems. Both do ld te  anl mite replace halite lccally. 
Quaru grains with avergrcwuls were -p&ly replac433 by d o l d t e  in the 

- 

T h i s  hypothesis differs greatly frem previGIs 
Several features 

R u s t l e r  

- 
Halite pseudcmDIphs afl;er g y p m  ccum-ed early, prior to or synehmwus 

culebra. 
Implosive or expansive bctures resulting frrap a v o l m  chanp, 

associated w i t h  the djzect cxmwzsicm of gypgum to anhydrite or anhydrite t o  

gypsum, do not ccur within the sulfate units of tbe M e r .  Anhycirite 

Gypsum w i t h i n  anhydrite exhibits no wideme of wparr;icn due to a volune 
increaseandisinterpreted to also be a volume-for-volurpe replacement (not 

p ? e x h m w ) .  Snyder (1984) gmqnsed, on the baais of gqhysicdl log 
inteqxe+atims, that the the Fustier section thickms in Nash l2aw due to 
the hydration ard subsequent j ack iq  up of the Section. Haffver, cam €run 
NaShDraWWaSexarmned . in  detail, revealing that the MS S E C t l a l  ' i s  
elompted by brecciaticm originating in  the Salado, not by hydmtA.cn. 

after 4ypsum are W l ~ f o r Y o l \ m e  replacemerrts of 4ypsum. 

- 
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A detailed literature review inaicates that two major -1- of 
dissolution exist: 
bed-contmlled dissaluticn a t  greater depths. 

upper kxudary that is well-defined by subsequent -its. Solution breccia 
beds am3 related f e a m  resulting frap the dissoluticn of soluble materials 
a t  depth are stratigE@-l.idly ccmtrulled by the soluble unit. Where a zone 
of soluble material near the surface is nuxtly dissolved, the zone may be 
baunleawwby- , relatively insoluble material ani overlain by a 
pwt-aissolution -it w i t h  little or M disruption. 'he mu3sb-e units in 
the vicinity of the WIPP have urxleqone maplete syn%qcsitional d.iss01ution 
of halite ard show these r e l a t i d p .  scale dissolutim of soluble 
rocks a t  depth creates m i a  beds or strata-band deposits mnsistbq of 
angular blocks with a variable matrk The block size d pa- hcrease 
upwazd until the separation between bloclcs 

kant prooesses at, ard relatively near, the surface ard 
N e a r - s u r f a c e  dissolution ard 

karst has pmr stxatigE@-l.ic ccpltrol, an irreqular lcw kxmdaxy, and an 

to fractures ard, 
finally, nli- before d k q p e a r  irrg. As dissolution pruceds, collapse 
ocavs when the averlyjng material can Iy) lcxger ki@e the newly created 
void. Clasts ard blocks are damward frun their stra- 
p i t i o n  ard mixed with clasts and blocks f m  other strati-c positicms. 

dissolutim of halite ard collapse in the q p e r  Salado. 
dwnwami disruption of a lesser scale were fand in several cores. 
significant features include collape, upwazll stcpjng, ard mixing of clasts 
derived frap variazs stratigrKhic horbana. The borehole WIPP 13 exhibits 

the disruption originates was either not an-4 or is not a m  in the 

existing -re. In  the general sedimentological framewDrk propased in this 
study, halite in the M e r  is not -to have SuzVivBd depsit ion a t  
this l aa t ion .  As inrraplete - data are preamt at WIPP 13 and IYU-EX are  

core is amsidered an m y .  Nrther interprets t im of its origin will be 
mserved unti l  additimal drill- in the vicinity is arupleted and core can 
be described. 

The Rustler section in Nash I)raw is breccia- a t  various scales due to 
Breccias ard 

this style O f  defomtion A-2, M-3, and A-3, krt the 2- in W h k b  

data i n  the vicinity are very limited, the disnqrticn obsezved~thewIpp13  

Disnsption is present in cares frun H-3b3 and to a nuch lesser 
extent H-11. 'Ihese borehales lie in a kam3axy zone surranduq * t h e z o n e m  _, 

cantainirq halite. As it is very passible that halite survived aeposition 
within bcnndary zone, the deformation in H-3b3 is attributed to 
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dissolution d collapse. 
not a unique q lana t ion  for the features abserved at  H-11, as brittle beds 

The  deformation a t  H-11 is minor. Dh~olutim is I 

bcurding a less ampetent Unit may shar bmcciation due t o  tectanc events. 

and persist in vertically isolated zanes. 
caused by dissolution and are attrituted to unloading. 
are f i l l ed  w i t h  fib- gypsum of both qntaxml ' . Z i d a n t i t a x i a l ~ .  

?he fractures in the Rustler am3 the IkUq Lake are aanirrantl y horizontal 

bfany of the fractures 
They are mt similar to fmctums 

Minerals dissolved a t  varying scales the Rustler. 
Micmporosity and vuggy p m i t y  have been -td by dissolutian of 
carkcmate and sulfate in both the Webra and Magenta D o l a n i t e  -. 
porosity w a s  created in the sulfate n i t s  by dissolutian. 
have been dissolved wtiq htmqmml ar porosity in clastic rocks. 
cavernou~ porosity was 
WIPP 33 near N a s h  GEM. 

and Gi&m.s (1980) as cave fi l l ing,  is here htqmdxd as syndepositioml. 

sane 
mite cements 

in the sulfate units during the wriq of 
by Ferrdll Bedded claystone a t  WIPP 19, 

9-5 



W 

AdamS, J. E., 1944, Upper Ferrman ' cchcan series of Delaware -in, 

Adams, J.E., Qleney, M.G., OeFOrd, R.K., Dickey, R.I., rxulbar, C.O., Hills, 

~ e w s  

and sc&hea& New Mexico: Am. Asxrc. Eet.  -1. Bull.,  V. 28, p. 1596-1625. 

J.M., m, R.E., ?Jaydl E.R., filler, A.K., and Needhmn, C.E., 1939, 
Standardperrman ' section of North America: Am. Assoc. pet. Geol. Bull., v. 
23, p. 689-700. 

Adams, J. E., -el, H. N., RhcdeS, M. L., anl Jm, D. P., 1951, starved 
F2nnsylvanian Midlard Basin: Am. Assoc. EM. -1. Bull., v. 35, p. 
2600-2607. 

Adams, S. S., 1969, Bmmvle ' in the Sdlado Formation, C a r l a  potash District, 
N e w M w i c o :  Bull. NewMex. BurMinesanlMinRes. ,  v. 93, l22p. 

&&TSOII, E. J., Goojwin , P. W., anl sobieski, T. H., 1984, EpisoarC 
acclmailation and the origin of formatian bmxiaries in the Iielderbeq G n x p  

of New York state: -logy, v. 12, p. 120-123. 
Merson, R. Y., 1978, Deep dissolution of salt, northern New Mexiai: wrt to 

sanjia National Mxratories, 106 p. 
Anderson, R. Y., 1981, Deep seated salt aissoluticn in the &laware Basin, 

Texas anl NeWMexiCo: N W .  m. -1. Soc., Spec. FUb. 10, p. U3-145. 
Ad.-, R.Y., 1982, Defonnaticn-dissalutiapl ptenhal ' of bedded salt, waste 

Isolation Pilot Plant site, Delaware Basin, New Wxiw: in W e ,  W., Ed., 
Scientific basis for Radioadive Waste Managamt - V, p. 449-458. 

permian Castile m e d  evaprite seqmx~+ west  'pews and New Mexico: -1. 

