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EXECCTIVE SG?viPtl.P..2Y TFIE 3 i 5 3  

'Ths ?Vaste !so!ation Piiol 212ii: ( W l P P )  
p:oject is a C .  S. Dsparimcnt of Energy 
(DOE) r:searsh :ad dcvclopment facilit!. to 
:jsmor:stratil thc. s:ife disposal cf radioactive 
I,L . ~ i e s  z. - a resl~liiiig f rcrn  :he defense activities 
2nd progran:s of  tlis lT!ii?ed S I Z ~ C S .  This 
demonstration cansis:s ci two parts. First. 
:!?cut six rnillicn c l~b i c  f z c ~  of TRL! :r-zstr 
x i 1 1  bc snp faaed  in :he thick bedded-salt 
dtposits of ihe  Szlado Formation in south- 
czstern Nr\v >+fesico a t  a depth of zbout 21 50 
fezt. Scsona. the 'i1iI?P u-ill provide for 
restarch rciati\s io ihi. i>iteractjons of 
d c f e ~ s e  high-Izvel :J 2512 -A i t h  bedded salt, 
: ! : :~IJs~ 21; t..igh-ic\.e! :&zste g.il? he ri-a~o\.ed 

. ,  . 
!-~rior t.- to f ~ ~ i ! i : > .  d t ~ ~ m x : ~ c ! 0 n i ! 7 g .  

M E X I C O  

K E Y  MAP 

'4 potential !ccaiion uss sclestrd for the 
WIpn  :- 

I : , I  the i:o!tkc'~-n Dr'!3ware Basin of 
Yew, Sfcsico. 3nd  three exp!oia:ory core 
!.;ales \i.sre ciriiltd (..ZEC-7, AEC-8, and 
ERDA-6;  Figuic. I ) .  'VVhile dril!ing the third 
such hcls (SZDA-6). substantial gzologic 
structural defcril-:ation uras noted, and brine 
and g3s rufficirntly pressurized to  flow to  !he 
surfscc ivers e n c ~ i ~ r ~ i i - r e d .  T:re tinpredict- 
zbility of rhr geology led t~ re!ccation of rhe 
site t o  its present 1i;cation in 19?4 (Figure 1) .  
Since relocation, an e?;trnsive s i x  character- 
ization program has bx i l  canCfac:c'd, and rbe 
adsqcac!. cjf i h ~  sits gsriera!iy bssn 
demonstrated. 

E D D Y  CPL'NTY 

C i i ~ s E 4 S C s i  C 

Fkure 1 - Loca:ior; o j  M'IPP Site and Poreholes A EC-7, .4EC-8, IVIPP-12 nnd ERDA-6 



!n 198 1, ar. agrsement ¶,&!as signcd between 
:he State of S e w  %.i.isxico, tllc DOE, 2nd 
~ t h e r s  ~ b h i c h  included sewrz! studies 
intci;bsd !I:, crddress lhe State's concerns 
re!a;ive. to  the sgitabiiitj, of the proposed 
WIPP siie. Some of thesz s t ~ d i c s  addressed 
an area of geologic intersst north of the 
proposed site, and pressurized brine 
izser:,oirs in the Delaware Basin. The xork 
was begun in Gctobzr 1981 and included the 
rtopenlng and testing of ERDA-6, and the 
dcepezing and testing o i  WITP-12, an 
exploration Sorchole which afso sncovn!ersd 
pressurized briae and gas. This report 
pro\.idzs an account of thesc studies. 

TSess s ~ u d i c s  ar.d preparation of the brine 
reservoir iepori \t.sre periorined by the 
\VIPP 1-1:chnical S s p ~ c ' r t  Coatractor (TSC), 
p;in;ari!!- b!. D'.-t~po!onia Cofisulti!:g 
E3gI;j~z:s. Inc. (a c:cmbsr of the ii.I??- - - 
1 bC) al-:de: :u5con!rast ti: the  b"stii~ghoise 

1 - 7 -  ~zirctric Corporatioil (the TSC prime 
c~nt;at :oi) .  Saildia National I..zbora!ories. 
Albuqilerqus, S.M. prol-idcd critical i?vie\~ 
of the studies and report; the U. S. 
Geo!ogjcal Survey aiso made conments. 

The occuritcse of pressurized brine 
ieservoirs in the Casrijc Formation 
(under!ping the Salado Formarion) of the 
Celsware Basin has been d a c ~ m e n t e d  over 
.I_ ,,,e past 40 years by reports of reservoir 
encounters by hydrocarbcil exploration 
drilling. In  general, these reservoirs were 
Lnouxn to t?-2 ccntained in fractured anhydrite 
with asscciated hydrogen suifide gas and 
were thcirght to  be re!atcd to  antiforms in the 
Castile. 

i'drious t h e ~ r i c s  were advanced to explain 
the origin of reservoirs, ~ h i c h  included 
dissolution of evaporites by recent ground 
waters, dshydration of gypsum to form 
anhydrite, entrapment of ancient ssawater 
during evaporite deposition, and ancient 
dissolutio!~ and reprecipitation of svaporite 
minerals. Should ctr:sin of these theories be 
correct, t k t  suitability of the IVTP? site could 
be in qsestion. Thus, the purpose of this 
study x a s  to determine the chzrasteristics 
and origin of thsse reservoirs and evaiuate 
(heir potential inlpsct on the integrity and 
stability of the VY'IPP site. 

Ea ta  used il: the ~er formance  of this study 
..+,ere o b ~ a i n e d  f r o 3  d~riiiing 2nd h!.drolngical 
testing in boreholes E?.DA4-6 and WIPP-12 
and from c:;emical 22.2lysr.s of samples of 
rzser\,oir brine acd gaj ccllcsted at these two 
wells. Informatioil uzs  also obtainzd from a 
rev is:^^ of publishtl! acd unpublished 
litsrature on the 6,:oiogj. and hydrology of 
!he basin. The p ~ n c i p a l  data rsviewsd and 
analyzed in this i.ep~Tt ~ T Z  c'cntained in 
"Data File Report - ERD.4-6 and WIPP-12 
Tr~t ing"(D'~ \ppo;onia ,  i9b2. 1983). 

The anal!.jej a23 i n t c r p r e ~ a i i ~ ~ : ~  by three . . 
dicsipi~nes - gco;ogy, ;:ydrolsgy, and 
chemistry - ba\e bi-en i ~ r c g x t e d  ro form a 
q o d e l  sf brine i-e_~zr:.n>i: g?.=sis, 2nd to  
assess t he  i:i.iirt?i z ~ i !  fiitu-e status of brine 
i-eservoi:s as !!I?!- rs la ie to ths U'iPP site. 
T11e dsveioprrxn: of the b ; i x  resemoirs 
bzgan i n  ths  Pcrmian ?cried about 235 
million yczrs l ie fa i~  p r r m t .  The Castile 
evaporires, cunsisiing primariiy ~7f ailhydrite 
and halite ss  shown In Figure 2. \+ere 
deposited at that time. Diiring the initial 
chemical sedimenta:,ion (or precipitation) 
period, :he solids xsre poor!y cafisolidated 
and high:!- porous. hli;ch or  all of this pore 
space was fi:led ~ i t h  Permian szaaaier that 
had beez? cnriched in dissolved solids, 
cxygen-18, 2nd probably deuttrium by 
e:.aporation. As sedi!r?er,tii:iun in the basin 
conrinusd. !he scaa-a:cr t.ccams lrapped as 
an interstitial fluid bst:vsen ifidivid~al grains 
of anh5drite and ha!ice. A s  compaction 
increased. grain b o ~ n d a r y  accretion of halite 
probably surrounded scme of the pore fluids 
and gave rise to  fluid inciusioils in halite 
crystals. Examination of rztios of inajor and 
minor e!emsnt cc.fiicr?trations in thz brines 
leads t c  the conclusion tbat the reservoir 
brines originated from azcient seawater with 
no evidence for fluid sontribu!ion from 
present meteoric waters. 



A . : ,..* 7 

Figure 2 - Fence Diagram of the Geology of H'IPP Sire Vicinily 

Subsequent to  compaction a ~ d  lithification 
of the sediments, the evaporite scquence was 
deformed. Deformation is represented, in 
part, by the localized elongate, salt-cored 
anticlines associated uith the Castiie brine 
resenoirs  (e.g., Figure 2). These features 
were probably generated by tlow cif halite in 
response to differen:izl stress. Several 
plausible mechanisms for salt flow have been 
propcrsed which Ivouid lead to  the observed 
deformation. By whatever mechanism, the 
ripward flow of salt lccally deformed the 
overlying anhpdri:;~ and caused them to 
fractzre as a result of extension (see Figure 
3). 

The waste disposal horizon, which is 
separared from the locally fractured anhy- 
drite by aboui 6C0 feet of unfractured, low- 
pefneability halite of the Sa!ado Formation 
(Flgure 2), was minimally deformed by the 
flcw of Castile salt. The open fractures in  the 
anhydi-itc acted zs unfilled voids t o  attract 
the most niobiIr phases (i.e. brine and 
ass~cia ted  gases) present in the evaporite 
scquence. Flaw into the fractures of the  
anilc:incs released sons of the pressure on 
the brine and  resulted in the current reservoir 
rressures which are samewhat less than 
present lithastatic pressure, but greater than 
present hydrostatic pressure. 
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Figure 3 - Schematic of Brine Reservoir Formarion 

.4s the pore waters migrated toward genic origin and been trapped similarly to the 
fractures, they reacted with calcite to yield methane. At this stage, the evolution of the 
dolomite. This accounts for the presence of brine may have hsen complete. 
dolomite in the anhydrite and thh relative 
depletion of magnesium in the brine. The 
reaction also further enriched the brines in 
oxygen-] 8 to give them the isotopic 
compositions observed. Additionally, during 
this local flow of brine, some halite, and in 
the case of W1 PP-I 2, glauberite, were 
probably dissolved. Alternatively, minor 
dissolution (on the order of a fraction of an 
inch) of the confining halite beds (top and 
bottom) may have resulted in the halite 
saturation of the WIPP-I2 resemoir. 

Accompanying brine flow, or somewhat 
later, methane gas was both generated and 
trapped in place. In the case of ERDA-6, 
methane was generated biologically, whereas 
in WIPP-I2 most or all of the methane was 
produced thermogenically (by the thermal 
degradation of organic matter). In both 
reservoirs, the hydrogen sulfide was 
produced largely by biological activity after 
the physical processes of reservoir formation 
were completed. However, a portion of the 
hydrogen sulfide may have had a thermo- 

The ERDA-6 and WIPP-I2 brine reservoirs, 
which are located in fractured anhydrites 
above thickened halite (Figure 2). may be 
modeled as fractured heterogeneous systems. 
The volumes of the ERDX-6 and WIPP-I2 
brine reservoirs are estimated, within an 
order of magnitude, to be about 630,000 
barre!s and 17,OG0,000 barrels, respectively. 
The vast majority of brine is stored in low- 
permeability microfractures, and therefore is 
not readily released in the event the 
reservoirs are intercepted. In fact, less than 
three percent of the reservoir fluids would 
flow unassisted to the surface if encountered 
during exploration drilling. About five 
percent of the overall brine volume in each 
reservoir is stored in large, open fractures. 
The large fractures form an infiltration 
gallery or extended well, providing a 
collection mechanism and relatively high- 
permeability conduit for brine flow (Figure 
3). The large fractures provide an  initially 
vigorous flow or pressure-buildup response. 



The microf~-acturss p:a\ide a slow, jastained 
rcsponsc. Giver, s1~ffisisr.t time, fro\<, from the 
: ! ; i ~ r ~ f i a ~ i l ~ r e s  sai.; IzrgeI!. ri.p!enish s n y  
depletion ui-iish has occurred in the Izrge 
{:act ilies. 

.At pi-esent, rhc Czstiie brine rssc:\-oirs 
kppcar to bs isciated. Thzre is no c\*idsnce to 
sijggcst hyd;au!ic or chenlicai coniiection 
5ctween r c s s r~o i :~ ,  or bct\~c-cr i  reservoirs and 
oiher ground-bale: s!.s:ems, either a t  the 
present or  in  the past. r i i e  persistence of high 
and different h!draulic heads in Czstilt: brine 
ieser\.oirc for a! kast  one mi:lIor! ~ t 3 z - 5  (the 
age of tlie most recent rcctcnic acti\.ity) is the 
principal 'r_! drologic s\.iJs:;ce for tlieir 
iso!:ation. l?ie faur C ~ s t i l s  brine rsii-rvoirs 
f c r  which accuraie data  are a\.ai!aSie show 
diffcrtnces in hkdraulic h.ad ;hr:ging from 
'q3 t c  t i 7 i  [:el c\f xa ic r .  Simiiar!?., !~:ezs\jrcd GL 

!;cads in the b r i ~ s  recs:\.oirs are at least 1330 
lcet higi:sr 1 k . i ~  kcads iri aquift 's:~ in the 
subjaccnt De!aware 3 ' l o ~ n t ~ i n  Group,  srld at 
least 1530 let! higher t ! ; a  hzads in the 
o~e r ly ing  R:lstlcr Forn;aticn ( F i g ~ r s  4). 
I;sncs, \here is no physical i~cchan i sm for 
the brine reservoirs t o  rsceii-e rtchzrge from 
these under1)-ing &rid cvtr!).ing units. 

As regzrds chernica! mechanisms, the gas and 
brine chemirtrizs ~ 7 f  the tuso rzservoirs are 
 distinct!^ different from each o!her and from 
local ground waters. For cxampie, large 
differences ir? the reservoir g2s conpos i t i o r ,~  
sxist between WIPP-12 and ERD.9-6. The 
gas in M'IPP-I2 is composcd mostly of 
lsetbanc and has iittle or no carbon dioxide. 
The ERDA-6 reservoir con:.ains su3stantial 
quantities of carbon dioxide, and mare 
hydrogen sull?de than \k'IPP-12. Differences 
observed in the brine composition include 
boron, bromide, ~ a g n e s i u r n .  potassium, and 
lithium concentrations. Ccnnection between 
reservoirs x~ould  eliminate or  mitigate these 
differences, especially with respect to  the 
highly mobile gases. Accordingly, if 
connected in the past, the current brine (and 
associated gzs) compositions of the two 
reservoirs would Be more similar. 

\?'1PP-12 brine s!so appears to  be .;atu:d:ed 
with halite. \}is pcincipal phase of the 
confini1:g cir3:a. F U T L ~ ~ T X O T C ,  ca!c~~lat ions 
ir?dica;e Suik s).siern equillbriun? among  
so!id. liquid. si:d gzs. 

in  eurnmary, the brine resen*oirs zppear  t o  
be !ucal, isoiaied feaiurcs that kavc reached 
rqciliSrium u.ith their environment. E.\.iJcnce 
iur ioag-!crm h:xi:aulic a n 3  chsmical 
i~oia t ion  inc!ndes: 

@ Ifydranlic heads that are rubs:antially 
jiffsicnr i rom reservoir to  resenoi r  
and higher t>an the he:-ads of local 
g r 0 : ~ ~ d  ;i.ate:s. 