Anderson, R. Y., Dean, W. E., Jr., Kirkland, D. W., &Snider, H. I., 1972, 

Scc. Am. Bull., V. 83, p. 59-86. 
Anderson, R. Y., Kietzke, X.X., ard Rhodes, D. J., 1978, Development of 

dissolution breccia, northern Delawms Basin, New Mai ark3 TWas: N a y  
Mex. Bur. Mines ah. W., CirC. 159, p. 47-52. 

An;lerson, R. Y., and Kirkland, D. W., 1966, Intrabash VarVe CmTelation: 
-1. Scc. Am. Bull., V. 77, p. 241-256. 

Arderson, R. Y., and Kirkland, D. W., 1980, Dissolution of Ealt aepoSits by 
b r h  density flw: Geology, v. 8, p. 66-69. 

Anderson, R.Y., anl Fcwers, D.W., 1978, Salt anticlines in castilesalada 
evaprite sequence, northern Mawaxe Basin, New Mexico: New Mex. Bur. 
Mines ardMin. Res., C k .  159, p. 79-83. 

- 

R-1 



I 

ArdeMn, S. B., 1966, A lcok a t  the ptm1e.m ptential of SarVaJlestern N o r t h  

Dakota: N. Dak.Geo1. SUrveyRpt. Inv. 42, 3sheets. 

MrttardIeem.nLagcans,westernAustralia: Jcur. Sed. Pet.,v. 50,p.  

Arthurton, R. S., 1973, Fqerimntally pmducea halite canpared with Triassic 
layered halite-- frun Cheshxe ’ , Ehgland: Sed., v. 20, p. 145-160. 

Bacinmn, G. O., 1974, Wlogical pmzsses and Cenozoic histcay related to sa l t  
dissolution in sartheastern New Mexico: U. S. -1. Survey OFR 74-194,81 p. 

Bacinmn, G. O., 1976, Cenozoic -its of New Mexico ard an 
outline of the history of evapri te  dissolution: J. of Re%, v. 4, p. 

Arakel, A. V., 1980, Genesis ard diagrmesis of H o l m  evaporitic sediments in 

1305-1326. 

135-149, U. S. -1. Survey. 

Bachmar~, G. O., 1980, Rfqional geology and Cenozoic history of pecas rqicm, 

Bad-mkm, G.O., 1981, Geology of Nash Draw, Eaay w, N.M.: U.S. Geol. 

Bad-mkm, G. O., 1984a, Assessnerrt of -ace dissolution i n  tbe vicinity 

southeastern New Mexico: U. S. -1. Survey OFR 80-1099. 

Survey OFR 81-31. 

- 
of the Waste Isolation Pilot Plant: sAND84-7178, Sardia N a t i a r a l  
Iaboratories, Allxiquerque, NN, 87185. 

Maware Basin: 

~acinmn, G.o., 1984b, Regicndl gedogy of ochoan mi-, northern part of 

Bacinmn, G.O., 1987a, -rite k a r s t  in the pgx)G drainage, SaRheaStern New 

Bachnw, G.O., 198713, K a r s t  in evaprites in sartheastern New Mexico: 

New Mex. Bur. Mines and Min. M., circ. 184, 22 p. 

Mexico: Guidebco k 18, El Pas0 -1. Sac., p. 118-123. 

SAND86-7078, sandia N a t i o n a l  Iaboratories, -, New Mexico, 87185, 

Badmm, G.O., Johnsm, R. B., and Swensan, F. A., 1973, Stability of salt i n  
82 p. 

theperrman * salt basin of Kansas, oklahcrma, IwaS and New Mexico: U.S. 
Geol. Survey, OFRUSGS-4339-4, 62 p. 

Baker, M. R., 1987, Quantitative log interpretaticn using pmbabilistic 
internally consistent inversion (ma): proc. of Geosci- Col l . ,  vniv. of 
Tews at  El Paso, P. 49-60. 

Beales, F.W., and Hardy, J.L. , 1977, The pmblem of recogniticn of c x x a l t  

evaporites w i t h  special ref- to wutheast Missw i: Econ. Geol . ,  v. - 
72, p. 487-490. 

R-2 



- 
Belloni, S., Martinis, B., ard oraobelli, G., 1972, Karst of Italy: in Herak 

B i l l o ,  S.M., 1986, petroleum sediment0 lcgy of the cchoa Grcup (sic), Texas and 

BleahU,  M.D., 1972, Xarst Of RU5dn.I 'a: in Herak and Strirqfield (1972),p. 341 - 

Wine, M.W., Jr., 1978, Clay-minerd l  assemblages fmu drill wre of ochoan 

and Strinsfield (1972), p. 85 - 128. 

New Mexi=: Abstr., 12th Int. Sed. -, Bnbea, Australia, p, 30-31. 

353. 

evaprites, Eady Cmmty: New Mw. Bur. Mines and Min. Res., C i r c .  159, p. 
21-32. 

-lie, A., 1980, &rst Ip3rolcgy and Rysical speleology: sprinser Verlag,  
Berlin, 284 p. 

Borns, D.J. ,  Barrcrvs, L.J., Rxers ,  D.W., ard m, R.P., 1983, Deformation 
of evaprites mar  the Waste Isolation P i l o t  Plant (WIPP) site: 
sAND82-1069, Sandia Natiandl Laboratories, -, New Mexico, 87185, 

143 p. 

M w i m  portion of the Delaware Basin: sAND83-1798, sandia National 
Iabratories, Allxlquerque, New Irlexico, 87185, 73 p. 

Formation in the Black Hills, SGlth mlwta and Wymiq: Art .  83, u. s. 
-1. Sunrey prof. Paw 475-2, p. C91-35. 

Missauri: -1. SOC. Am. Bull., v. 61, p. 789-833. 

brecciation of unamsolidated silts and rmds: Sed. Geol., v. 41, p. 

B o r n ,  D.J., and Shaffe, S-E. , 1985, Regional Well-lCg mrrelation in the New 

- 
Bowles, C. G . ,  and BrarXcd~,  W. A., 1963, Solution breccias of the M h d u s a  

~retz, J.H., 1950, Origin of the filled sink- and circle deposits of 

BrodzikaJslu ', K., and Van fpon, A. J., 1985, mn-tectcm 'C 

269-282. 

m k d w ,  A.L., Jones, C.L., Oooley, M.E., and Hays, W.H., 1972, Geology and 
hydrology of the Carlsbad patash area, Eaay ard Iea canrties, New Mexico: 
U.S. -1. Suzvey, OFRUSGS-4339-1, 86 p. 

* I  B u t l e r ,  G. P., 1969, Modern evaprite depsition and geafaemistry of co€%&uq 
brines, the sabkha, Trucial coast, Arabian Gulf: Jaw. Sed. Fet. ,  v. 39, p. 
70-89. 

B u t l e r ,  G. P., Harris, P. M., and -1, C. G. St. C., 1982, 

evaporites f m  the Abu chabi coastal Flats: in Depositicnal ard D i d g e n e t i c  
spedra of Rraporites - A Core worksap, SEEN &m warkshop IIO. 3, p, 
33-64. 