The containmcn! of gzs by the 
rcscrvoirs. 

i. Brii-le a n d  assccizted gas chen~istries 
that difltr from resc:voir !o ressrvoir. 

@ Geographic icpsration and  non- 
uniforrr: d i s t r i b~ t ion  of r:szn.oirs. 
i.c., extensive dri!!ing has teken piace 
in this tirea, but  only a few wells have 
intercepisd pressurized brines. There 
is no evidence for a continuous. 
extensive aquifer in the Castile. 

@ Bu!k chenic.al equilibrium between 
the brinz. gzs, and resentoir rock in 
the ERD.43 and t+-lPP-I2 resenjoirs. 

Portiocs of the study ~ r z s t n t e d  in s c c t i o ~ s  of 
!his report cerrrercd around satural  factors 
~ h i c h  could cause pressurized brine t o  
contact ths  radioactiv; wasre stored in the 
IYIPP u~de rg round  facility, and eventually 
transport radioni~c:ides t o  the biosphere. 
Specifically, the potential for migrztion of 
brine as a result of hydraulic a n d / o r  
chemica! disequilibrium, with resultant 
dissolution of hajite, was evaluated. At 

In addition to  being isolated, the brines 
appear to  be in chemical equilibrium with 
their surroundings, and they are stagnant. 
For  example, the brines are chemically 
saturated with the primary phases of the 
reservoir host rock (anhydrite and calcite). 
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present, the brine reservoirs studied are 
chemically and hydraulically stable. The 
brines are either at,  or very near, saturation 
with respect to halite, and consequzntly have 
little or no halite-dissolution potential. 
Additionally, the brine reservoirs have 
maintained hydraulic heads greatly in excess 
of thcse in neighboring ground-water systems 
over a t  least a m i l l i ~ n  yezrs. These factors, 
combined with the extremely low perme- 

ability of intact halite and the absence of 
fractures which would increase that 
permeabi!ity in the halite separating the 
disposal horizon from the brine reservoirs, 
nullify the potential for upward vertical 
seepage of brine. For these reasons, 
pressurized brine reservoirs occurring in the 
Castile Formation do not affect the 
suitability of the present WIPP site. 

r HYDRAULIC PRESSURE 
OF CASTILE BRINES 

1 DELAWARE MOUNTAIN GROUP- 
- 1000 BELL CANYON FM. 

Figure 4 - Comparison of Slandardized (Pure Water) Hydraulic Heads of Castile Formation Brines wirh 
Rustler Formarion and Delaware Mounrain Group 



TART I - PREFACE ASD INTRODUCTION 

1 . 1  RACKGROUND 

The Waste  I s o l a t i o n  F i l o t  P l a n t  (KIPP) p r o j e c t  i s  a  U .S .  Gepartrnent of Energy 

(DOE) i z s e a r c h  and drvelopment a c t i v i t y  d e s i g n e d  t o  2 ? m n s t r a t e  s a f e  d i s p o s a l  

o f  r a d i o a c t i v e  w a s t e s  r e s u l t i n g  f r m  t h e  d z f e n s e  progrzms.  The K I P P  p r o j e c t  

P . miss  ion  c o n s i s t s  of two p a r t s .  r l r s t ,  s a f e  d i s p o s a l  of TRC v a s t r  i n  bedded 

s a l t  v i l l  be d ; .aons t ra ted  by p l a c i n g  apprc?xi !>at? ly  s i x  m i l l i o n  c u b i c  f e e t  of 

r a d i o a c t  i.rz I n a t e r i a l  i n  t h e  f a c i l i t y .  S ~ . c o n d ,  a r e s e a r c h  f a c i l i t y  f o r  in-s  i t u  

62xarninat i o n  of  t h e  i n t s r z c t  i s c s  t;;.twe+n bedded s a l t  li igh-12vel  r a d i o a c t i v e  

u 2 s t e  w i l l  5e provi<ed by t h e  Y<I?P. A l l  :> igh-12vel  ;.astz s i l l  hs y;-s!ov*d from 

t h e  K T ? ?  p r i o r  tS2 d ? s u a m i s s i o n i n g .  A d e s c r i p t i o n  of  t h e  >lann?d XIPP i s  g i v e n  

i n  t h z  KI?P F i c a l  E n v i r o c r s n t a l  Tapact  S t a t z m e n t  (DOE, 1380a) and t h e  WIPP 

S a f e t y  A n a l y s i s  Report  (S.%R, DOE, 19811b 1. 

The s i t e  f o r  t h e  M I ? ?  i s  l o c a t e d  i n  t h e  Lcs Medanos a r e a  of t h e  n a r t h e r n  

Delaware B a s i n ,  Eddy County, New Xexico ( F i g u r e  1 ) .  r i e  s e ! l e c t i o n  of  a  bedded 

s a l t  s i t e  rsas i n i t i a t e d  i n  1957 ; h e n  t h e  N a t i o n a l  Acadamy of Sci?nc,es (NAS) 

and t h e  A t o a i c  Energy C m m i s s i o n  (AEC) s t a t e d  t h a t  s a l t  d e p o s i t s  p r s v i d e  t h e  

most p r o m i s i n g  a e d i u n  f a r  d i s p o s a l  of  r a d i o a c t i v e !  v a s t e .  S u b s e q u e n t l y ,  

s e v e r a l  y e a r s  of r e s e a r c h  a s s o c i a t e d  w i t h  v a s t 2  d i s p o s a l  i n  s a l t  s e r e  under-  

t z k e n ,  and led t h e  NAS t o  r e a f f i r m  i t s  1957 p c s i t i o n  on r a d i o a c t i v e  w a s t e  

d i s p o s a l .  I n i t i a l l y ,  a Lyons, Kansas salt n i n e  was used f o r  i n - s i t u  e x p s r i -  

m e n t a t i o n  and was i d e n t i f i e d  a s  a p o t e n t i a l  w a s t e  d i s p o s a l  s i t e ;  h o v e v e r ,  t h e  

s i t e  was a5andoned i n  1972 due t o  t h e  number of d r i l l h o l e s  p e n e t r a t i n g  t h e  

beds  and  t h e  l i k e l i h o o d  t h a t  t h e  s a l t  b e d s  were h i g h l y  f r a c t u r e d .  A f t e r  a  

c m p r e h e n s i v e  s e a r c h  f o r  a  s u i t a b l e  d i s p o s a l  s i t e ,  t h e  Los Xedancs a r e a  was 

chosen  and f i z l d  i c v e s t i g a t i o n s  were bzgun i n  1974. Tvo c a r e  h o l e s  (AEC-7 and 

AEC-8) were d r i l  l a d ,  b o t h  of which i n d i c a t e d  a c c e p t a b l e  s u b s u r f s c e  geo logy  

( F i g u r e  1 ) .  The t h i r d  e x p l o r a t i o n  h o l e ,  E D A - 6 ,  r e v e a l e d  s e v e r e  de fo rma t  i o n  

of s a l t  and a n h y d r i t e  beds h i c h  d i p  up  t o  75 d e g r e e s .  A d d i t i o n a l l y ,  f r a c -  

t u r e d  a n h y d r i t e  produced a s i g n i f i c a n t  valume o f  b r i o e  and a s s o c i a t e d  gas  t o  



t h e  s is r face  froia a  depth  of shout 2700 f e e t .  h e  t o  t h e  unpi-edic t labi l i ty  of  

t h e  i ; i lbs~~r fa r_e  geology snd the  d t f  f i s u l t y  t h a t  ;:mid r e s u l t  f rola underground 

construct!on i n  t h e  steeply d i p p i n g  s t r a t a  a t  E?ZA-6, the  s i t s  s a s  ,-:rived about 

s i x  a i l e s  t o  t h e  s o u t h e s t ,  t o  i t s  p r z s e n t  l o c a t i o n ,  in 1975. 

.In e x t e n s i v e  s i t e  c ' r , a r . l c t e r i za t ion  program h a s  been c o ~ ~ d u c t e d  For t 5 e  p a s t  

seven y e a r s .  I t  ha s  r equ i red  d r i l l i n g  nany (clore than f i f t y )  Soreholes ,  

conduc t ing  n m e r o u s  g e o l o g i c a l ,  g s o p h y s i c a l ,  geochemical ,  and I :y i3 r~ log ics l  

s t u d i e s ,  and pe r fo rming  a m u l t i t u d e  of eaper!aents on t h e  s u i t a b i l i t y  of 

bedded s a l t  a s  3 a n s t e  disposal izedium. The r e s u l t s  of t h z s e  s t u d i s s  gener-  

a l l y  demons t ra te  rhe  adequacy of :he KIP? s i t e  f o r  s a fe  s t o r a g e  of r z d f o s c t i v e  

vsste; :5sy a r e  sun;carized i n  the  WIP? G ~ o l o g i c a l  C 5 a r a c t s r i z a t i a n  !??port 

( G C R ,  Pavers e t  a l . ,  1978) and t h e  \J IPP S . U  ( D O E ,  198Ob). 

Zn Kay, 1781, :he S t a t e  of Xsu Flexico f i l e d  a I z w s u i ~  i n  Federa l  D i s t r i c t  

Court a g a i n s t  the  DO% and t h e  U.S. 3 e p a r t ~ e n t  of t3.e I n t e r i o r  (DOI) t o  e n j o i n  

klLPP a c t i v i t i e s .  As a  r e s u i t  of t h i s  f i l i n g ,  t h e  COE aad DO1 e n t e r e d  i n t o  a 

S t i p u l a t e d  Agreenent with t h e  S t a t e  i n  J u l y ,  1981. Vnder t h i s  agreoicent, t h e  

DOE u n d e r t a s k  s t u d i e s  a d d r e s s i n g  t h e  S r a t e ' s  concerns r e l a t i v e  t o  t h e  e a f e t y  

of t h e  KI?P s i t e .  T:?ree of t h e s e  s t u d i e s  fo l low:  

a Tes t  S r i n e  Rese rvo i r  i n  Dsformation Zone: &open -- 
ERCX-6 and allirw i t  t o  f l ow f o r z  l e a s t  t en  days  t o  
Teasure  t h e  d e p l e t i o n  of p r e s s u r e  a t  r agu la r  i n t e r -  
v a l s  i n  t h i s  w e l l ,  and i f  Access can  $2 ~ b t a i ~ e d ,  i n  
Pogo $71 Federa l  w e l l .  ?erform other necessary  t e s t s  
t o  determine t h 2  s i z e ,  age ,  o r i g i n ,  acd p o s s i b l e  
a s s o c i a t i o n  wit:! a q u i f e r s  o r  o t h e r  b r i n e  pockets.  

a Report on Brine R e s e r v o i r s :  Trovide  a  comprehensive 
t o p i c a l  r e p o r t  on a v a i l a b l e  in fo rmat ion  concerning 
b r i n e  r e s e r v o i r s  i n  e v a p o r i t e  beds i n  t h e  Delaware 
Basin ,  i n c l u d i n g  the r e s u l t s  of t e s t s  a t  ERDA-6. 
This  should i n c l u d e  a v a i l a b l e  in fo rmat ion  on t h e  
l o c a t i o n ,  s i z e s ,  q u a n t i t y ,  p r e s s u r e s ,  q u a l i t y ,  i d e a s  
on o r i g i n ,  and methods of hand l ing  i n  mines. 

e H o r i z o n t a l  E x p l o r a t i o n  of t h e  Dis turbed Zone: A t  t h e  
e a r l i e s t  p o s s i b l e  stage of c o n s t r u c t i o n ,  and b e f o r e  



e q l s c e a e n t  of  v a s t e  a t  t h e  WI?P r e p o s i t o r y ,  p rov ide  
f o r  zn a d d i t i o n a l  30CO f e e t  of d r i f t  a o r t h  of 
p r e s e n t l y  pl-anned s t s t i o n  $2, which i s  a p p r o x i ~ a t e l y  
2500 f e e t  n s r t h  of E?-DA F9, and d r i l l  3000 f e e t  
h o r i z o n t a l  c o r e s  t o  t h e  no r th  from t h i s  new l u c a t i o n .  

An a l t e r n a t i v e  t o  t he  h o r i z o n t a l  e x p l o r a t i o n  of t h e  "d i s t u rbed"  zone xas 

prsposed by t h e  DOE because t h e  a b i l i t y  t o  d r i l l  3000 f e e t ,  t n t e r p r e t  t he  

co r e ,  and s e a l  the co r eh9 l e s  aas qusu t i onzb l e ;  t h e  new p l an  isc1uded d2epenlng 
... ,. ?-5DA-6 2 n d  XI??-12 a t  l e a s t  to t h e  base of t h e  C z v t i l e  Fomat :on .  T5e S t a t e  

of I:su !.iexico acceptad thz DOE p roposa l  a ~ d  work began  i n  Octob?r ,  1981. 

i n  !:Q-.:em>er, 1381, d l ~ r f n g  t3e deeperting of :JiP?-12, p r2 s su r i zed  b r i n e  pas 

- . .  .::couatezed a? a ds ;> th  of :bout ?Cl!l0 f e e t  in f rsc t : j red  s f i h y d r f t e  t he  

Castil?; t e s t i n g  of this rrser,:oir ~ 3 . 9  added t o  t h e  i a v e s t i g a t i o n .  

Th is  r 2 p o r t  i s  an account of t h e  above-mentioned s t u d i e s  p e r f s r n e d  under t h e  

S t i p u l a t e d  Agreement Setwsen t h e  DOE and  he S t a t e .  

1.2 PROJTCT ORGANIZ.4TION 

The DOE assezbied and ranages  a p r o j e c t  team which c o n s i s t s  p r f a a r f l y  of t h e  

fo l l owing  o r ~ a n f z a t i o n s :  

e Sandia  ? l a t l cna l  L a b o r a t o r f e s  (SNL) - t h e  s c i e n t i f i c  
adv isor  t o  t h e  DOE on t h e  WIPP p r o j e c t .  

e Dechtel ,  Znc. - t h e  a r c h i t e c t / e n g i n e e r  f o r  under- 
ground and a5ove-ground f a c i l i t i e s .  

e WIPP Technica l  Support  Con t r ac to r  (TSC) - 3 group  
c o n s i s t i n g  of t h e  prlme c o n t r a c t o r ,  Westinghouse 
E l e c t r i c  Corpora t ion  (Westlnghouse),  2nd subcon- 
t r a c t o r s ,  DtA?palonta Consu l t ing  Engineers ,  I n c .  
(DIAppolonia),  Bravo Engineers ,  and Gibbs and H i l l ,  
Tnc. t h a t  provides t e c h n i c a l  suppor t  t o  t h e  DOE on a 
v a r i e t y  of WIPP t z c h n i c a l  m t t e r s .  

9 O . S .  Gdological  Survey (USGS) - r e s p o n s i b l e  f o r  s i t e  
hydralogy and an  independent  review of c e r t a i n  f a c e t s  
of s i t s  ~ E a r a c t s r i z a t i o n .  



e U.S. Army Corps  o f  E n g i n e e r s  - r e s p o n s i b l e  f o r  s i t e  
c o n s t r u c t ? o n  a a n a g e n e n t .  

The r e l a t i o n s h i p  among t h e s e  g r o u p s  i s  shown on F i g u r e  2. 

The s t u d i e s  r e p o r t e d  h e r e i n  were c.c.nducted f o r  t h e  DOE by :he XI??-TSC, prim- 

a r i l y  by DIAppo lcn ia ,  u n d e r  s u h c o n t r s c t  t o  West inghouse  E l e c t r i c  C o r p o r a t i o n ,  

Advanced Enc rgy  S y s t c n s  D i v i s i o n .  The o b j e c t i v e s  of t h e s e  s t u d i e s  and t h e  

~ ~ t 5 o d s  u s z d  % e r e  o u t l i n e d  by S;?L and  t h e  WIPP-TSC w i t h  . s i g n i f i c a n t  Cnput from 

t h z  USGS. A n a l y s i s  and i n t e r p r e t a t i o n  of the f i e l d  d a t a  per? ;=r forned  by t h e  

WZPP-TSC, p r i n a r i l y  by E 'Appo ton ia ,  uilder ! \ ' ss t inghouse d i r e c t i o n ,  v i t h  sugges-  

t i o f i s  s a d  r e c c a ~ n e n d a t i o n s  from S ? Z  2nd i!SGS. 

Yost  of  t h e  background i n f o r c a t i o n  on t h e  g2ology and hydro logy of t h e  

n o r t h e r n  Delaware  B a s i n  was d e r i v e d  from t h ?  e x p l o r a r l o n  e f f o r t s  of ShT and 

t h e  USGS d u r i n g  t h e  p e r i o d  from 1975 t o  t h e  p r e s e n t .  References f o r  Informa- 

t i o n  e x t r a c t e d  from d o c u z e n t s  p r e p a r e d  by t h e s z  a r g a n i z a t i o n s  a r e  c i t e d  

f r e q u e n t l y  i n  t h e  t e x t .  

2.0 IXTRODUCTION 

2 .I 3RI? lE  OCCVXRENCES I N  T X  CASTILE r"GWAT10N 

The !iIP? s i t e  I s  1.scatsd v i t h i n  t h e  n o r t h e a s t e r n  p a r t  of t 5 e  2elawai-c Bas in ,  a  

s t r u c t u r a l l y  do-nwarped  s r l ~ s t a l  a r e a  of abou t  12,000 s q u a r e  qiles.  The 

3elaxare Zasfn c o n t a i n s  a b t x t  15,000 f e e t  of s e d i m e n t s ,  dominated by s t r a t a  of 

2e rmian  a g e .  It i s  a subbasin of  t h e  much l a r g s r  F e d a n  Bas in ,  which 

i n c l u d e s  t h e  Midland B a s i n  t o  t h e  east ,  and t h e  P a l o  Verde Bas in  t o  t h e  

n o r t h e a s t .  The C a p i t z n  r e e f  Sounds t h e  Delaware B a s i n  on t h e  n o r t h ,  west and  

s o u t h w e s t  and  i s ,  i n  e f f e c t ,  t h e  boundary of  t h e  b a s i n .  The C a s t i l e  Format ion  

h a l i t e  and  a n h y d r i t e  beds  yere d e p o s i t e d  i n  a d e e p  i n l a n d  sea w i t h i n  t h e  

D e l a v a r s  S a s i n  d e l i m i t e d  by t h e  r e e f ,  w h i l e  t h e  o v e r l y i n g  Sa l ado  Formation 

bedded s a l t  was d e p o s i t e d  o v e r  t h e  r e a f  and u l t i m a t e l y  covs red  a l a r g e r  

a r e a .  Tile Salado F o r n a t i o n  is  the u n i t  c u r r e n t l y  unde r  i n v e s t i g a t i o n  a s  a 

c o n t a i n m e n t  f o r  r a d i o a c t i v e  waste. 



The o c c u r r e n c e  of p r e s s u r i z e d  b r i n e  r e s e r v o i r s  I n  t h e  C a s t i l e  % r ~ ~ t i o n  h a s  

52en dotunen ted  over  t h e  p a s t  40 y e a r s .  7-7ost of t7i?se F 3 - - - - 7  & L ~ C L  t ~ i r s  r e r e  

encoun te red  d u r i n g  e x p l o r a t o r y  d r i l l i n g  fop h ~ d r o c a r b o n s ,  and r e l i a b l e  

i n f o r m a t t o n  on r s s e r v o t r  flow r a t e s ,  volumes, and  p r e s s u r e s  is  n o t  a v a i l -  

t ib?e. In g e n e r a l ,  t h e  r e s e r v o i r ;  encounter2d u e r e  c o n t a i n e d  w i t h i n  f r a c t u r e d  

a n h y d r i t e  l a y e r s  i n  t h e  C a s t i l e  F o r n a t i o n ,  2nd tiley v e r e  s l ~ f f i t f  e n t l y  

p r e s s u r i z e d  f o r  b r i n e  t o  flow t o  t h e  s u r f s c e .  F r ~ r t h e r ,  a l l  k~:own r e s e r v o i r s  

c o n t a i n  hydrogen s u l f i d e  gss and are  a s s o c i a t e d  w i t h  t i n t i f o r m s  f n  the 

C a s t i l e .  R e  o c c u r r e a c e  of r e s e r v o i r s  i s  u n p r e d i c t a b l e  hovcver, i n  t h a t  

- L L s . s r x ~ ~ i r s  ., a r e  r.ot found i n  a s s o c i a t i o n  v i t h  311  . i n t i f o r = s .  A v a i l a b l e  

i n f c r z a t i o n  on tS2s.e r e s 2 r v o i r s  i s  inc luded  v i t h  t h i s  r a p o r t .  

2.2 PSRPgJSE GF STCDY 

V a r i c u s  t 5 2 o r l e s  proposed f o r  rhe  o r i g i n  of b r i z e  reservoirs i n  t hz  h l a v a r e  

Bas in  i n c l a d e :  

e D ? s s o l u t i o n  of  e v a p o r i t e s  by f l u i d s  from u n d e r l y i n g  
a q u i f e r s  fo l lowed by f r a c t a r i n g  of  c v e r i y i i i g  anhyd- 
r i t e  and m i g r a t i o n  of a q u i f e r  f l u i d s  i n t o  t h e  
f r a c t u r e s .  

o Zehpdra t ion  of gypsum t o  form a n h p d r i t e ,  accompanied 
by f r a c t u r i n g  due t o  volume chaoge and s t o r a g e  of 
f l u i d s  of d e h y d r a t i o n  i n  t5e f r ~ c t u r e s .  

s C o l l e c t i o n  of e n t r a p p e d  a n c i e n t  s e a v a t e r  i n  f r a c t u r e s  
formed d u r i n g  t h e  s t r u c t u r a l  ? 8 o l u t i o n  of t h e  b a s i n .  

e .  D i s s o l u t i o n  of e v a p o r i t e  m i n e r a l s  by rnzteor ic  w a t e r ,  
c l o s e l y  fo l lowed by r e c r y s t a l l i z a t i o n ,  2nd f l u i d  
ent rapment ;  subsequen t  f l u i d  m t g r a t i o n  i n t o  f r a c t u r e s  
formed d u r i n g  s a l t  f lowage o r  t e c t o n i c  a c t i v i t y .  

A t  i s s u e  is  t h 2  p o t e n t i a l  i n p a c t  t h e  b r i n e  r e s e r v o i r s  might  have on the HIPP 

f a c i l f t y .  Q s e s t i o a s  r e I a t e d  t o  t h i s  impact i n c l u d e  t h e  f o l l o w i n g :  

Is t h e r e  i n t e r c o n n e c t i o n  of l o c a l  a q u i f e r s  w i t h  b r i n e  
r e s e r v o i r s ?  



a Are b r i n e  r z s e r v o i r s  i n  t h e  b a s i n  i n t e r c o n n e c t e d  by a 
r e g t o n z l  h y d r o l o g i c  sys ten?  

o I s  b r l n e . r e s e r v o i r  Eormzt ion  a n  ongoing p r o c e s s ,  o r  
h a s  the sys tem r e z a i n e d  s s s e n t i a l l y  s t a t i c  d u r i n g  t h e  
r e c e n t  g e o l o g i c  p a s t ?  

g T_s t h e  o c c u r r e n c e  of b r i n e  r e se r : -o i r s  s t r u c t i l r a l l y  
c o n t r o l l e d ?  

m. ~ n e  p u r p o s e s  of  t h i s  r e p o r t  a r e  t o  a d d r e s s  t > e  above q u e s t i o n s  and  i a  do ing  

s o ,  develop a s u p p o r t a b l e  h y p o t h e s i s  cn t h e  o r i g i n  of  t h e  r a s e r v c i r s .  

Tacluded is a p f c d i s t i o n  of t" p o t e n t i a l  f z p a c t s  of t h e  reservoirs on t h e  

t a t e g r i t y  of t?,e \?I?? s i t e  > a s 4  on t h i s  i n f o r z a t i o n .  

2 . 3  SCOPE OF STUDY -- 
7 ,  L l , f o r n a t i o n  r e l a t i v e  t o  p r e s s u r i z e d  b r i n e  r e s e r v o i r s  ~ a s  abtacried f r m  two 

s o u r c e s  -- d r i l i i n g  r e p s r t s ,  and e x t e n s i v e  t e - i t l a g  of t h e  r 2 s e r v o i r s  i n t e r -  

s e c t e d  by EKDA-6 and WIPP-12. The i n v e s t f g a t i s n s  a t  t h e  two S o r e h o l e s  

r e q u i r e d  t h e  i n t e g r a t i o n  of g e o l o g y ,  5 y d r o l o g y ,  and chemistry. Geo log ic  

i n f o r ~ a t i o n  on t h e  r e s e r v o i r  rock  and a s s o c i a t e d  s t r u c t u r e s  vas o b t a i n e d  

l a r g e l y  t h r o u g h  s x a n i n a t i o n  of core from t h e  bo reho le s  and from g e o p h y s i c a l  

l o g s .  X y d r o l o g i c  d a t a  s s r e  o b t a i n e d  by p e r f o r n i n g  r e s e r v o i r  t?sts i n  t h e  

b o r e h o l c s ,  a n d  chemical Ea ta  v e r e  g a t b r e d  by a n a i y z i n g  3 r i n e  an3 gas samples  

Lo t h z  f i e l d  and i n  va r io l j s  l z b o r a t ~ r i e s .  A d d i t i o n a l  i n f o m a t i o n  on t h e  

t o p i c s  of s tudy  was o 5 t a i n e d  from m a t e r i a l s  pub l i shed  on t 5 e  Delaware S a s i n  

and WIPP s i t e .  

ERDA-6 and WZPP-12 f i e l d  and l a b o r a t o r y  d a t a  Save Seen rsv iewed,  rcduced,  and 

i n t e r p r e t e d .  A h y p o t h e s i s  e x p l a i n i n g  t h e  c h a r a c t e r i s t i c s  and g e n e s i s  of b r i n e  

r e s e r v o i r s  i n  t h e  Gelaware B a s i n  has  been  developed and s o b s t a n t i a t e d .  T\ough 

:!any d a t a  v e r e  c o n s i d e r e d ,  t h e  Focus of  t h e  s t u d i e s  is  o s  r e c e n t  d a t a  c a l l r c t -  

e d  from ERDA-6 and VTPP-12. 

% r i n g  t h e  t e s t i n g  a c t i v i t i e s  conduc ted  a t  ERDh-6 and KIP?-12, t h e  New Mexico 

E n v i r o n m e n t a l  E v a l u a t i o n  Group o b s e r v e d  p o r t t o n s  of t h e  E e s t s  and o b t a i n e d  a 
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s n a l l  nxmher o f  samples f o r  l i m i t e d  chemical  a n a l y s i s  i n  t h e  Xew Xexico Z:~reau 

of ;+ in?s l a b r a t o r y  s t  Socor ro .  T h e  r e s u l t s  of t h e  S t a t e ' s  s t u d i e s  ::ave not  

Seen t n c luded  I n  t h i s  r e p o r t  t z c a u s e  t h e  Environmental  F v a l u e t i o n  Group  13 i n  

the  prccess of publ ishi i ig  I t s  C ~ T L  r z p o r t s .  T3e r e s u l t s  of t h e  S t a t e ' s  s t u d i e s  

a r e  no t  expec ted  t o  c o n f l i c t  f n  any  :;ay w i t h  t h e  s c a l y s e s  snd c-onclllsions 

presented i n  t h i s  r e p o r t ,  >?cause t h e i r  cork i s  a su5set of t h e  s t u d i e s  

per forcad  by the TSC, 

2 . 4  03GANTZATXON CF XZTORT .- 
TI ,.ae i231n b3dy of tYSe r e p o r t  i s  d i v i d e d  i n t o  fou r  ; :ar ts ,  .zach w i th  a table of 

c o n t e n t s ,  t a b l e s ,  a ~ d  f i g u r e s .  The f i n a l  s e c t i o n  O F  the repor t  t n t e g r a t e s  and 

susearizcs rhe  f i n d i n g s .  

?art 11, Ceoloky, p r e s?n t s  t h z  r s g i o n a l  geo log i c  setttng s a d  h i s t o r y  of t h e  

Gelaware 3 a s i n ,  and  t h e  WIP? s i t e  v i c i n i t y  geology and h i s t o r y .  In a d d i t i o n ,  

f ea tu res  of no te  i n  t > e  cored i n t e r v a l s  a r e  descr ibed  and d i s cus sed  i n  

r e l a t i o n  t o  t h e  occur rence  and genes i s  of b r i n e  reservoirs arid d t f o r n a t i o n  of 

t h e  ba s in .  