R-3 



Carozzi, A. V., 1962, abservations QI algal bimtmmg in the c;reat sa l t  
Utah: J m .  Geol., v. 70, p. 246-252. 

Christianseri, E. A. ,  1971, Gmlcgy of the Crater Idke collapse Structure in 
Saskatchewan: Can. J. Earth Sci., V. 8, p. 1505-1513. 

Cody, R. D.,  and Ihill, A. B., 1980, D p r -  gmwth O f  prkU'Y anhydrite at 
law tenpratures and water salinities: ~mlcgy, v. 8, p. 505-509. 

Cooper, J . B . ,  and Glan~u~m, V.M. , 1971, Geohydrology of 

Eaay 
Camell, 1984, Pers. CLOnn. to Derrmis Ftxcxs. 

Cys, J . M . ,  1978, Transiticaral nature and significaKm of the Castile-Bell 

Davies, P. B.,  1983, structural characteristics of a aeepseated 

Gncme site, 
New Mexico: U.S. -1. Suvey Prof. Paper 712-A, 24 p. 

Canyon ccortact: New Mex. E a r .  Mines and Min. RES., Circ l.59, p. 53-56. 

dissolutionsubsidence chinarey in bedded salt: Sixth Irrt. synp. on Salt, v. 
I, p. 331-350. 

Dean, W. E . ,  navies, G. R. ,  and Andersan R. Y . ,  1975, sediment0 logical 
significance of rmiular and laminated anhydrite: Geology, v. 3, p. 367-372. 

Demicco, R. V., 1983, Wavy and lenticular-bdid carbcnate ribbcn mcks of the 
Dpper Qmbrian Limestone, CentralAp@a&ks: Ja~r.  Sed. 
Pet., V. 53, p. 1122-1132. 

DeMi l l e ,  G . ,  S-aldice, J . R . ,  ard Nelson, H.W., 1964, Collapse stmAres 
related to waporites of the prairie Evaporite Forapatim, mt&ewan: 

Di lamarter ,  R.R. ,  and Csallany, S.C.,  eds., 1977, I&&ol@c Prcbleam in Karst 
Rqions: Western Kmtucky university, Bavlirg Green, -, 481 p. 

-1. SOC. Am. Bull, V. 75, p. 307-316. 

bnegan, B., and Word, R.K., 1950, ochw is * : Am. Assoc. pet. -1. 
Bull., V. 34, p. 2356-2359. 

Dovetcol, J. H . ,  1986, Xog Analysis of sutsurface Geology - C ~ S  and 
ccmplter l4&hds: Wiley-Interscience, NeW Ycnrk, 273 p. 

rxlmey, D. w., a n d m y ,  J. G., 1973, ~neremental strairsmeasrtredby 

syntedcniccrystalgrcrwths: inGravity&Tectoau 'cs, eds., X. A. Mong and 
R. scholter, p. 67-96. 

Eagex, G. P., 1983, Core fmm the 1- Dewey Iake, Rustler, a d  upper Salad0 
Formtian, ailberscncamty, Texas: Feznuan * BasinseCtimsEEMm 
Workshop #2, p. 273-283. 

R-4 



Elliot, C. L. ,  1976, An aqerimental detailed resistivity sulvey of Hills c and 
D, Edy Cam*, New l4xka: report t0 sandia Naticunl Laboratories, 
-, New Mexico, 13 p. 

ccmplex: Ihe Wilkirs peak Member of the Green River ForanatiCn of wycming: 
Eugster, H. P., and Haislie, L. A. ,  1975, Sedimnb tim in an ancient playa-lake 

-1. Sm. m. Bull., V. 86, p. 319-334. 

Eugster, H. P.,  and Hardie, L. A., 1978, Saline rakes: in Lerman, A., ed., 

F d 1 ,  C. C . ,  and Gibbans, J. F., 1980, Core study of the m e r  Fonuatim 

Iakes-cxmisby , Geology, physics, SFOlirrger-Verlag, New Y e ,  p. 237-293. 

over the WIPP site: sANm9-7110, sardia National Laboratories, -, 
New Mexico, 87185, 81 p. 

Anlres Formation, Palo h r o  =in, Texas panhardle: 
Geol., Report of Investigations M. 156, 48 p. 

Quartermaster-Dewqy lake Fcumaticms, Texas panhandle: Bull. w e t  Texas 

Fracass~, M. A., and Hovorka, S. D., 1986, cyclicity in the Middle Perrman .sari 

lkxasi EU. of  an. 

F’racasso, M.A., ard Kalker, A.,  1985, Later Ferrman . volcanicashbedsinthe 

-1. Soc., V. 24, m. 6, p. 5-10. - 
Friechnan, G. M . ,  A m i d ,  A. J., Ezaun, M. and Miller, D. S., 1973, Generatian of 

carbonate partidles a d  laminites in algal mats-exaqle fxuo ~-mux~ina.l  
hypersaline pool, QiLf of Aqab.3, %d sea: Am. ASmc. Fet. G m l .  Wl., v. 
57, p. 541-557. 

Gard, L.M., Jr., 1968, Geologic studies, WeCt -, Easy Cumiy, NEW 
Mexico: U.S. G e o l .  surrey Pmf. paper 589, 33 p. 

B . ,  anl Melieres, F. ,  1978, petrology and &mcbxes of 
Messinian evapritic s e d i m e n t s i n t h e M e d i ~ s e a , L e g 4 2 A I D e e p s e a  
Drillirg project: Initial Reports of the Deep SBa ~15Uing project, Vobme 

Garrisan, R. E. ,  Sdxeiber, B. C., Bwmxlli, D., Fabricius, F. H.,  Kids, R. 

m 1 ,  part 1, W a S h i q t m  , p. 571-611. . 
Gebelein, C. D., 1969, Distrihtim, molprology, and accreticn rate of recent 

.- 

subtidal algal stmnatolites, I3end.a: Jan-. Sed. Pet. ,  v. 39, p. 49-69. 

Gerdzwill, D.J., and Hajnal, Z . ,  1971, Seisn!ic investigation of the Crater Iake 
collapse stmctue in Saskatchewan: Can. J. Earth Sci., v. 8 ,  

p. 1514-1524. 

Gillett, S.L.,  1983, A pmbable cave -ia in Middle Qmbrian l i m e s t a ~  I 

sa~thern Nevada: Jou~. sed. Pet., V. 53, p. 221-229. 

R-5 



A 

Glazek, J., nabraJski , T., and Qadzinski, R., 1972, Karst of Fdand: in Herak 

and Stringfield (1972), p. 327 - 340. 

overlying a zone of salt dissolution and mllapse in the l’bxas pntmdle: 
Geology, V. 12, p. 314-417. 

Gonzalez, D. D., 1982, Fracture flclw in the Ruster F’onmtion: Waste Isolation 

Goldstein, A.G., and Collins, E.W., 1984, Deformation of perrman * strata 

P i l o t  P lan t  (WIPP), sautheast N ~ w  Mexico: -2-1012, sandia Naticmal 
Labratories, Auxuluerque, New Mexico, 87185. 

gMerdl hypothesis of stratigza@Lc acanmilatim: A t 6 t r .  Geol. scc. ~m. ,  v. 
12, p. 436. 