F a r t  111, Aydrology, d e s c r i b e s  t h e  da ta  obta ined  from r e s e r v o i r  t e s t i n g  a t  

EXDA-6 and WIPT-12, and f r o a  t h e  l i t e r a t u r e .  I t  a l s o  i n c l u d e s  a d i s c u s s f o n  of 

the ~ ~ ~ e t h o d s  used to e-=sIuate t 4 e  d a t z  a n d  presents a hyd ro log i c  z o d e l  of t h e  

r z se rvo i r s  which lnclzdes degree  of c o n n e c t i v i t y  arrd e s t i s a t e s  of r e s e r v o i r  

volume. .4 d i s c u s s i o n  of the hyd ro log i c  ev idence  on b r i n e  r e s e r v o i r  fo rmat ion  

is i n c luded .  

P a r t  I V ,  Chemist ry ,  i s  a  sumnary of the d a t a  ob ta ined  on t h e  chemical  and 

i s o t o p i c  composi t ion of the r e s e r v o i r  b r i n e ,  gas, and rock.  h d e t a i l e d  

d i s c u s s i o n  of t !~e s f g n i f i c a n c e  of the chemical  d a t a  1s inc luded  snd an  

hypo the s i s  i s  developed and supported t o  e x p l a i n  t he  o r i g i n  and h i s t o r y  of t h e  

r e s e r v o i r  f l u i d s .  



?art  V, Sunmary s n d  Ccnc lus ions ,  is a s y a t h e s i s  of t he  concl~:sfons rsached i n  

? a r t s  11, 111, a n d  IV, and p r e s e n t s  a d e s c r i p t i o n  of the evolution of brine 

reservoirs i n  t h e  basin and tYde p o t e n t i a l  i n p a c t  t h a t  these reservoirs c o u l d  

have on t h e  WIF? facility. 
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PART I1 - GEOLOGY 

1.0 iXT4QDUCTION AN9 SUlMARY 

The geology section presents the interpretation 2nd analysis of geologic data 

acquired during WIPP-12 and ERDA-5 testing, snd related inf~rriation from other 

pressurized brine occurrences in the Castile Formation, b2ep boreholes 

penetrating the Castile, and pertinent p!~blished information. 

The geologic framework of southeastzrn New Xexico is f~rmed by the Dgiaware 

?asin, tha Czntral 3ssin Platform, :lidland Sadin, Capitan reef zone, 

Kortkuestern Shelf and Guadalupe Yountains. The WI?P site is located in the 

northeastern quedrant of the D2lsware ?,.sin, a s t r u c t u r a l ! j - d ? : ~ ? ~ ~ a r p e d  kasin 

of 12,000 square miles, appraximately 90 miles f r ~ m  east to west 2nd 150 miles 

aorth to south. The Deleware Basin is bounded on the north, Yest and 

southwest by the Capitan rzef, an ext2nsive Sasin-margin reef clzposit. About 

18,000 feet of sediments are present in the Delaware Easin, providing a nearly 

complete record of Paleozoic sedimentation. Tne Femian strata are the 

thickest of these sediments and include a thick saction of evaporites that 

consist 2rimarily of ictercalated halite and snhydrite beds. The Castile and 

Salado formations comprise the major portion of this evaporite section. 

At XI?P-12 the Castile Formation is conprised of five nznbers (in zscending 

order): Anhydrite I, Halite I, Anh~drite 11, Ralite 11, and Xnhydrite 111. 

Halite I is somewhat thicker than the typical section in the bzsin. The 

anhydrits rock is microcrystalline and dense, with thin bedding laninaa made 

up of carbonates, organic material, and clays. Fractures are-present in 

Anhydrite 111, dnhydrite 11, and an anhydrite stringer within Halite 11, which 

dip bstween 70" and vertical. The fracture at 3016 feet depth praduced 

brine. No fractures were detected in the halite nembers. At E D A - 6 ,  the 

Anhydri te I11 member is apparent :y nissing, 5ased on previous geologic 

interpretation (Jones, 1981a). High-angle fractures are located in Anhydrite 

I1 which contain pressurized brine. 



I n f o r m a t i o n  o n  o t h e r  b r i n e  o c c u r r s n c e s  was  a n a l y z e d  and  c c n p a r e d  w i t h  WIPP-12 

a n d  E R D A - 6  d a t a  t o  d e t e r m i n e  a n y  b a s i c  p a t t e r n s .  S r i n e  o c c u r r e n c e s  a r e  

a s s o c i a t e d  w i t h  a  b e l t  o f  d e f o r m a t i o n  i n  t h e  C a s t i l z  t h a t  p a r a l l e l s  t h e  

C a p i t a n  r e e f  s u h c r o p  znd u n d e r l i e s  t h e  NIP?  s i t e .  The b r i n e s  a p p e a r  t o  b e  

l o c a t e d  i n  t h e  u p p e r m o s t  C s s t i l e  a n h ~ d r i t e  u n i t  p r z s s n t  a t  e a c h  l o c a t i o n .  A t  

YIP?-12,  A n h y d r i t e  111 p r o d u c e d  5 r i n e ;  a t  5RDA-6  t h e  b r i n e  i s  t h o u g h t  t o  b e  

l o c a t e d  i n  A n h y d r i t e  11. B r i n e  o c c u r r e n c e s  a r e  a s s o c i a r e d  i n  e v e r y  known c a s e  

w i t h  a n t i c l i n a l  s t r u c t u r e s  o f  v a r y i n g  s i z e  w i t h i n  t h e  b e l t  o f  d e f o r m a t i o n .  

T h e  c a u s e  o f  f l - a c i u r i c g  o f  t h e  a n h y d r i t e s  in t h e  C a s t i l e  F o r n a t i o n  i s  t h o u g h t  

t o  b e  t h e  r e s u l t  o f  s a l t  s o v e n e n t  i n  t h e  i n t e r c a l a t e d  h a l i t e  u n i t s .  E x a m i n z -  

t i o n  o f  t h e  a n t i c l i n a l  s t r u c t u r e s  a t  GITP-12,  E S D A - 6 ,  a n d  s s v e r a l  o t h e r  

r e s e r v o i r  l o c a t i o ~ s  w h e r e  d a t a  a r e  s u a i ! a b l e ,  shows t h a t  t h e  h a l i t e  u n i t s  i n  

t h e  C a s t i l a  v a r y  i n  t A i c k n e s s .  T h i c k e n i n ?  o f  t h e  h a l i t e  r e s u l t 2 d  Ersin s a l t  

d e f o r x a t i o n .  I n i t i a t i o n  o f  O 2 f a r 3 a t i o n  w a s  c a u s e d  by  o n e  o f  t h e  f o l l o w i n g  

m e c h a n i s m s :  ( 1 )  g r a v i t y  f o u n d e r i n g  o f  a n h y d r i t e :  ( 2 )  t i l t i n g  o f  t h e  b a s i n  d u e  

t o  t e c t o n i c  s t r e s s e s  w h i c h  l e d  t o  g r a v i t y  s l i d i n g  o f  t h e  s a l t :  ( 3 )  d i s s o l u t i o n  

n e c h a n i s m s ;  o r  ( 4 )  f l u i d  g e n e r a t e d  b y  gypsum d e h y d r a t i o n  t a  a n h y d r i t e .  T h e  

a g e  o f  d e f o r m a t i o n  i s  s u b j e c t  t o  d i s c u s s i o n ,  b u t  c a n  be  w i d e l y  b r a c k e t e d  

b e t w e e n  l a t e  M i o c e n e  a n d  P l e i s t o c e n e  t i m e .  T h e  d e f o r m a t i o n s  a p p z a r  t o  h a v e  

c r e a t e d  e x t e n s i o n a l  f r a c t u r e s  i n  t h e  a n h y d r i t e  overly in^ t h e  h a l i t e  a t  WIPP-12 

2nd FRD.4-6. I n t e r s t i t i a l  f l u i d s  u e r e  p r o b a b l y  p r e s e n t  i n  t h e  C a s t i l e  a n d  

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

G e o l o g i c  e v i d e n c e  a l o n e  c a n n o t  r e v e a l  t h e  s o u r c e  o f  t h e  E l u i d s .  X o w e v e r ,  

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

w h i c h  s u g g e s t s  t h a t  t h e  b r i n e s  a r e  n o t  o f  m e t e o r i c  o r i g i n .  

2.0 PURPOSE AJJD SCOPE OF STUDY - 
T h e  p u r p o s e  o f  t h e  g e o l o g i c  p o r t i o n  o f  t h i s  s t u d y  w a s  t o  i n v e s t i g a t e  t h e  

g e o l o g y  o f  t h e  C a s t i l e  F o r m a t i o n  n e a r  t h e  WIP? s i t e  i n  t e r m s  o f  i t s  s i g n i f i -  

c a n c e  t o  p r e s s u r i z e d  b r i n e  o c c u r r e n c e s .  T h e  f o l l o w i n g  i s s u e s  o r  a r e a s  o f  

i n t e r e s t  were a d d r e s s e d :  



e C e t a i l d  g e o l o g i c  d e ~ i r i p t i o n  o f  t h e  C a s t i l e  Farina- 
t i o n ,  i n  t h e  v i c i n i t y  o f  WIPP. 

e The r e l a t i o n s h i p  b e ~ w e e n  s t c ~ ~ c t u r e / s t r a t i g r a ~ h ~  and 
r e s e r v o i r  a c c u r r e n c e .  

e The mode o f  o r i g i n  a n d  t i a i n g  o f  r e s e r v o i r  f o r n a t i o n .  

a The o r i g i n  o f  b r i n e  p r e s e n t  i n  t h e  r z s s r v o i r .  

a d d r e s s  t h e s e  i tsms,  ~ l p p - 1 2  was r e - 2 n t e r e d  and -3ewened i n t o  t:?e b s s a l  

member o f  t h e  C a s t i l e  by c , > r i n ~ .  The x e o l o g i c  i n ~ e s t i ~ a t i o n  i n c l u d e d :  

e Lagging of r e c e v e r e d  c o r e .  

s A n a l y s i s  o f  z ~ o p h y s i c a l  logs  r u n  ifi t h e  S ~ r e h o l e .  

o D e t e r m i n a t i o n  o f  t h e  n a t u r e  a n d  i n t e n s i t y  o f  dsforma- 
t i o n  a t  WIT?-12, Sased  on m i c r o s t r u c t u r e s  observed  i n  
c o r e  and o t h e r  e v i d e n c e  o f  d i s t u r 5 a n c e .  

e 3 e t e r m i n a t i o n  o f  o r i e n t a t i o n  o f  d z f o r m a t i o n  s t r u c -  
t u r e s  i n  o r i e n t e d  c o r e  i n t e r v a l s .  

The r e l a t e d  g e o l o g i c  i n v e s t i g a t i u n s  u n d e r t a k e n  a t  EAWA-5 s e r e  l i m i t e d  because  

a  c o m p l 2 t e  d a t a  r e y o r t  c n  t h e  EWA-6 g e o l o g y  was i s s u e d  i n  1931 ( J o n e s ,  

i 3 8 l a ) .  The i n v e s t i g a t i o n s  f o r  t h e  c u r r e n t  p rogram inc luded :  

e Logging o f  r e c o v e r e d  c o r e  t h r o u g h  t h e  p r e v i o u s l y  
plugged i n t  e r v a  1 .  

e Logging o f  abou t  15C, f e e t  o f  d r i l l  c u t t i n g s  sam?les.  

I n  a d d i t i o n  t o  ERDA-6 and WIT?-L2 d a t a ,  a v a i l a b l e  d a t a  on deep b o r e h o l e s  

p e n e t r a t i n g  t h e  C a s t i l e  which e n c o u n t e r e d  p r e s s u r i z e d  b r i n e  were assembled and 

a n a l y z e d ,  a s  w e l l  a s  any d a t a  on dzep  S o r e h o l e s  n o t  encoun te r ing  b r i n e .  

Numerous p u b l i s h e d  r e p o r t s  a:id s c i e n t i f i c  l i t e r a t u r e  concern ing  :.!I?P, t h e  

C a s t i l e  Fo rma t ion ,  and b r i n e  r e s e r v o i r  development  were c o n s u l t e d .  



3.0  GEOLOCY OF THE DELAWARE S A S I N  

F o l l o w i n g  i s  a  p r e c i s  o f  n u m e r o u s  p r e v i o u s  i n v e s t i g a t i o n s  o f  t h e  r e g i o n a l  

g e o l o g y  i n  t h e  i4IPP v i c i n i t y .  The  a r e a  h a s  a t t r a c t e d  much g e o l o g i c  s t u d y  n o t  

o n l y  b e c a u s e  o f  WIPP s i t i n g  c o n s i d e r a t i ~ n s ,  S u t  a l s a  o i ! ,  E a s ,  znd  p o t a s h  

r e s o u r c e s ,  2nd a t h i c k ,  w e l l - p r e s e r v e d  e v a p o r i t e  s e q 8 ~ e n c . e .  T h i s  r e o l o z i c  

~ v e r v i e w  i s  p r o v i d e d  h ? r e  a s  s f r a m e w o r k  w i t h i n  w h i c h  t h e  s i  t 2 - s p e c i  f  i c  

, q e o l o g i c  i n v e s t i g a t i a n s  a r e  b e t t s r  u n d e r s t o o d .  

3 .1  !?ECIOS.AL GEOLOGIC A N D  P!!YSIDGRXF'HIC SE'TTLNG 

T h e  K I P ?  s i t e  i s  l o c a t e d  i n  Eddy  C o u n t y ,  ??ew M z x i c o ,  a b o u t  30 mi les  s o u t h e a s t  

o f  t h e  c i t y  of  Czr ! sbad .  T h e  s i t e  i s  w i t h i n  t h e  P e c ~ s  V a l l e y  s u b d i v i s i o n  o f  

t h e  s a u t h e r n  . S c z a t  ? l a i n s  p h p s i o s r a ~ h i c  p r o v i n c e .  The! P e c o s  V a l  l e y  i s  f l s n k e d  

t o  t > e  :Jest by t h e  Cl;ada:upe i ~ i d  5 e l s w a r e  ' . !ogntains w h i c h  a r e  x i t h i n  tiie 3 z s i n  

a ~ d  9 i f ige  p h p s i o g r a - , h i c  p r o v i i i c e .  To t h e  e a s t  l i 3 s  t h e  r e l a t i v e l y  f l a t  and 

u n d i s s e c t e d  H i g h  P l a i n s  o f  t h e  G r e a t  P l a i n s  ? h y s i o g r s p h i c  ~ r o v i n c e ,  known i n  

s o u t h e a s t e r n  Y2w Y e x i c o  a s  t h e  L l a n o  E s t a c a d o .  T h e  s i g n i f i c a n t  t o p o g r a p h i c  

F e a t u r e s  a r e  Esrmed b y  t h e  m o u n t a i n o u s  t s r r a i n  t o  t h 2  t ies t ,  t h e  P e c o s  R i v e r  

V a l l e y ,  a n d  s c a t t e r e d  s w a l e s  s n d  s i n k s ,  f o r m e d  b y  d i s s o l u t i o n  o f  s o l u b l e  

s t r a t a  u n d e r l y i n g  t h e  a r e a  ( P o w e r s  e t  a l . ,  1978).  