Gomitz,  V. M., and Schreiber, B. C., 1981, D i s p l a c i v e  halite hsrpers frcm the 
Dead Sea: sare ixplications for ancient eMporite deposits: Jw. sed. 

Correll,  H.A., and Alderman, G.R., 1968, Elk Point Group d i n e  basins of 

Goodwin, P.W., and Anderson, E.J., 1980, FUmtuatsd aggradaticndl cycles; A 

Pet., V. 51, p. 787-794. 

Alberta, SaSkatcbwan, and&illitoba, CaMda: hMttmc, R.B., ed., Saline 
Deposits, Genl. Scc. Am. Spec. Papers, no. 88, p. 291-317. I 

Griswold, G. B. , 1977, Site selection and evaluation studies of tha Waste 

Isolation Pilot Plant m), Lcs Mr33ims1 Fdr3y -, New Mexim: 

S”7-0946, sandia National Laboratories, -, Eiew Wm, 87105. 

Texas pnhan5te: an exanple of Ti& salt dissoluticn and subsidence: 
Geol. SOC. Am. Bull., v. 97, p. 459472. 

of perrman * salt in the AMdarko, Dauart, and Palo Dx-0 Basins of the Texas 
panhandle: Tews Bur. Econ. Geol., -of 

Clear Fork Formation (Permian), Texas: Jcur. M. pet. v. 51, p. 761-778. 

ccntinental -sabkha playa basin-€!ristol Lake, California: sed., v. 29, 

Handford, C. R. and Fredricks, P. E., 1980, Rdes patterns and degcsitiornl 

Gusts-, T.C., 1986, G e c a m W C  developnent of the Gmzdlan * River valley, 

Gustam, T.C., Finley, R.J., and M t X i l l i s ,  K.A., 1980, wional dissolution 

‘gations m. 106, 40 p. 
Handford, C. R., 1981, 03aStal sabkba and salt pan deposition of the 

Handford, C. R., 1982, sediment0 logy an3 evaprite genesis in a Holocene 

p. 239-253. 

historyofaPesrman ‘ sabkha conplex: Red cave F’onmtion, Tews ranhandle: 
Texas Bcnr. m. Genl., Geol. C h .  80-9, 38 p. 

R-6 



I 

W e ,  L. A. , 1968, 'IW origin of the Ilecent ncm-marine eMparite deposit of . .  saline valley, 1ny0 caplty, California: *caettxsm&mm Acta, v. 

H. P., 1971, lhe aepoSiticnal envkmrent of marine 
32, p. 1279-1301. 

evap3rites: a case for shallm, c l d c  ammallatinn: Sed., v. 16, p. 
W e ,  L. A., anl 

187-220. 

Hardie, L. A., Smoot, S. P., and -, H. P., 1978, Saline lakes and their 
wits: a sedimwto logical a m :  Spec. m e .  ItIt. Ansoc. sed., v. 2, 

U.S. Geol. 

p. 7-41. 

Hayes, P. T., 1964, Geolcgy Of the Guaddlupe MaJntdhs, New Mexico: 
survey. Pmf. Paper No. 446 

s t r a t i e c  classificatim, tennuw, * lcgy, and m: John W i l e y  & 

sons, New York, 200 p. 

the Northern : Elsevier, Amsterd2lm, 551 p. 

H e d b e z g ,  H.D., 1976, S t r a t i g r a F h C  Q.lide: A &32 to 

H e r a k ,  M., and Stringfield, V.T., eds', 1972, Karst: Inpoztarrt Karst Pegicms of 

Hills, J.M., 1963, Late F a l e o Z O i C  tectcnU 'CS andxxmtaln . - I - -  

H i l l s ,  J. M., 1972, Late Paleozoic sedhenb t i a l inwes tTexasRermtM basin: 

- 
to alOK&O: PJn. Assoc. F e t e  Gedl. W L 1 . r  V.47, p- 1709-1725. 

Am. ASSCC. Pet. -1. Bull., V. 56, p. 2303-2322. 

Hills, J. M., 1984, sedimentaticn, teEtcniap, and hydrpcarbcn generation i n  
Delaware basin, west  Texas and sartheastern New Mexico: Am. Asscc. pet. 

H i l l s ,  J.M., ard Wttlawski, F.E., coordw * tors, 1983, EhUmst/sxlhest 

mid-cmthnt region: Am. Assoc. pet. Geol., Qnzelatim chart Series. 
Hoffman,  P., 1974, Shallw and m t e r  strunatolites in Imer proterpzoic 

Platform-to-basin facies change, Great Slave Lake, canada: a. ~ssoc. pet. 

-1. Bull., V. 68, p. 250-267. . 

01. Bull., V. 58, p. 856-867. 
Ho i t ,  R. n., and -, D. w., 1984, 'cal activities i n  the wash 

hanu- shaft: wrsD?ME-038, U.S. cept. of m, CdrlShd,  New &&.co. 
H o l t ,  R. M., and Rmxs, D. W., 1986a, 'cal activities in  the exhaust 

H o l t ,  R.M., anl Rkws, D.W., 1986b, Rustler lYmmtion: Rlaparite @ stanges 
shaft: coE-wIpF86-008,U.S. Cept. of Fxmgy, carlsbad, New Mexim. 

of a cvntinental basin: Abstr., 12th ItIt. Sed. acrqress, CMberra, 

Australia, p. 141-142. 

R-7 



A 

H o l t ,  R.M., ard Rsmzs, D. W., 1987, Ihe Rmulan a RustlerFormaticnatthewIPP 
site, 
140-148. 

New M w :  Guiaebmk 18, El Pas0 -1. Soc., p. 

H o v o r b ,  S. D., 1983a, sedimerrtary s t n l c t u r e s a n d ~  'c modifications in 
halite and anhydrite, pdlo D x u  bsin: Texas Bur. Ecxm. Wl., -1. Circ. 
83-4, p.49-57. 

Hworka, S. D., 1983b, D i s s O l u t i c m  and recrystdllization fabrics in halite and 
hteqm&ition of the timing Of their de.velcpent, Pal0 mm Basin: Tews 
Bur. Econ. Geol., -1. CiJX. 83-4, p.5845. 

H w o r k a ,  S. D., in press, Depa3itioMl em' a its of marjne-&mm * tedbarded 
halite, Fenwan * SanArdresFormatian: Sed. 

H a r o r k a ,  S .  D. ard G r a r q e r ,  P. A., in press, Suhx face  to surface canzelation 

of permian evaprites: San A r d r e s - B l a ~ F l ~  relatimslu 'ps, - 
panbardle: Midmrrtinent synpsium cm the -an of the Midocntinent. 

Johnson, X.S., 1981, D i s s o l u t i o n  of Salt OPI the east flank of the PenIuan * Basin 

Jones, C.L. , 1954, ?he oowrence and distritution of patassirrm minerdls in 
southeas ternNewMexico:~tosru theas ternNewMexico ,NewMex.  

Jones, C. L., 1972, P e z n u ~  ' basin deposits, vnited states: 
in &xilogy of saline deposits, -, Earth Sci. Ser., No. 7, p. 3.91-201. 

Jones, C.L., aaWles, C.G., anl Bell, K.G., 1960, Exper- drill hole 
l q i q  in potash deposits of the Carl- D i s t r i c t ,  New Wen: U.S. Geol. 

Jennixqs, J. N., 1971, K a r s t :  M.I.T. Press. 

in the scuthwestern U.S.A.: Jo~r. m., V. 54, p. 75 - 93. 

-1. Soc., p. 107-112. 

Survey, OFR 60-84, 22 p. 

Medanos area, Ekkly d Iea Camties ,  New Mexico: U.S. -1. Survey, OFR 

Jones, C. L., anl Gonzales, J. L., 1980, Geologic data for borebole WIPP 19, 
a. 3: in Basic data rqnrt for drillhole -19 OJaSte Isolatim Pilot 
Plant - WIPP): SANm9-0276, sardia National Laboratories, 
Mexico, 87185. 

4339-7, 67 p. 

New 

Wley, V.C., 1971, Geolcgy of the Pecos New Mexico: 

-1, A.C., 1984, Evaprites: in Facies Mcdels, 2nd Ed., Geoscience Canada 

N . m  Bur. Mines ardMin. Res., Mem. 24, 75 p. - 
Reprint Series 1, p. 259-296. 

R-8 



c 

KMdall, C. G. C., a d  SkiPJith, P. A., 1968, Recent algal mats of a Persian 

Kinsman, D. J. J., 1976, Ekmporibz: relative lnmeidity antrol of primary 

Kirkland, D.W., and Amhxcm, R.Y., 1970, Miaofoldirq in the Castile and 

Gulf lagcon: Jmr. Sed .  Pet., v. 38, p. 1040-1058. 

minerdl facies: J-. sed. Pet., V. 46, p. 273-279. 

Tkdilto waporites, Texas and New Mexico: Geol. Scc. Am. aiu., v. 81, p. 
3259-3282. 

Kirkland, D. W., ard hrans, R., 1976, Origin of 1imeStaare krttes, GypslrmPlain, 

culbersan canrty, lkxas, and Fddy Ojlnty, New Mexico: Am. Assoc. pet. Geol. 
Bull., V. 60, p. 2005-2018. 

Lambert, S. J., 1983, D i s s o l u t i o n  of evaprites in and arand the Eelaware 
Basin, V New Mexico and west Texas: sANDB2-0461, sandia N a t i o m l  
Iabo2atories, A U x q m x p ,  New Mexico, 87185. 

m, K. K., 1945, 01. 3 - Ihe Mackinac mid: in and others, 1945, 

p. 123-153. 

Iandes, K.K., Ehlers, G.M., and Stanley, G.M., 1945, Geology of the Bbckhac 

S t r a i t s  region and suhmrface geology of northern southern pwinsula : pub. 

m, W. B., 1935, Rxnllan ' formation of Delaware Basin of mmas and ~ e w  

Iimg, W.B., 1939, SdLada Fbrmation of the perrman . Basin: Am. Assoc. pet. Geol. 

1 

44, Geol. series 37, Geol. suntey Div., Michigan, 204 p. 

M C O :  Am. Assoc. Pet. -1. Bill., V. 19, p. 262-276. 

Bull., V. 23, p. 1569-1572. 

Lang, W. B., 1942, Basdl beds of Salad0 Fonnatian in Fletcher potash core test 

Lee, W. T., 1925, Erosion by solution ani f i l l  (pecos Valley, New Mexim) : U. 

rcgan, B. W., 1961, aryptozcon and associate stcsnablites fran the ?axent, 

Icgan, B. W., Rezak, R., ard Gi.rsbnq, R. N.,  1964, Classification ard 

Carlsbad, N~WI&?X,~.CSX Am. ASSGC. Pet. -1. Bull., V. 26, p. 63-79. 

S. Geol. Survey, wzll. 760-c, p. 107-121. 

Shark Bay, Western Australia: J-. Geol., V. 69, p. 517-533. 

_- 

environmental significaxe of algal 6tnmatolites: Jam. G e ~ l . ,  v. 72, p. 
68-83. 

Lowenstein, T.K., 1982, FTimry features in a potash evaporite wit, the 
M a n  Salad0 formation of west Texas and New Mcdco,  h IEandfOld, C.R., 

Laucks, R.G., and &ivies, G.R., eds., Depositicmal and 
of evaprites - a core worshop: SEIM Core Workshop No. 3, Calgary, 

CaMda, p. 276-304. 

' c  spectra 

R-9 



L-Hienstein, T.K., 1987a, Depositional cycles in the Pe?mUm SaladoFonb?ltion, 
sartheastern New Mexico: Guidebmk 18, El Paso -1. Soc. I p. 124-l32. 

Lckyenstein, T. K., 1987b, EMporite depc6itional fabrics in  the deeply buriea 
Jurassic Blckm?r F o x T & ~ ,  A l d h E ~ :  Jar. Sed. W. V. 57, p. 108-116. 

lowenstein, T. K., 1987c, Rst-krrial dl terat iOn Of  the Perrman * Rustler 
Fonr~iticm evaporites, WIPP site, New Mexico: textuml, 6tmti-c a d  
chemical evidence: -36, DoE/AL 10752-36, Evdluaticn 
Gloupt 54P. 

Lowenstein, T. K., ~IXY Hardie, L. A., 1985, C r i t e r i a  for the of 
salt-pan evaporites: Sed., v. 32, p. 627-644. 

Mey, V. C., and Huffhgton, R. M., 1953, Cenozoic f i l l  and evaporite solution 
in the Delaware Basin, Texas anl New Mexico: Geol. Soc. Am. -1, v. 64, p. 
539-546. 

Mazzulo, S. J., 1981, Facies and b i a l  -is of a carkxmabz reservoir - 
ChapMn deep ( A m )  field, Delaware w, lkxas: Am. Assoc. Fet. -1. 
Bull., v. 65, p. 850-865. 

the Triassic Doclolm Q-cxlp, Texas panhandle and 

Mesozoic PaleOgecgraFhy of west central United states, eds., M. w. w l d s  

McGcuen, J. H., Gmnab, G. E., and Seni, S. J., 1983, Cepcsitimal setting of 
New d w :  in 

and D. DDlly, Fmcky WnmL?un * S a 3 z . h ~  S.E.P.M., p. 13-38. 

M c E i l l i s ,  K. A. Md Presley, M. W., 1981, Tarsill, SaladD, and A l h t e s  

Formatians: UpprEMxaan ' hmporite/Q&onate strata of the 'pews 

Panhardle, lkxas Bur. Exm. -1.; Circ .  61-8. 

McKnight, E.T., and Fischer, R.P., 1970, Geolcgy and ore deposits of the Picher 
Field, OklahaM and Kansas: U.S. Geol. Survey Prof. Paper 588, 165 p. + 
plates. 

site, Lcs Medanos area, New Mexico: U.S. Geol. Swx., Watw 
Mercer, J. W. , 1983, Gechydrology of the Proposed Waste Isolation Pilot Plant 

V Inv. Report 83-4016. 

Mercer, J .W. ,  1986, Cmnpilaticm of hyclrolcgic data fmm drill- the sdlado ard 
Castile Fonnatiom near the WIPP site, sartheastern New Mexico: 
SAND86-0954, Sardia National Iatomtxries, -, NM 87185. 