T h e  g e o l o g i c  Erarnswork o f  t h e  r e g i o n  i s  f o r m e d  b y  t h e  D e l a w a r e  S a s i n ,  t h e  

C e n t r a l  S a s i n  P ! a t f a r m ,  H i d l a n d  R a s i n ,  C a p i t a n  r e e f  z o n e ,  S o r t h w e s t  S h e l f ,  a n d  

G u a d a l u p e  X ~ i l n t a i n s .  T h e  WIP? s i t e  i s  l o c a t e d  i n  t . h e  n o r t h z a s t s r n  q u a d r a n t  o f  

t h e  9 e l a w a r e  S a s i n  ( ~ i ~ u r e  G - l ) ,  s s t r u c t u r a l l y - d o w n w a r 7 e d  5 a s i n  o f  1 2 , 0 0 0  

s q u a r e  m i l e s  a p p r o x i m a t e l y  90 mi les  f r o m  e a s t  t o  w e s t  a n d  1 5 0  m i l e s  n o r t h  t o  

s o u t h .  T h e  D e l a w a r e  3 a s i n  f o r m s  a  p a r t  o f  t h e  much l a r g e r  P e r m i a n  B a s i n .  

D u r i n g  i t s  d e v e l s p r n e n t ,  t h e  P e r m i a n  B a s i n  was  s p l i t  i n t o  s e v e r a l  s u b b a s i n s ,  

t w o  o f  w h i c h  a r e  t h e  D e l a w a r e  i l a s i n  and t h e  V i d l a n d  S a s i n  t o  t h e  e a s t ,  vhich 

i s  s i m i l a r  t o  t h e  D e l a w a r e  B a s i n  b u t  s h a l l o w e r .  T h e y  are s e p a r a t e d  by t h e  

C e n t r a l  B a s i n  p l a t f o r m ,  sn u p l i f t e d  h o r s t  b l o c k  b o u n d e d  b y  f a u l t s .  

T h e  D e l a w a r e  R a s i n  i s  b o u n d e d  o n  t h e  n o r t h ,  west, a n d  s o u t h w e s t  b y  t h e  C a p i t a n  

r e e f ,  a n  e x t e n s i v e  b a s i n - m a r g i n  r e e f  d e p o s i t .  T h e  r e e f  c r o p s  o u t  a n d  fo rms  an 



e s c a r p m e n t  t o  t h e  w e s t  o f  C a r l s b a d ;  t h i s  e s c a r p n e n t  f . ~ r m s  t h e  e a s t e r n  b o u n d a r y  

o f  t h e  G u a d a l u p e  ~ , l o u n ~ a i n . s .  S e h i n d  t h e  r e e f  t o  t h e  n o r t h w e s t  o f  t h e  P e l a v a r e  

3 a s i n  i s  t h e  X o r t h w e s t  S h e l f  ? r s a ,  u n d e r l a i n  by  f l a t - l y i n g  r s c k  s t r a t a  

d e p o s i t e d  i n  s h a l l o w  w a t e r  !King,  1 9 4 2 ) .  T h e  M o r t h w e s t  S h e l f  i s  c o n s i d e r e d  

p a r t  o f  t h e  P e r m i a n  S a s i n ,  b u t  v a s  an  a r e a  w h i c h  d i d  n o t  u n d e r g ~  s u b s i d e n c e  

l i k e  t h e  E e l a x a r e  Z a s i n .  

9 t h e r  s t r u c t u r a l  F c a t u r e s  which  p l a y e d  a  r o l e  i n  t h e  d 3 v e i o p m e n t  o f  t h e  

> e l a w a r e  ? ? a s i n  a r e  t h e  g u a p a c h e ,  S a n e  S p r i n g ,  and V i c t o r i o  f ! sxures  ( F i g u r e  

- 1  T h e s e  f e a t u r e s  a r e  r e l a t e d  t o  t h e  d e f o r m a t i o n  which  a c c o m p a n i e d  t h e  

r a p i d  s u b s i d e n c e  o f  t h e  D e l a w a r e  F a s i n  ( ~ i n z ,  1 9 4 2 ) .  ,411 o f  t h e  e l e m e n t s  

v h i s h  c o m p r i s e  t h e  g e o l o g i c  f r a m e v o r k  w i l l  5e d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  

t h e  f o l l c w i n g  t h r e e  s e c t i o n s .  

3 .2  ?PGIONAL STRATIGRAPHY 

T h e  D e l a w a r e  B a s i n  h i s t o r i c a l l y  b a s  S e e n  a n  i m p o r t a n t  o i l - ~ r o d u c i n g  a r e a ,  a s  

w e l l  a s  a n  i m p o r t a n t  s o u r c e  o f  p o t a s h .  T h e  s t r a t i ~ r a p h y  o f  t h e  b a s i n  i s  

t h e r e f o r e  well d o c u m e n t e d  i n  numerous  ~ u b l i s h e d  r e p o r t s  a s  w e l l  a s  u n p u b l i s h e d  

o i l  e x p l o r a t i o n  d r i l l i n g  d a t a .  B r i e f l y  s u m a r i z 2 d ,  a b o u t  18,000 f e e t  of 

s e d i m e n t s  a r e  p r z s e n t  i n  t h e  D e l a w a r e  S a s i n .  A n e a r l y  c o m p l z t e  r e c o r d  o f  

T a l e o z o i c  s e d i m e n t a t i o n  h a s  S e e n  p r e s e r v e d  ( w i t h  t h e  e x c e p t i o n  o f  Cambrian  

s t r a t a ) .  I n  p a r t i c u l a r ,  t h e  ? e m i a n  e v a p o r i t z  s e q g e n c e  i s  a c e  o f  t h e  t h i c k e s t  

a n d  b e s t  p r e s e r v e d  i n  t h e  c o u n t r y .  F i g u r e  G-2 i s  a  r e g i o n a l  e a s t - w e s t  c r c s s  

s e c t i o n  a c r o s s  t h e  D e l a v a r e  and  Y i d l a n d  b a s i n s ,  s h o w i n g  t h e  t h i c k n e s s ,  z x t e n t ,  

a n d  c o n t i n u i t y  o f  t h e  v a r i o u s  r o c k  s t r a t a .  The P e r m i a n  Age was o b v i o u s l y  t h e  

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

P e r m i a n  a n d  ? r e - P e r m i a n  s t r a t a .  T h e  M e s o z o i c  and  C e n o z o i c  e r a s  a r e  p o o r l y  

r e p r e s e n t e d ,  b e c a u s e  e r o s i o n  h a s  removed a o s t  Y 2 s o z o i c  s t r a t a ,  and d e p o s i -  

t i o n a l  a c t i v i t y  was  v e r y  l i x i t e d  d u r i n g  T e r t i a r y  a n d  ! h a t e r n a r y  p e r i o d s .  

F i g u r e  G-3 i s  a s t r a t i g r a p h i c  co lumn o f  r o c k  u n i t s  u n d e r l y i n g  t h e  XIPP s i t e ,  

d e s c r i b i n g  i n  more d e t a i l  t h e  a g e ,  t h i c k n e s s ,  and  c h a r a c t e r i s t i c s  o f  e a c h  

s t r a t i g r a p h i c  u n i t  shown i n  F i g u r e  G-2. T h e  f o r n a t i o n s  o f  p r i m a r y  i n t e r e s t  t o  
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t h e  K I P P  p r o j e c t  a r e  t h e  C a s t i l e  and  S a l a d o  F o r m a t i o n s  o f  Ochoan  A E ~  ( u p p e r  

P e r m i a n ) .  T b e  S a l a d o  F:>L-mation,  c o m p r i s e d  p r l v a r i  l y  o f  bedded s a l t ,  i s  tl;e 

s t r s t t i m  p r o p o s e d  l o r  w a s t e  d i s p c s a l .  T h e  C a s t i l e ,  u n d e r l y i n g  t h e  Y a l a d o ,  i s  

c o m p r i s e d  o f  a n h y ; l r i t c  w i t h  i n t e r b e d d e d  h a l i t e  a n d  i s  t h e  r e s e r v o i r  r o c k  

c o n t a i t : i n g  pl-;.ssuriz;.d b r i r ; e  e n c o a ~ n t s l - e d  i n  s e v e r a l  w e l l s  i n  t h e  n o r t h e r n  

n o l a w a r e  5 s s i n .  T h e  C a s t i l e  F o r m a t i o n  i s  o f  p r i ~ a l - y  i n t e r e s t  and was i n v e s t i -  

a a t 2 d  i n  d e t a i l  i n  r e l a t i o n  t o  1 , r i n e  o c c u r r e n c e s .  F i g u r e  c-4 i s  a  s i m p l i f i e d  

c r o s s  s e c t i o n  o f  t h e  C a s t i l e  F o r m a t i o n  i n  t h e  S e l a v a r e  ? a s i n ,  s h o w i n g  t h e  

r e l a t i o n s h i p  o f  t h e  h a l i t e  ;nd a n h y d r i t e  1 1 n i t s  f r o m  n o r t h  t o  s o i l t h .  

3 . 3  REGIONXI,  AND I,(?C.% STXiC'TCRES -- -- -- 
4 e g i o n a l  S t  r u c  t u r c 2 s  ----- 
P V  !tie l ? . ' % i - s c ? l e  t ? c t a n i c  F e a t u r e s  w h i c h  f c r m  t h e  s t  r u i t u r a l  f  r?met+~firk o f  t h e  

r e g i % ~ n  i n s ! u d e  t h e  D o l s v a r e  a , ? s i n ,  C e n t r a l  S s s i n  P i a t f o r a ,  C a p i t a n  r e e f ,  

N o r t h w e s t  S h e i f  a r e a ,  and s e v e r a l  r w n o c l i n a l  f l e x u r e s ,  311 of  w h i c h  d e v e l o p e d  

f r o m  L a t e  P 2 n n s y l v a n b a n  t o  E a r l y  P e r n i a n  t i m e .  T h e  G u a d a l u p e  2nd D e l a w a r e  

? f o u n t a i c s  a n d  r e g i o n a l  t i l t i n g  o f  t h e  r e g i o n  were d e v e l o p e d  d u r i n g  m i d d l e  t o  

l a t e  T e r t i a r y  t i m e .  T h e  f ~ l l o u i n g  a r e  b r i e f  si immary d e s c r i p t i o n s  o f  t h e  m a j o r  

s t r u c t u r a l  e l e m e n t s .  

2 e l a ~ a r e  B a s i n  - -4s d e s c r i b e d  e a r I i * r ,  t h e  D e l i i w a r e  F a s i n  i s  a structural - 
downwarped  b a s i n  e n c o i n p a s s i c g  s o i l t h e a s t e r n  Yew M e x i c o  and w e s t e r n  T e x a s .  T h e  

b a s i n  i s  o v a l  a n d  s l i g h t l y  s s y m r n e t r i c a l  w i t h  a n o r t h e r l y  t r e n d  aqd  s o u t h w a r d  

p l u n g e  ( P o w e r s  e t  a l . ,  1 9 7 8 ) .  T h e  Dela-iare ? a s i n  i s  t h e  a r e a  o f  n a x i n u m  

s u b s i d e n c e  o f  t h e  l a r g e r  P z r m i a n  B a s i n ,  w i t h  m o r e  t h a n  20,000 f e e t  o f  s t r u c -  

t u r a l  r e l i e f  ( P o w e r s  e t  a l . ,  1 9 7 8 )  a n d  c o n t a i n s  t h e  t h i c k e s t  s e q u e n c e  o f  

P e r m i a n  s t r a t a  i n  t h e  P e r m i a n  R a s i n .  

F a u l t s  a n d  f l e x u r e s  d e v e l o p e d  i n  t h e  D e l a w a r e  3 a s i n  a s  a r e s u l t  o f  r a p i d  b a s i n  

s u b s i d e n c e  i n  l a t e  P z n n s y l v a n i a n  - E a r l y  P e r m i a n  t i m e .  T h e s e  i n c l u d e  t h e  

f a u l t s  b o u n d i n g  t h e  C e n t r a l  B a s i n  P l a t f o r m ,  a n d  s e v e r a l  m o n o c l i n a l  f l e x u r e s  

i n c l u d i n g  t h e  Bone S p r i n g  a n d  H u a p a c h e  m o n o c l i n e s ,  w h i c h  i n  p a r t  d e t e r m i n e d  

t h e  c o n f i g u r a t i o n  o f  t h e  D e l a w a r e  R a s i n .  



C e n t r a l  S a s i n  P l a t f o m  - The Cen t ra l  S a s i n  P la t fo rm i s  a  subsur face  s t r u c t u r a l  

f e a t 3 r o  t h a t  s ? p a r a t e s  :hc Delaware and Xidland S a s i n s  ( ~ i g u r e  G-1). I t  may 

r e p r e s e n t  a  s t r u c t u r a l l y  veak zone which underdent novement from Precambrian 

through e a r l y  ??m,ian time (?overs  e t  a \ . ,  i978) .  .:ccording t o  Adam (L3651, 

t h e  u p l i f t  of  t h e  p l a t f a r m  was necessa ry  t o  c.onpensate f o r  compress ional  

s t r e s s e s  genera ted  by r a p i d ,  deep subs idence  i n  t h e  sd jacon t  5 a s i n s .  The 

f a u l t s  bounding t h e  p la t fo rm t rend nor th  t o  n o r t h v e s t ,  and p r e d a t e  t h e  Permian 

e v a p o r i t e  d 2 p o s i t s  o f  t h e  Delaware and >';idland "Ysins .  Ysximum s t r : ~ c t u r a l  

r e l i z f  between t h e  P l a t f a r m  and t h e  De l svare  Basin i s  about 9000 f ? e t  and i s  

f a i r l y  uniform from n o r t h  t o  south  (Powers e t  a l . ,  1978) .  Secause of nove- 

izents of  t h e  C e n t r a l  3 a s i n  Pla t form from P r e c a ~ S r i a n  through 'ennsylvanian 

t ime ,  i t  e x h i b i t s  a  g r e s t e r  degree of s t r u c t u r a l  d i s t u r b a n c e ,  such as  fo ld ing  

and f a u l t i n g ,  than do a t i jacent  S a s i n a l  a r e a s .  The Pla t form has been r e l a -  

t i v e l y  s t a b l e  t e c t o n i c a l l y  s i n c e  e a r l y  ?em.ian t ime (?overs  e t  a l . ,  1978) ;  

minor low magnitude s2 i smic  a c t i v i t y  h a s  been recorded h i s t o r i c a l l y  i n  t h e  

v i c i n i t y ,  b u t  i s  g e n e r a l l y  a t t r i b u t e d  t o  hydrocarbon e x t r a c t i o n  a c t i v i t i e s  i n  

t h e  a r e a  (F'owers e t  a l . ,  1978).  

C a p i t a n  Reef Zone - Growth of t h e  Cap i t an  r e e f ,  sod i t s  p redecessor ,  t h e  Goat 

Seep r e e f ,  appears  t o  have Seen c o n t r o l l e d  by f l z x u r e s  near t h e  margins of t h e  

Delaware 3 a s i n  (King,  1 9 h 2 ) .  Seef growth d u r i n g  middle and upper Guadalupe 

t i m e  i n i t i a t e d  on s l o p i n g  sea  f l o o r  o v e r l y i n g  t h e  f l e x u r e s ,  a t  t h e  t r a n s i t i o n  

between the sha l low s h e l f  a rea  and t h e  deeper ,  subs id ing  b a s i n  a r e a .  Accord- 

i n g  t o  King (19421, t h e  Goat Seep I i a e s t o n e  r e e f  i s  approximately 1200 f z e t  

t h i c k ,  snd t h e  Capi tan  r e e f  approximate ly  lSOO t o  2500 f e e t  t h i c k .  30th of 

t h e s e  r e e f s  o v e r l i e  an even d l d s r  r e e f  d e p o s i t  (Abo r e e f )  of L w n a r d i a n  ( e a r l y  

Permian) t ime ,  probably  a l s o  c o n t r o l l e d  by t h e  same f l e x u r e s .  

E r o s i o n  and Cenozoic u p l i f t  have a c t e d  t o  exhumz t h e  Capi tan  r e e f  a long the  

? a s t e r n  edge o f  t h e  Guadalupe Mountains v h s r e  i t  forms an escarpment.  The 

C a s t i l e  F o r n a t i o n  c rops  o u t  a d j a c e n t  t o  t h e  escarpment. The Capi tan  r e e f  

a u t c r o p  d i s a p p e a r s  below Salad0 and younger sediments i n  t h e  v i c i n i t y  of  



C a r l s S a d ,  i o n t i f i u i n g  t o  s u b c r o ~  i n  a  h o r s e s h o e  s h a p e  GI -sund  t h e  n o r t h e r n  a n d  

e a s t e r n  l i m i t s  o f  t h e  C a s t i l e  F a m a t i o n  ( F i g u r e  G-1). 

Y a r t h w ~ s t e r n  S h e l f  Area  - T h i s  s t r u c t u r a l  a r e a  e x t e n d s  n i > r t h ~ a r d  2nd n o r t h -  

- ~ e s t w a r d  o f  :he D e l a w a r e  S a s i n .  Some i n v e s t i g a t o r s  c o n s i d e r  t h e  C a p i t a n  r e e f  

t h e  e l e m e n t  w h i c h  d i v i d e s  t h e  Y o r t ! ? w e s t 2 r n  S h e l f  f rom t 5 e  D e l a w a r e  S a s i n  
t n ( o r o k a w  e t  a l . ,  1 9 7 2 ) )  w h i l e  o t h e r s  i r g u e  t h a t  t h e  D e l a w a r e  8 .2s in  e x t e n d s  some 

d i s t a n c e  i n t o  t h e  S a c k  r 2 e F  a r e a  ( ? ~ w e r s  e t  a l . ,  1 9 7 8 ) .  The  s h e l f  % a s  i n  

e x i s t e n c e  p r i o r  t o  P e r m i a n  t i ~ e ,  b a s e d  o n  t h e  r o c k s  p r e s e n t .  T t  p r o b a b l y  

forxe-d t h e  s h e l f  z a r g i a  o f  t5e e a r l y  ToSosa  s a g ,  o r  P 2 n i s n  3 a s i n  ( T o w e r s  e t  

a l . ,  1 9 7 8 ) .  The s h e l f  a r e a  e x h i h i t s  n s n y  s m a l l  f l e x u r e s ,  f o l d s ,  a n d  domes,  

s:,:cs of  w h i c h  m y  b e  r e l a t e d  t o  t h e  l a r g e  5 z s i n - x a r g i n  f I ? x u r e s  cilsh e s  t h e  

? a n 2  S p r i a g  nanocline d i s c u s s e d  S 2 l o w .  

F l e x u r e s  - Near  r h e  w e s t e r n  a a r g i n  o f  t h e  D e l a w a r e  B a s i n ,  s ~ e r a l  s t r u c t u r a l  

f l e x u r e s  o r  m o n o c l i n e s  are  p r e s e n t  which  a p p e a r  t o  h a v e  f a m e d  i n  r e s p o n s e  t o  

r a p i d  s u b s i d e n c e  o f  t h e  B e l a w a r s  B a s i n  ( ~ i n g ,  !9&2). Tuo e a s i l y - i d e n t i f i e d  

f e a t u r e s  a r e  t h e  Eone S p r i n g  a a d  H u a p a c h e  m o n o c l i n e s .  T h e  3 o n e  S p r i n g  

d i r e c t l y  u n d e r l i e s  t h e  C a p i t a n  r e e f  e s c a r p m e n t ,  j u s t  s o u t h  o f  t h e  N e w  M e x i c o  - 
T e x a s  b o r d e r .  T h e  H u a p a c h e  f l e x u r e  i s  s o u t h w e s t  o f  C a r l s b a d ,  a l o n g  t h e  

? a s t e r n  e d g e  o f  t h e  G u a d a l u p e  Y o u n t a i n s .  B o t h  f e a t u r e s  r e f l e c t  s i m i l a r  

E l z x u r e s  i n  t h e  P r e c a m b r i a n  b a s e m e n t ,  a n d  m a y  i n d i c a t e  h i s t o r i c a l  z o n e s  o f  

v e a k n e s s  d a t i n g  f rom t h e  P r e c a m b r i a n  ( R i n g ,  1 9 4 2 ) .  .Al though t h e  B u a p a c h e  

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

i n d i c a t e s  t h a t  i t  o v e r l i e s  a t h r u s t  f a u l t  o r  se r ies  o f  f a u l t s  i n  t h e  P a l e o z o i c  

s e c t i o n ,  ~ h u s  r e p r e s e n t i n g  d r a p i n g  o f  s e d i m e n t s  o v e r  a f a u l t  z o n e  ( P o w e r s  e t  

a l . ,  1 9 7 8 ) .  T h e  f a u l t  z o n e  was  a c t i v e  u p  t o  L e o n a r d i a n  time i n  t h e  P e r m i a n .  

S u b s e q u e n t  d e p o s i t i o n  o v e r  t h e  f a u l t  z o n e  p r o d u c e d  t h e  l o u  e a s t w a r d - d i p p i n g  

f l e x u r e  c o n f i g u r a t i o n  r a n g i n g  Erom 0 . 5  t o  2.5 m i l e s  i n  w i d t h .  T h e  &one S p r i n g  

a n d  o t h e r  s i m i l a r  f l e x u r e s  p c o b a b l y  h a v e  a s i m i l a r  h i s t o r y  ( K i n ? ,  1 9 4 2 ) .  
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C u a d s l j ~ p e - D e l a w a r e  : . fountains  I l p l i  f t  - The Guada lupe-Delaware  V p l i  f t  i s  a  f a u l t  

b l o c k  d i ~ p i n g  gent!y n o r t h e a s t w a r d ,  e x t e n d i n g  from Van Horn ,  T?xas  n o r t h w e s t -  

,,,w : . fexico, t h e  ; l e s t e r n  b o u n d e r y  o f  t h e  u p l i  f t  ward f o r  a b o u t  !10 m i l e s .  i n  "- 
i s  a g r e a t  f a u l t  s c a r p  p r o d u c e d  by a  s y s t e m  o f  n e a r l y  - e n  e c h e l o n  normal  f a u l t s  

v i t h  d i s p l a c s m e n t s  - r a n g i n g  f rom 2000 t o  4000 f e e t  ( ? o v e r s  e t  a l . ,  1978) .  T h e  

e a s t e r n  m a r g i n  c o n f o r m s  t o  t h e  Huapache ? lonoc l ine ,  3 o n e  S p r i n g  M o n o c l i n e ,  and  

C a p i t a n  F e e f  E s c a r p n e n t ,  d i s c u s s e d  a b o v e .  Tn c r a s s  s e c t i o n ,  t h e  n o u n t a i c s  

e x h i b i t  a n  a s j m n e t r i c  p r o f i l e  w i t h  t h e  f a u l t  s c a r p  Forming t h e  s t e e p  w e s t e r n  

s l o p e  i a d  t h e  e a s t e r n  s l o p e  d i p p i n g  g e n t l y  e a s t w a r d  a t  a 5 o u t  3 d a g r z e s .  

S t r u c t u r a l l y ,  t h e  f a u l t  b l o c k  i s  p a r t  o f  t h e  S o r t h w e s t  S h e l f ,  and i t  l i e s  

.di t h i n  t h e  S a s i n  and Rznge p h y s i o g r a p h i c  p r o v i n c e .  F a u l t i n g  o c c u r r e d  d u r i n g  

! a t ?  C 2 n o z o i c  t i m e  as  a r e s u l t  o f  S a s i n  and ?sggs t e c t o n i c  a c t i v i t y .  

X e g i c c a l  T i i t i n g  - A t  l c a s t  r h r 2 e  s p i s a d e s  o f  g e n t l e  r e g i o n a l  t i l t i n g  h a v e  

t a k e n  p l a c e  i n  t h e  D e l a w a r e  B a s i n .  The a r e a  was c i e v a t 2 d  and t i l t e d  s l i ~ h t l y  

t o  t h e  n o r t h e a s t  d u r i n g  v e r y  e a r l y  T e r t i a r y  time, d u r i n g  t h e  L a r a n i d e  Revolu-  

t i o n  which  i n i t i a t e d  m o u n t a i n  b u i l d i n g  i n  o t h e r  -,:arts or' t h e  Rocky F o u n t a i n  

Z e g i o n .  M i n o r  i z n e o u s  a c t i v i t y  o c c u r r e d  i n  t h e  O l i g o c e n e ,  p r o d u c i n g  t h e  d i k e  

swarms a b s a r v e d  i n  t h e  n o r t h v e s t e r n  E e l a w a r e  S a s i n .  G m t l e  t i l t i n g  t o  t h e  

s o u t h e a s t  o c c u r r e d  d u r i n g  l a t e  T e r t i a r y  ( P l i o c e n e )  time, c o n c u r r z n t  w i t h  b a s i n  

and r a n g e  a c t i v i t y  t o  t h e  v e s t  o f  t h e  D e l a w a r e  3 a s i n .  At t h i s  t i n e ,  t h e  

T e r n i a n  e v a p o r i t e s  i n  t h e  w e s t e r n  p a r t  o f  t 5 e  b a s i n  ~ 2 r 2  2!evated and exposed  

t o  e r o s i o n .  D u r i n g  l a t e  P l i o c e n e  and e a r l y  P l e i s t o c e n e  t i m e ,  t h e  main s t a g e  

o f  u p l i f t  and f a u l t i n g  o f  t h e  G u a d a l u p e  X o u n t a i n s  t o o k  p l a c e ,  ~ h i c h  a g a i n  n a y  

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

L o c a l  S t r u c t u r e s  

The  ~ r e c s d i n ~  s e c t i o n  f o c u s e d  o n  t h e  m a j o r  s t r u c t u r a l  e l e m e n t s  which form t h e  

t e c t o n i c  f ramework  o f  t h e  D e l a w a r e  S a s i n .  On a  s m a l l e r  s c a l e ,  s t r u c t u r e s  i n  

t h e  v i c i n i t y  o f  t h e  NIPP s i t e  a r e  a s s o c i a t e d  w i t h  t h e  o r i g i n  and deve lopment  

o f  t h e  Q e l a w a r e  3 a s i n .  The  f o l l c w i n g  d i s c u s s i o n ,  t a k e n  p r i m a r i l y  from Powers  

e t  a l .  (19781, b r i e f l y  s u m a r i z e s  t h e  t y p e s  o f  l o c a l  s t r u c t u r e s  i n  t h e  

v i c i n i t y  o f  WIPP. 



S t r u c t u r e  i n  ? r e - E v a p o r i t e  Eocks - P r e - P s r n i a n  s t r a t a  u n d e r l y i z g  t h e  KIPP  s i t a  

5 a v e  a  r e g i o n a l  d i p  of  a b o u t  100 t o  150 f e e t  p e r  m i l e  (1 t o  2 d e g r e e s )  t o  t h e  

s o u t h s a s t  r e f l e c t i n g  t h e  Delzware  S a s i n  dzwnwarp. X i n o r  f a u l t i n g  and :carping 

i s  s ~ p e r i n p o s e d  on t h i s  r e g i c n a l  s t r u c t ! l r a l  d l ? .  T32 s a a l l  f a u l t s  t e n d  t o  

have a n o r t S - n o r t h e a s t  t r e n d ,  r o u g h l y  p a r a l l e l  t o  r s g i o n a l  s t r i k e ,  and a r e  

g e n e r a l l y  upthrown on t h e  e a s t .  i n  g e v o n i a n  s t r a t a ,  t h e s e  s m a l l  f a u l t s  have  

C i s p l a c e z e n t s  o f  up  t o  400 f s e t .  S a a l l  a r c h - l i k e  s v e l l s  are  .?aced s e v e r a l  

z i l e s  a p a r t  w i t h  ampli t -ades o f  s e v e r a l  hundred  f e e t  and g e n e r a l  e a s t - v e s t  

r r t n b s .  T h e s e  s?r;all-seal* f e a t l i r e s  a r s  p r a b a b l y  t h e  reslllt of  S a s i n a l  a d j u s t -  

z e n t  d u r i n g  l a t e  F r~nnsy lvsn i a l :  a n d  e a r l y  Yermian t h e  which acco;.panied t h e  

u p l i f t  o f  t h e  C e n t r a l  S a s i n  P l a t f o r m .  T5e subdued e a s t - v e s t - t r 2 n d i n g  a r c h e s  

a?par ; .n t ly  c.:ri-e 3 3  : - z s? r \ ?o i r s  f o r  g a s  prodiiced f r c n  t h e  :.Iorrcw 'Formiition of 

?c .nr , sy lvanian  age.  S m a l l - s c e l e  stri_ic:ures i n  t h e  Pz rmian  Q e l a w a r e  :<ounta in  
c. i r roup,  a k o u t  9500 f e s t  above t 5 e  ;;orrow, do n o t  show c o r r e l a t i o n  w i t h  p re -  

" r n i a n  f e a t u r e s .  Va rp ing  i s  z o r z  s3bdued ;  s m a l l  o f f s e t s  of l,?ss than  50 f e e t  

a r e  d i s c o n t i n u o u s  and t r a n d  n o r t 5 w ~ s t .  These  s m a l l  f s a t u r e s ,  u n r e l a t e d  t o  

u n d e r l y i n g  s t r a t a ,  p r o b a b l y  fz rmed i n  r s p o n s e  t o  t h e  v s r y  r a p i d  a c c u m u l a t i o n  

of  m a s s i v e  z n o u n t s  of s s d i m e n t  d u r i n g  t h e  F e n i a n ,  which u n d o u b t e d i y  underwent  

d i f f e r e n t i a l  s u b s i d e n c e ,  g r a v i t y  c r e e p ,  and o t h e r  minor  d i age : ; e t i c  a d j u s t -  

ment s. 