Merc€x, J.W., am3 Om, B.R., 1979, Interim dab report cn the gedrydrolcgy of 
the prclposed waste Isolation Pilot Plant site, SGRbekSt New Mexico: U.S. 

-1. survey water msanzes rnvestigatiions 79-98, 178 p. 
- 

R-10 



L- Mime-, G.v., 1961, EMporite mlution breocias fmm the -iasi~pian of 

Mil l e r ,  D.N., 1955, HOUCW sanidine grains, a stratigraphic marker for the 
Pierce Canyon Formation, west  l kXaS ard sartheast New W w :  Jw. w. 
Pet., V. 25, p. 235-237. 

WXItana: J a .  Sed. M., V. 31, p. 189-195. 

Miller, D.N., 1957, Authigenic biotite in sphemidal 'on spots, Pierce 
Canyon Redbeds, Texas and New Ja. sed. pet., V. 27, p. 177-180. 

Mil l e r ,  D. N . ,  1966, PetrOlagY Of Pi- Qnygl Wdbsd~, &sin, Tews 
an3 NeWMexico: Am. Assoc. Petrol. -I.. Bull., V. 80, p. 283-307. 

Myer, J., 1987, Fers. Ccm. to Flnbert %It. 
NAS, 1957, Disp3sal of mdioactive wastes an lard: Natianal Acadeny of Sciences 

N e a l ,  J. T., Ianger, A. M., an3 K e r r ,  P. F., 1968, G i a n t  desi-tion pol- 

NeuJrann, A. C.,  Gekelain, C. D., an3 Scoffin, T. P. , 1970, The ampasition, 

- National Ressarch (Xuxil, Wsh iq tm , D. C . ,  -1. 519. 

of Great win playas: Geol. SOC. Amer. Bull., v. 79, p. 69-90. 

structure an3 eroaability of subtidal mats, Abaco, Bahamas: J-. w. 
Pet., V. 40, p. 274-297. - Nicholson, A., Jr., an3 Clebsch, A., Jr., 1961, Geolag~ ani grun~3-* 

mnditions in sauthern IB Cmnty, N w  Mexico: N. Mex. Fur. Mines and Min. 
Res. Gx-curd-W Report 6 , 1 2 0  p. 

m e ,  E.L. , 1985, W i a s  in MississiFpi  valley-^ -its: ~rxn. -1. , V. 

olive, W.W., 1957, s o l u t i ~ ~ i d e r q e  - --, Qlstile ~0~~1t.i.m of ~yp;um 

O r i e l ,  S. S . ,  Myers, D. A., am3 Crcsby, E. J.,  1967, West Texas Farrman * Basin 

80, p. 1736-1752. 

Plain, Texas an3 Newb@&ax -1. SOC. Am. Ul., v. 68, p. 351-358. 

region, inpaleotecbm 'c investigations of the permran . systemintheunited 
States: U S .  Geol. Sum. Prof. Paper 515, p. 21-60. 

Am. Assoc. Pet. Geol. Bull., v. 24, p. 52-64. 
Page, L.R., an3 Adams, J .E . ,  1940, St?atig?apiy, Eastern mand Bash, Tews: 

Palmer, A.R., and Halley, R.B., 1979, physical stzatigxaply ard trilobite 
biostratigraphy of the carrata Fonmtim (Lawer and Miadle Cdx.mn * ) i n t h e  
southem Great Win: US. Geol. Survey Prof. paper 1047. 

Parker, J. M . ,  1967, Salt solution ard subsidence Structures, W y d q ,  N o r t h  
Dakota, and -: Am. Assoc. Pet. -1. Rill, V. 51, p. 1929-1947. 

R-11 



- 
peryt, T. M., at-d Piatlwdski , T. S . ,  1977, stmmatolites fmm the Zechstein 

Limestnne m a n )  of Blard: in Fossil Algae, Recent Results ard 
Developer&., ed., E.   lug el, In te rna t id  sympnsium on Fossil Algae, p. 

Pfeiffer, D . ,  and Hahn, J., 1972, Karst of G=nnany: in Herak ard S t r h j f i d d  

Playford, P. E., and Cockbin, A. E. ,  1969, Algal stmmatalites: DeepJater 

Rm?.rs, D. 1986, Inkrpm&tim of geqhysical lop to select stratigra@hz 

124-135. 

(1972), p. 189 - 224. 

forms in the D=voman * of western Australia: Science, v. 165, p. 1008-1010. 

horizons w i t h i n  the Rustler Formation: App. D, in W i n s t a n l e y ,  D. J., ard 
c X r m s c o ,  R. C., Annual Hydtxqedogic data report: 1985/1986: 

ME-WIPP86-004, Dept. O f  Energy, Qrlsbad, NM. 
Pawers, D.W., and Halt, R.M., 1984, Depositional envinmmmks and dissolutian 

in the FUstler Formatian (permian ) ,  sartheastern New Mexicci: Abstr. Geol. 
SOC. Am., v. 16, no. 6, p. 627. 

PaJerS, D.W., and Hassinger, B.W., 1985, 

halite of the perrman ' Salad0 Formation, sartheastern New Mexiax Jm. Sed. 

RY.?c%s, D. W . ,  Holt, R. M . ,  and Haffer, J. M . ,  1987, Frelinrhiry studies of 

aissoluticn pits in 

- 
Pet., V. 55, p. 769-773. 

-ace sdnrmks , Salt Flat gmben, test Texas: G u i d & d c  18, E l  Pas0 
-1. Soc., p. 194-194. 

Powers, D.W., Lambert, S.J., Shaffer, S., Kill, L.R., and Weart, W.D., eds., 
1978, Geological characterization report, Waste Isolation mot Plant 
(WIFF) site, New sAND78-1596, Vols. I and 11, Sardia 
National laboratories, A l h q m y e ,  N.M., 87185, abcut 1500 p. 

SeaimentS of the Clear Fork ark3 G l o r i e t a  Fomations, Texas 

panhardle: Tews Iw. of Ecan. Geol., Report of  invest^ 'gatiom 115, 50 p. 

presley, M. W., ard Willis, K. A., 1982, Coastdl evaporite ard tidal-flat 

Reineck,  H. E., and S-, I. EL, 1980, Depcsitianal - ' Aary envircnments: 
Spriqm?Va3ag,  New York-Heidelbrg-E!erlin, 549 p. 

Richimkm, G. B. ,  1904, Report of a reconnaisance in Tzans-%ux Texas llorth 
of the Texas and Pacific Railway: vniv. Texas Bull. 23. 

-, d- ion of karst ard Solution-breCCia features: U.S. Geol. 

Roberts, A.E.,  1966, S t r a t i g r a @ y  of the Madison c;rcrup ne2v Livingskal, - 
Survey Prof. Paper 526-B, 23 p. 

R-12 



/- 

Robinsan, J.Q., ard powefi, D.W., 1987, A clastic deposit w i u r i n  the 1- I 

Castile Formation, western DEA- Basin, New Mwiw: GuLSmok 18, El 
Paso -1. Soc., p. 69-79. 

R o g e r s ,  R.K. ,  and Davis, J.H., 1977, Geolw of the Euickmine, Vitannum Trend, 
sautheast Missouri: Earn. Geol., v. 72, p. 372-280. 