S t r u c t u r e  i n  T e r n i a n  Ochcan S e r i e s  - The Cchoan s t r a t a  show a r e l a t i v e l y  

un i fo rm d i p  of o a e  d e g r e e  o r  l e s s  t o  t h e  s o u t h e a s t ,  which is  l e s s  t h a n  t h e  d i p  

o f  t h e  u n d e r r y i n g  p r a - P z r n i a n  s t r a t a .  L o c a l  v a r i a t i o n s  i n  t h e  r e g i o n a l  d i p  of 

Ochoan s t r a ta  have  h e n  o 5 s e r v e d  i n  t h e  unde rg round  e x c a v a t i o n s  a t  t h e  WIPP 

s i t e  (GFDR No. 7 ,  1983) .  S l lper imposed  on t h e  r e g i o n a l  d i p  a r e  a r e a s  o f  

d e f o r m a t i o n  a t t r i b l l t a b l e  t o  mass n i g r a t i o n  o r  f l a w  o f  s a l t .  !:orth a a d  e a s t  o f  

t h e  W P ?  s i t e  and  i r ~ s d i a r e l y  a d j a c e n t  t o  t h e  h u r i e d  C a p i t a n  r e e f  f r o n t ,  t h e  

C a s t i l e  and  t h e  u n d e r l y i n g  F e l a w a r e  Y o u n t a i n  Group a r e  d ? p r e s s e d  i n t o  a 

s t r u c t u r a l  t r o u g h  p a r a l l e l i n g  tyke b a s e  of  t h e  r e e f  and  p l u n g i n g  s o u t h e a s t -  

ward.  TY:e most  i n t e n s e  d e f o r m a t i o n  i n  t h e  C a s t i l e  is r e l a t e d  t o  t h i s  t r o u g h ;  

i n t r a f o r ~ ~ a t i o n a l  " f o l d i n g "  o r  d e f o r m a t i o n  a p p e a r s  t o  be  b e s t  d e v e l o p e d  i n  a  

n o r t h w e s t - t r e n d i n g  b e l t  a b o u t  4 t o  5 miles wide  wh ich  c o i n c i d e s  i n  t r e n d  and  

e x t e n t  w i t h  t h e  t r o u g h .  A l l  C a s t t l e  members w i t h  t h e  p o s s i b l e  e x c e p t f o n  
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o f  ? . n h y d r i t e  I h a v e  be2n i nvo lved  i n  t h e  d e f o r m a t i o n .  S e v e r a l  l a r g e  s a l t  

" a n t i c l i n e s 1 '  o r  a n t  i f . - , r a a l  s t r ~ i c t u r e s  h a v e  5een  r e c o g n i z e d  i n  t h e  v i c i n i t y  of 

t h e  WITP s i t e  on t h e  b a s i s  o f  d e e p  b a r e h o l e  d a t a  and s u r f a c e  s e i s m i c  r e f l e c -  

t i o n  d a t a .  The ET3.A-6 b o r e h o l e  p 2 n e t r a t e s  t h e  c r e s t  o f  3 l a r g e  s t r u c t u r e  

zbou t  t e n  m i l e s  l ong  and t h r e e  m i l e s  ~ i d e  i n  which t h e  S a l i t e  I  member h a s  

a p p a r e n t l y  t h i c k e n e d  from a  norma1 390 f e e t  t o  o v e r  1200 f e e t  ( ? o v s r s  e t  a l . ,  

1973 ) .  A n o t h e r  s i m i l a r  s t r u c t u r e  i s  l o c a t e d  a b o u t  9  m i l e s  s ~ u t h e a s t  o f  EKDA- 

6 ,  d 2 l i n z a t e d  5 y  several d2ep o i l  e x p l o r a t i o n  b o r e h o l e s .  A s i c a l l e r  s i m i l a r  

s t r u c t u r e  \<.as p s n e t r a t e d  by b a r e h o l *  'dI??-12. Many i n v e s t i z a t o r s  work ing  i n  

t h e  a r e a  h a v e  i -~ated t h e s e  d e f o r m a t i o n s  i n  t h e  C a s t i l e ,  and c b s e r v e d  t h a t  t h e  

o v e r l y i n g  S a l a d o  i s  a l s o  a f f e c t s d  t o  a much l z s s e r  <degree ,  a s  i n d i c a t e d  by 

some x a r p i n g .  The d e f o r z a t i o n  h a s  been ricognized t!-,rough t he  u s ?  3f  d z s p  

$ o r e h o l e  d a t a ,  .;s w e l l  a s  s s i s m i c  r e f l e c t i l 3 n  d a t a  g a t h e r e d  d u r i n g  c h a r a c i e r i -  

z a t i o n  o f  t h e  V I P ?  s i t e .  These s t r u c t e r e s  x i 1 1  b e  d i s c u s s e d  i n  e r e a t e r  d e t a i l  

i n  l a t e r  s e c t i a n s ,  i n  t e r n s  of  t h e  r e l a t i o n s h i p  o f  t h e  s t r u c t u r e s  t o  b r i n e  

o c c u r r e n c e s ,  t h e  mode of  f o r m a t i o n ,  and t i m e  of  Earmat ion .  

3 .4 SLW!.RY OF GEOLOGIC HISTORY 

The p r e s e n t  c o n f i g u r a t i o n  o f  t h e  Delaware  3 a s f n  was deve loped  d u r i n g  Pennsy l -  

v a n i a n  t i m e .  The l a r g e  Tobosa s a g  ( a l s o  c a l l e d  t h e  Permian s a s i n ) ,  i n  which 

s e d i m e n t s  had  accumula t ed  from O r d o v i c i a n  t h r o u g h  M i s s i s s i p p i a n  t i n e ,  v a s  

s p l i t  by t h e  r i s e  o f  t h s  C e n t r a l  Bas in  P13tEo1-n; t h i s  a 2 d i a n  u p l i f t  c r e a t e d  

t h e  De laware  S s s i a  t o  t h e  wzst and t h e  H i d l a n d  E a s i n  t o  t h e  e a s t  ( .<dans, 1965; 

King ,  1 9 4 2 ) .  Dur ing  t h e  e a r l y  and m i d d l e  ?rmian,  t h e  s h e l v i n g  ~ a r g i n s  of t h e  

r a p i d l y  s u b s i d i n g  b a s i n s  wzre  s i t e s  o f  e x t e n s i v e  c i i r bona t e  r e e f  g rowth .  R e  

r e e f s  e v e n t u a l l y  r i n g e d  much oE t h e  Delaware  S a s i n ,  c r s a t i n g  a  n e a r l y  

r e s t r i c t e d ,  d e e p  b a s i n .  

Dur ing  e a r l y  and midd le  Permian  t i m e ,  t h e  b a s i n  became e v a p o r i t i c  and t h e  

C a s t i l e  F o r m a t i o n  (and  o v e r l y i n g  e v a p a r i t e s )  % a s  d e p o s i t e d .  The d e p t h  o f  t h e  

b a s i n  d u r i n g  t h i s  p s r i o d  h a s  Seen v a r i o u s l y  e s t i m a t e d  t o  have  been 5e tween  

1000 and 2300 f e e t ,  igi th  w a t e r  d e p t h  r a n g i n g  from s e v e r a l  hundred t o  s e v e r a l  

t housand  f e e t  (Adams, 1944;  Schmalz, 1969;  K ing ,  1947) .  Dean (1367 ,  p. 130) 



s u g g e s t s  t h a t  d e p o s i t i o n  i n  t h e  3 e l a w a r e  Fiastn d u r i n g  C z s t i l e  t ime  proceeded 

s l l g h t l y  f a s t e r  t h a n  s u b s i d e n c e ,  s o  t h a t  a t  t 5 e  end of  C a s t i l e  t i n o ,  t h e  b a s i n  

W ~ S  f i l l e d .  The u p F e r n o s t  p o r t i o n  of  t h e  C a s t i l e  i n c l u d e s  a t h i n  t cngue  o f  

!Tagnes i t i c  z n h y d r i t e ,  l o c a l l y  knozn a s  t h e  F l e t c h a r  a n h y d r i t e ,  which was 

d e p o s i t e d  o v e r  t h e  C a p i t a n  r ee f  znd t h e  S o r t h r ~ e s t  S h e l f  a r e a  a t  t h e  c l o s e  of  

C a s t i l e  t i n e  (3rckaw e t  al., 1972,  p .  33;  Adams, 1965, 2. 2 1 4 3 ) .  A s  a  r e s u l t  

of s l i g h t  s a g g i n g  and consequen t  r i s e  i n  s e a  l e v e l  f o l l o w i n g  d e p o s i t i o n  of  t h e  

F l - e t c h e r ,  d e p o s i t i o n  of  e v a p o r i t e s  c o n t i m e d  aiid c r e a t e d  t h 2  Sa lado  T o r m a t i o n ,  

whish c o v e r s  a ziich l a r g e r  a r e a  Lhan t h a t  o c c u p i e d  by t h e  C a s t i l e  Fo rma t ion .  

The n i n e r a l o g i c  c o m p o s i t i o n  of t k z  C a s t i l e  i s  b e l i e v e d  t o  h a v e  r e s u l t e d  f rom 

A ~ p o s L t i o n  i n  a > a s i n  n e a r l y  e n c l o s e d  by t h e  C a p i t a n  r e e f .  S i n g  (1947)  pro-  

??s?d  t 5 e  l u x "  t h 2 o r y  t a  e x p l a i n  t h e  f a c t  t h a t  th? C a s t i I e  c o n t a i n s  a  

g r z a t e r  v o l u n e  of a n h y d r i t e  t han  h a l i t e ,  when t h e  v o l u z e  r a t i o  of h a l i t e  t o  

a n h y d r i t e  c a n p o n e n t s  i s  30 t o  I i n  s e a  w z t e r .  I n  a  t y p i c a l  s u a p o r a t i v e  

s e q u e n c e ,  c a l c i u m  c a r b o n a t e  p r e c i s i t a t e s  when sea v a t e r  i s  e v a p o r a t e d  t o  one- 

h a l f  t h e  o r i g i n a l  volume; c a l c i u a  s u l f a t e  i s  p r e c i p i t a t e d  when t h e  volume 

r e a c h e s  a b o u t  o n e - f i f t h  of  t h e  o r i g i n a l ,  f o l l o w e d  by h a l i t e  a t  a 5 o u t  o n e - t e n t h  

o f  t h e  o r i g i n a l  volume. To accoun t  f o r  t h i c k  s e q u e n c e s  o f  a n h y d r i t e ,  K ing  

(1947)  p roposed  t h a t  t h e  Ee laware  3 a s i n  v a s  c o n n e c t e d  t o  t h e  open s e a  by a 

s h a l l o w  b a r r e d  c h a n n e l ,  sometimes r e f e r r e d  t o  a s  t h e  Xovey Channel  (Ktng,  

1 ? 4 2 ,  p .  6 6 5 ) ,  i n  t h e  sou thwes t  p o r t i o n  of  t h e  Sas i r ? .  Yew sea s l a t e r  v a s  sup- 

p l i e d  by f l o w  o v e r  t h e  s h a l l o w  b a r  t h r o u g h  t h e  c h a n n e l  t o  r e p l e n i s h  w a t e r  l o s t  

t o  e v a p o r a t i o n .  A s  e v a p o r a t i o n  proceeded and d e n s i t y  o f  the  v a t e r  i n c r e a s e d ,  

t h e  d z n s e  b r i n e  would s i ~ k  below wave b a s e .  The h e a v i e s t  b r i n e s  e n r i c h e d  i n  

sodium and c h l o r i d e  would, a c c o r d i n g  t o  King ( 1 9 4 7 ) ,  r e f l u x  o r  p e r c o l a t e  

t h r o u g h  t h e  permeable  b a r  back t o  t h e  sea, m a i n t a i n i n g  t h e  c o n d i t i o n s  neces -  

s a r y  t o  p r e c i p i t a t e  c a l c i u m  s u l f a t e .  H a l i t e  u n i t s  w i t h i n  t h e  C a s t i l e  were  

p r e c i p i t a t e d  s u b s e q u e n t l y  i n  r e s p o n s e  t o  a n  i n c r e a s e  i n  e v a p o r a t i o n  r a t e s .  

Shor t - t e rm f l u c t u a t i o n s  i n  s a l i n i t y  v o u l d  r e s u l t  i n  f i n e  l a m i n a t i o n s  o f  d i f -  

f e r e n t  sa l ts ,  s u c h  as t h o s e  obse rved  i n  t h e  C a s t i l e  (Dean,  1 3 6 7 ) .  I t  h a s  been  

s u g g e s t e d  ( 3 o r c h z r t  and Muir ,  1964; Udden, 1924 ;  Anderson and K i r k l a n d ,  1966; 

Adams, 1944)  t h a t  t h e s e  I s m i n a t i o n s ,  o r  v a r v e s ,  o f  i n t e r l a n i n a t e d  a n h y d r i t e  



and calcite with varying amounts of organic aatter represent yearly deposi- 

tional cycies during which the carbonates and organics accumulated during the 

wtnter zonths. 

.A point of co~siderable dehate is vhether the calcium sulfate of the Castile 

vas deposited originally as anhydrite or gypsun. The prednmicance of gypsum 

in recent svaporite deposits tends to support the interpr2tation that sost of 

the a::i..ydritz in a~cient deposits probably femed by rscrystsllizzt ion of 

prizary gypsum (Dean, 1 9 6 7 ) .  Fxperiz2ntal thsr~ochenical and salubility data 

icdicste that pri~ary precipitacian of inhydrit2 is entir2ly ~;:ssiSle in the 

laborstory at normal 5asinal tsnperatures and pressures, be~endia~ on concen- 

Lrations of  srhr_r salts (?osnjak, l?40), or cn t h e  Fresence of argenic 

~:c~mpour;ds (Cody arld Rull, 1350).  .<nhydrite kas Seen o5served as a recent 

primary sr2cipitate in a few lecacions (Xinsnan, 1966). Some izvestigators 

feel that the anhydrits of the Delavare Sasin Castile Formation is primary 

(Ring, 1947; Gean 1367; Dean and Anderson, l382), since evidznce is limited 

for wide-scale conversion of gypsum to anhydrite. 