Ross, C.A., 1986, Paleozoic evolution of scuthem margin of Pernuan * basin: 
-1. SOC. Am. Bull., v.97, p. 536 - 554. 

Sandia Nationdl Iirboratories ard U.S. Geological Survey, 1980, Basic data 
reprt for drillhole WIPP 33: SANDBO-2011, sandia Naticlnal Laboratcnies, 
A E q E q U e ,  N.M., 87185, 27 p, 

Sando, W.J., 1974, Ancient solution phermwa in the Madism Limestone 
(mississippian) of mrth-erkral Wyaning: Jaur. Res., U.S. Geol. Survey, 

V. 2, p. 133 - 141. 
S a r e s ,  S.W., ard Wells, S.G., 1987 G e a r c q b  ‘c am3 hydrqeolcgic developvat of 

Guiaebcak 18, El Paso the gypsum plain karst, Delaware Basin, New Mexico: 
-1. SOC., p. 98-117. 

Sawkins ,  F. J., 1969, olwical breziaticm, an -zed xe&amsm * for 
breccia fonuatial?: Eccol. Geol., V. 64, p. 613-617. - 

Schiel, K.A., 1987, Investigations of the DEW~Y Illlre Formatian, Delaware Basin, 

Schmlz, R.F.,  1969, Deepwater waporite deposition: a genetic model: Am. 

schreiber, B. C., 1978, E 3 ~ h u m e n t s  of sukqmxs gypsum depositia: i n  Marine 

Schreiber, B.C., and Schreiber, E., 1977, Ihe salt that was: Geolqy ,  v. 5, p. 

New Mcxim: Guideh& 18, El Paso Geol. Soc., p. 149-156. 

ASS.  ~ e t .  -1. mi., V. 53, p. 798-823. 

maporites, SEEM short OoUrse notes no. 4, p. 43-73. 

527-528. 
Severson, J.L., 1952, A carprison of the rQdiscm c;roup (Mississ&ian) W i u l  

its subsurface equivdlents in central Wmtana: unplb. B.D. diss., Univ. of 
Wisconsin, Madisan. 

Shearman, D. J., 1970, mt hal i t e  rcrJc, Baja California, Mexico: Inst. 

Sheanrnn, D. J., 1978, w r i t e s  of coastal sakMxs: in Marine -ites, 

Smith, A. R., 1978, Sulfa  depcsits in O&cm RccJcf of scuthe2lstern New Maim 

Mining Met., hans., V. 79. p. 155-162. 

SER? short c3urse M). 4, p. 6-42. 

anl West Twas: New Mac. Wrr. M h ’ b S  and Mh. Res., CirC 159, p. 71-77. ..- 

R-13 



smith, D. B., 1971, Rssible aisplacive halite in the Perrman * -Evaporite 

Smith, D. B., 1972, Fam3ex-d strata, collapse-breccias ard Sut!6i&nce f&xn?s 
of the wlish &&stein: in Geolcqy of saline depmits, UNEsCo, Earth Sci. 
Ser., no. 7, p. 255-269. 

Group Of northeast Y- * : Sed., V. 17, p. 221-232. 

Smith, N.M., smderanan, J . A . ,  and Melhorn, W.N., 1961, m h  and 
&nnsylvanian cave filling in Mississippian st. Iruis Lhstme,  Futnam 
Qmrtyt - : JaUr. Sed. Bt., V. 31, p. 275-287. 

snyder, R.P., 1985, D i s s o l u t i u n  of ha l i te  and gy~mrm, and hydzaticm of 
anhydrite to gypsum, W e r  Fonoatico, in the vicinity of the waste 
Isolation P i l e  Plant, southeastern New bkxico: U. S. Geal. Survey OFR 
Repart 85-229, 11 p. 

S n y d e r ,  R. P., and Gard, L. M., Jr., 1982, EvdLuatian of breccia pipes in 
sautheahern New Mexico and their relation to the Waste Isolaticm Pilot 
Plant (WIPP) site: U. S. Geol. Survey OFR 82-968, 73 p. 

Snyder, F.G., ard Wl, J . W . ,  1958, sedimerrtary breccias in the SGRheaSt 

Southgate, P. N., 1982, Cambrian skeletal halite crystals and experinmtal 

Stanton, R. J., Jr., 1966, 'Ihe solution brefxiatian pruces: Geol. Soc. Am. 

Sweetirq, M. M . ,  1972, Karst Iardfornts: MacWllan, Iordcn. 

Missauri lead district: Geol. SOC. Am. ml., v. 69, p. 899-926. - 

analogues: sed., V. 29, p. 391-407. 

Bull., V. 77, p. 843-848. 

T i l l ,  R . ,  1978, Arid shorelines axxPa.+riteS: in sedimerhasy Enviroemnents ard 
Facies, ed. by &adi.q, H. G., p. 178-206. 

m y ,  D. F., 1985, Easyclad Algae within Permain (Learazd) cyclic shelf 
CaxkmEltes (wxl~~) , NorMern Midland Basin, west Texas: in Falpnilaolow, 

Ccmbzmprary and Ppplicaticns, &., D. F. Ttarey and M. H. 
Nitecki, p. 315-329. 

TUCJcer, R. M., 1981, Giant polygU!lS in the Triassic SdLt O f  , Ergland: 
a thermal amtmction model for their origin: Jcur. Sed. Pet. , v. 51, p. 
779-786. 

men, J . A . ,  1924, I a m i ~ t x d  anhydrite in Texas: Geol. Soc. Am. Bull, v. 35, p. 

Vai, G. B., an3 Riazi Uc&.i, F., 1977, Algal crusts, and c h i t i c  - (3 347-354. 
gypsuminacanrubal ' istic eMporite basin: a case histcny from the 

M€E.sinim of Northern A p E m i n s  : sed., V. 24, p. 211-244. 

R-14 



- 
Valyashkn ,  M. G., 1972, Playa lakes-a necessa2y stage in the develqmmtt. of a 

salt-bearing basin: in ~eolcgy  of saline deposits, uNEs(x), mth sci. ser., 
no. 7, p. 41-51. 

Va-, F.R., 1978, The origin anl diagmesis of the Armyo %nasm collapse 
breccia: m. M.S. thesis, SUNY stcmy BToQ)c, 70 p. 

Vine, J. D., 1963, Surface geolcqy of the N a s h  LWaw Cuadnuqle, Eaay Cumty, 

NeW Mexico: US. -1. Surv. Bill. 1141-B. 

W a l t e r ,  J. C., Jr., 1953, hleontohgy Of the Rustler Formatian, arlberson 

Walters, R.F., 1977, Lard subsidere in  centrdl Kansas d a t e d  to salt 

wardlaw, N. C. and Schwerdter, W. n., 1966, mite-anhydrite seascud layers in 

County, Tews: Jout. FaleantOlqy, v. 27, p. 679-702. 

dissolutim: Kans. State  Geol. Surv. Bull. 214, 82 p. 

the middle Dswnian Prarie Evaporite Formation, Saskat&ewan, Qrnda: 

-1. SOC. Am. Bull., V. 7, 331-342. 

Warren, J. K., 1982a, The hydrolqical s i g n i f i m  of ?Iolccem tepees, 
Strcmatolites, ard bmork 1- incoastdLsaljnasins=uth 
Austrdlh: J w .  sed. Fet., V. 52, p. 1171-1201. - 

W a r r e n ,  J. K., 198213, ?he hydrolcgical setting, uxumnce ard significance of 
gypsum in late QJaternarl salt laks in sarth Australia: sgi., v. 29, p. 
609-630. 

Wenrich, K.J., 1985, Mineralization of breccia pipes in  narthern Arizona: Ecm. 
Geol., V. 80, p. 1722-1735. 

R-15 



.c 

FIGURES 



. 

1 

j i 
I NEW i 
i MEXICO i 
I I 
i r---D s- MAP AREA 
LOCATION MAP 

FIGURE 1.1 

GENERAL LOCATION 
OF THE WlPP SITE 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
GARLSBAD. NEW MEXICO 



FIGURE 1.2 

STRUCTURAL PROVINCES OF 
THE PERMIAN BASIN REGION 

(After Hills, 1984) 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD, NEW MEXICO 



/ / y FORM AT10 N 

DEWEY LAKE R E D B E D S  

RUSTLER FORMATION 

SALAD0 FORMATION 

CA STI L E FORM AT I ON 

FIGURE 3.1 

OCHOAN SERIES IN THE 
DELAWARE BASIN 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



FIGURE 3.2 

RUSTLER STRATIGRAPHY 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



- 
METERS FEET 

84. t  

61 

- 

31 

.- 

GAMMA SONIC 

FORTY-NINER 
MEMBER 

178 

100 

0 0  

I 

RUSTLER FORMATION 

MAGENTA DOLOMITE 
MEMBER 

TAMARISK 
MEMBER 

ORGANIC-RICH 
CAR BON AT E 

CULEBRA DOLOMITE 
MEMBER 

UNNAMED LOWER 
MEMBER 

FIGURE 4.1 

GENERAL GEOPHYSICAL AND 
LITHOLOGIC CHARACTER OF THE RUSTLER 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



MUDFLAT I SALINE MUDFLAT I HALITE PAN 

MUD RICH MUD POOR 

FIGURE 6.1 

HALITE PAN AND MARGINAL 
DEPOSITIONAL ENVIRONMENTS 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD, NEW MEXICO 



c 

T11 73) 
w - - 

. -_-_ --. 

REWORKING OF 
CLASTIC MATERIAL AN 
CONTINUED DISSOLUTION 

- - - - - - - --------- _- -__-- -  
.---------. --------------- -- - --- - 

FRESHENINGITRANSGRE 
CAUSING DISSOLUTION 

DEPOSIT ION OF 
NEW UATERLAL 

FIGURE 6.2 

SYNDEPOSITIONAL DISSOLUTION 
DURING A MAJOR FLOOD 

OR TRANSGRESSIVE EVENT 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



-10 FEET 

T2)  

E SOIL FORMING 
SSES OCCUR 

-10 FEET 

WATER TABLE LOWERE 
DOWNWARD PERCOLATING 
METEOR I C WATER 
DISSOLVES SALT 

10's OF MILES . 
FIGURE 6.3 

SYNDEPOSITIONAL DISSOLUTION 
CAUSED BY LOWERING THE WATER TABLE 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



T2) 
SYNDEPOSlTIONAL 
DISSOLUTION NET 

T3) 
NET 
VOLUME 

NET 
ADD& 

FIGURE 6.4 

SUBSIDENCE-CONTROLLED 
'MODEL FOR SYNDEPOSlTIONAL 

DISSOLUTION AND REDISTRIBUTION OF HALITE FROM 
THE BASIN MARGIN TO THE DEPOCENTER 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



+ + + + + + * +  

CONSISTENT DIPS. GRADUAL? TH!NNING: DEPOSITIONAL MARGIN 

+ + + + + + + + +  

REVERSAL OF DIPS. MORE ABRUPT THINNING: DISSOLUTION MARGIN 

.- 
After Gorrel l  and Alderman f lSS6 l  

FIGURE 7.1 

GENERAL BASIN MARGIN RELATIONSHIPS: 
DEPOSITIONAL vs DISSOLUTION 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD. NEW MEXICO 



z 
0 
F 
3 
0 
u) 

li 

.. 
w c 



RELATIVE WATER DEPTH 

ALLY LAGOON 

=-? 

FIGURE 9.1 

VARIATION IN 
RUSTLER WATER DEPTH 

PREPARED FOR 

BELOW 
4s E 

WESTINGHOUSE ELECTRIC CORPORATION 
CARLSBAD, NEW MEXICO 



PLATES 



-. 

Pla t e  2.  D i s p l a c i v e  halite in sfitstow frcm I+-1. 

Pla te  3. D i s p l a c i v e  hali te crystals that have coalesced ard are tightly 

packea. 

an -* of halite oystals. Pla t e  4. A pod cxmbmuq . .  
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Plate 6. Sil- and mudstane fmm X-1 exhibitirq the smeared 

intradlast/laminaetexture. 
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Plate 7. smeared intsaclast/kmunae * texturefmmw-1. 

Plate 0. m t i m  in Nash Draw shadrq v txbca l  * translation of dlasts 

derid fmm A-1 into the strati- P0r;ititm of M-1. Note 

the dlast in the iclwer center of t h e n  is a derived 

frun a gypscan fracbxe fill-. 
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Plate 9. ~ c l a s t s a n d b l o & s o f M - 1 f r r r m N a & ~ .  Notethe 

Plate 10. Halite pe&muq&s after g y p m  SWduaJtail crystdls, A-1. 
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P l a t e l l .  saaiment -inmrpcuative gyparm caystals in M-2. 
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p l a t e n .  € e k b l e s o f ~ o v e r l a i n b y ~  lamjnaeinthe 

upper part of M-2. 

Plate  14. ?he UEper rmtaCt Of A-2 with M-3 h the Waste haTdlbg &&t 

shcnving three feet of relief. 

Plate 15. of gypsum avergIowths cn detrital gypsrrm 

srairr;, fmmM-3. 

Plate  16. siltstme and claystcme pebble cenglomerate in the laer part 

of M-3 at WIPP 19. 
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Plate 17. Ihe l4per Ccnrtact Of M-3 W i t h  A-3. 

Plate 18. riFped and dl.mp& anhydrite after gypsum 

SW&lCK&Z& CryStdLs 1182v the base Of A-3. 

- Plate 19. Incipient developmt of the crushed prism texbre. Note 

relict halite 

have realced voluae. 

after gypann swallcwtail CryStdLs 

plate 20. Middle stage in the develqment of the crushed prign texture. 
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Plate 23. EhotcanicrograFh of M-4 siltstone and san%tom fmm WrPP 19 

with crcffsea nicols. mite oement incipient aisplacive 

halite crystdls black. 

Plate 24. upper cantact of M-4 w i t h  A-5. 
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Plate  25. Ilregular Stsatificatian in M-4 fmm WIPF' 19. 

Plate  26. Dxeguhr Stsatificaticm in aadflat sedbnts fran saline 

valley, CdLi.fo7mi.a. 

Plate  27. Irregular subhorizontal stratificatim in M-4 at the waste 

llanmrq shaft. 

Plate  28. Irregular subhorizontal stratification in mdflat sediments 

hrrp saline valley, Qlifcnnia. 
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