Since the end of Pemian time, the Delaware Sasin has been relatively quies- 

cent in terns of sediaent acccmulatlon and tectonic activity. Zuring nost of 

the Trfassic the area sas emergent; a thin blanket of ssdimentn :;as Eeposited 

Luring late Triassic t h e  (the 9ockun Graup) (?overs et al., l?78). 9uring 

this period of emergence, some solution of soluble F'emian rocks rxay have 

taken place. hring Jurassic time, the area was uplifted slightly, with 

continuing erosion and solution of Permian fornations (Fswers et al., 1978; 

Sachcan, 1380). Some sedimentation took place in the area during aiddle 

Cretaceous time. 

During early Tertiary time, the Laramide orogeny created the 2ocky Fiountains, 

but this cycle of uplift seemicgly had little iapact on the Delaware Basin 

area. The r2gicn of southeastern Sew Mexico was elevated and tilted slightly 

to the northeast (Powers et al., 1978). Evidence of tectonism is indicated by 

sinor flexing and folding in the Gaudalupe Mountains. The rocks deposited 



d ~ ~ r i a g  z i d d l e  C r e t a c e o u s  t i m e  were  $ t r i p p e d  o f f ,  and e r o s i o n  o f  T r i a s s i c  

s t r a t a  2nd s o l u t i o n  of  Termian s v a p o r i t e s  continued. I n  l a t e  T e r t i a r y ,  g e n t l e  

1 1 p l i f t  and  t i l t i n g  o c c u r r e d  a g a i n ,  c r e a t i n g  an e a s t - s o u t l : s a s t  r e g i o n a l  d i p  

t h r o x g h o u t  t h e  b a s i n .  T>e Permian  s t r a t a  i n  t 5 e  w e s t s r n  p a r t  of  t h e  Delaware  

Z a s i n  were  e l e v a t e d  a s  t h e  w e s t e r n  e s c a r p n e n t  of t h e  Cuada lupe  ?.:oxntains was 

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

and  s u j s i d a c c e  i n  t h e  e v a p o r i t e s  t o  t h e  west  of t h e  TGCOS E v e r .  The O g a l l a l a  
,? r o r m a t i o n  was 2 2 p o s i t z d  c v e r  a o s t  o f  t h e  r e g i o n  d u r i n g  Xiocene  t i n e ,  f o r m i n g  

t h e  i-Iigh P l a i n s  s u r f a c e  ( ? o v e r s  e t  a l . ,  1 9 7 8 ) .  The rr.ain u p l i f t  and f a u l t i n g  

of the  G u a d a l : ~ p e  !.!o~:ntaizls c jccurred  i n  l a t e  ? l - iocene  t o  e l r l y  P l e i s t o c e n e  

t i n e .  

S i n c e  t h e  b2ginning  of m i d d l e  P l e i s t o c e n e  t i n e ,  e r o s i o n  h a s  been dominan t  i n  

t h e  3 e l a w a r e  ?;,sin a r e a .  Yost  o f  t h e  G g a l l a l a  sa i ;z ien ts  were  r m o v e d ,  and 

s o l u t i o n  s u b s i d e n c e  f e a t u r e s ,  s u c h  a s  Xash Graw znd San S i a o n  S w a l e ,  were  

e s t a b i i s b e d .  The Gatuna F o r m a t i o n  p r e s e n t  i n  t h e  v i c i n i t y  o f  t h e  WIP? s i t e  

r e p r e s e n t s  a v a l l e y - f i l l i n g  d e p o s i t  c o n s i s t i n g  of  c ca r se  d e 3 r i s ,  p c s s i b l y  t h e  

r e g a i n s  of s r o s i o n  of  t 5 e  O g a l l a l a .  T>e Mescalero  c a l i c h e  Foraed d u r i n g  t h i s  

p e r i o d .  I n  c o n c l n s i o n ,  t h e  De laware  E a s i n  a r e a  h a s  Seen  r e m a r k a b l y  s t a b l e  i n  

terms of  t e c t o n i c  d i s t u r b a n c e  s i n c e  d e p o s i t i o n  of  t h e  Permian  s e d i n e n t s .  

4.0 GEOLOGIC ISSIXS F!3LAmD TO ERIhT OCCZV.RER(ES 

A s  d e s c r F S s d  i n  S e c t i o n  2.0,  t h e  g e o l o g i c  i s s u e s  i m p o r t a n t  t o  an u n d e r s t a n d i n g  

of  t h e  b r i n e  o c c u r r e n c e s  a r e :  

a C h a r z c t e r i z a t i o n  o f  t h e  C a s t i l e  Format ion  

e The r e l a t i o n s h i p  be tween  b r i n e  o c c u r r e n c e s  and 
s e o l o g y  

a The o r i g i n  o f  t h e  b r i n e  r e s e r v o i r s .  

a The o r i g i n  of t h e  f l u i d s  i n  t h e  r e s e r v o i r s .  

The f o l l o w i n g  major  s e c t i o n s  e x p l o r e  e a c h  of  t h e s e  i s s u e s  i n  d e t a i l .  



4.1 CHARACTER1ZAP:CN OF THE C A S  r I L E  F3RRMA'TZON 

1 . 1  I n v e s t i g a t i v e  X e t h o d s  

R a t i z n a l e  

C h a r a c t e r i s t i c s  o f  t h e  C a s t i l e  w e r e  d s t e ~ x i n e d  in b o t h  EWA-6 and WTPT-12 f rom 

e x a m i n a t i o n  o f  r o c k  c o r e  o b t a i n e d  d u r i n g  d r i l l i n g .  E4Dd-h vas d r i l l e d  

o r i g i n a l l y  i n  t h e  summer o f  1975 t o  a d 2 p t h  o f  a p p r o x i m a t e l y  2775 f e e t  and 

p a r t i a l l y  p l u g g e d  a f t e r  5 r i n e  was e n c o u n t e r e d  ( J o n e s ,  l?Sla). ERDA-5  was r2- 

i n t e r e d  d u r i n g  t h i s  s t u d y  and  t h e  czment  p l u g  a n d  s u r r o u n d i n g  r o c k  w e r e  c o r e d  

t o  t h e  p r e v i o u s  t o t a l  d e p t h  sod t h e  w e l l  was r e o p e n e d  t o  t h e  b r i n e  r e s e r v o i r .  

YIP?- l?  .&as d r i l l e d  i n i ~ i a i l y  i n  1378 t o  a  d e p t h  o f  a b a u t  2775 f e e t ,  j u s t  

5 2 1 ~  t h e  t a p  o f  t h e  C a s t i l e  F o r x a t i o n .  D u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  

w e l l  ? a s  r ? , - e n t e r e d  and Ceepenod t o  a b o u t  3925 f e e t  i n t o  t h e  t o p  o f  t h e  

A n h y d r i t e  1 member o f  t h e  C a s t i l e .  

The  c o r e  o b t a i n e d  from b o t h  w e l l s  was l o g g e d  b y  v i s u a l  a x n i n a t i o n ,  and a  

l i t h o l o g i c  d e s c r i p t i o n  was p r e p a r e d .  T h i s  l i t h o l o g i c  E e s c r i p t i o n  and t h e  

d e t a i l s  o f  c o r i n g  a r e  p r s s e n t e d  i n  t h e  D a t a  F i l e  R e p o r t  i s s u e d  by ~ ' A p p o l o n i a  

i n  F e b r u a r y  1382 (3' A p p o l o n i a ,  1982). 

Sainp les  o f  t h e  WIPT-12 and E ~ D X - 6  Cora Fere s e l e c t e d  f o r  E!i r ther  t e s t i n g ,  

i n c l u d i n g  m i c r o s c o p i c  a n a l y s i s  ( p e t r ~ g r a p h y ) ,  X-ray d i f f r a c t i ~ n ,  s c a n n i n g  

e l e c t r o n  m i c r o s c o p y ,  e n e r g y - d i s p e r s i v e  X-ray s p e c t r o s c o p y ,  and i s o t o p i c  

a n a l y s i s .  T h i s  f u r t h e r  t e s t i n g  was u n d e r t a k e n  t o  d e t e r m i n e :  

e E l e m e n t a l  and m i n e r a l o g i c  c o m p o s i t i o n  o f  s e l e c t e d  
z o n e s  o f  i n t e r e s t .  

e E x t e n t  o f  b r i n e - r o c k  i n t e r a c t i o n s  i n  t h e  f r a c t u r e d  
z o n e s .  

e E v i d e n c e  o f  t h e  p r e s e n c e  o f  f l u i d s  i n  t h e  r o c k  d u r i n g  
r o c k  d i a g e n e s i s  and  r e s e r v o i r  f o r m a t i o n .  



1Iost o f  t h e  i n f o n l a t i o n  p r z s e n t  s d ,  i n c l u d i n g  h y d r o l o g i c  and geochemica l  d a t a ,  

i s  b a s e d  j n  t w o  3- inch  d r i l l  h o l e s  l o c a t e 3  a p p r c s i z a t s l y  m i l e s  a p a r t .  L ' h i l e  

t 5 e  assum?ti :>n h a s  522n made t h a t  t h e  c k l a r a c t e r i s t i c s  o f  t h e  h o s t  r o c k  

? x h i b i t e d  i n  WIPP-I?  and ERDX-h a r e  r ? p r e s e n t a t i u e  o f  t h e  C a s t i l e  t h r s u g h o u t  

t h e  a r e a l  e x t e n t  o f  t h e  b r i n e  r e s e r v o i r s ,  i n  r e a l i t y  t h e  c o r z s  a r s  s p e c i f i c  

o n l y  t o  t h e  h o l e  I n c a t i o n s .  C a r i a t i s n s  i n  s t r a t i g r a p h y  and l i t h o l o g y  a r e  

- , L - s e n t  - > e l s e w h e r ?  d u e  t o  s t r u c t u r e  and s l i s h t  v a r i s t i o n s  i n  d e ~ o s i t i o n a l  

e n v i r o i i a e n t .  The  r e s u l t s  and i r l t ~ r ~ r e t a t i o n s  p r e s 2 i i t e d  i n  t h i s  r e p o r t  s h o u l d  

b e  c o a s i d 2 r e d  i n  t h i s  c c n t e x t .  

k . l  .2  S t r a t i ~ r a ~ h y  o f  t h e  C a s t i l e  F ~ r m a t i ~ ~ n  a t  t h e  - X I ? ?  S i t e  

:,.%en WiPP-12 was o r i g i m l l y  d r i l l e d  i n  1375, a s o u t  50 f + e t  o f  t h e  t o p  member 

a f  t h z  C a s t i l e  F o r m s t i o n  were? pe~ :+ t r a t ed .  Fo r  t h i s  i n v e s t i g a t i o n ,  t k e  s e l l  

v a s  d2spened  i a t o  t h e  C a s t i l e ,  and bot tomed abou t  25 f e e t  bs low t h e  t a p  o f  t h e  

3 a s a l  nember o f  t h e  f o r m a t i o n .  3 . e f e r r i n g  t o  F i g u r e  G-5, t h e  s t r a t i g r a p h i c  

o n i t s  i n t e r c e p t 4  i n  WI?P-12 a r e  ( i n  d e s c e n d i n g  o r d e r )  A n h y d r i t e  111 ( o r  

A n h y d r i t e  1 1 1 - I v ) ,  R a l i t e  11, A n h y d r i t e  11, ~ a l i t e  I ,  and ~ n h y d r i t e  I .  The 

f o l l o w i n g  s h o r t  t a b l e  p r e s e n t s  d e p t h  below ground s o r f a c e ,  e l e v a t i o n  r e l a t i v e  

t o  s e a  l * v e l ,  s a d  t h i c k a e s s  o f  each  s t r a t i g r a p h i c  member a t  WITP-12, w i t h  t h e  

e x c e p t i o n  o f  A n h y d r i t e  I ,  which was n o t  f u l l y  ~ e n e t r a t e d .  The R a l i t 2  1 member 

j s  i h i c k e n e d ,  p r o b a b l y  d u e  t o  s a l t  flow which i s  d i s c u s s e d  iil a l a t e r  s e c t i o n ;  

t h e  t y p i c a l  t h i c k n e s s  o f  H a l i t e  I  i n  a r e a s  n o t  a f f e c t e d  by defamation i s  

abou t  315 f e e t  ( ? e r s o n a l  c x i m u n i c a t i o n ,  R .  P .  S n y d e r ,  1982). Th2 nember s  

o v e r l y i n g  H a l i t e  1 a r e  c o n s i s t e n t  w i t h  t y p i c a l  r e g i o n a l  t h i c k n e s s e s .  

!!ember D r i l l e d  I n t e r v a l  ( F t . )  E l e v a t i o n  ( F t . )  T h i c k n e s s  ( ~ t . 1  

A n h y d r i t e  1 1 1 - I V  2725.3  - 3053.9 746.2 - 417.6 328.6 

H a l i t e  11 3053.9 - 3281.8 417 .6  - 189.7 227.9 

A n h y d r i t e  I1 3281.8 - 3391.0 189.7 - 80.5 109.2 

H a l i t e  I 3391.0 - 3901.6 S0.5 - -430.1 510.6 

A n h y d r i t e  I 3901.6 - 3925 (T.D.) -430.1 - ? ? 



EDA-6 v a s  c r i g i n a l l y  d r i l l e d  i n  t h e  sunmer of  1975,  and aSout  42 f e e t  of t h c  

assumsd 9 a l i t e  I aember of  t h 2  C 2 s t i l e  vere ~ e n e t r a t e d .  3 : ~ r i n g  t k e  p r e s e n t  

i i 7 v e s t i g a t i o n ,  ERDA-5 was reoFened aad d r i l l i n g  d i d  no? proc?ed d c e p e r  t3an  

t 5 2  1975 i n v e s t i g a t i o n .  Eecause  of  C 2 f o r a a t i o n  i n  t h z  i7i.cinitp of FF.3A-6, =he 

A n h y d r i t e  111 %ember is  presumed t o  5s x i s s f n g  from t 5 e  s e c t i o n .  3 0 t h  Jcces 

( i 3 8 1 a )  and Anderson and Pcuers (1378) i n t e r p r e t  t h e  a n h y d r i t e  i n t e r c e p t e d  i n  

t h 2  E o r e h o l e  a s  X n h y d r i t e  11, based  on c o r r e l a t i o n  of l i t h o l c g y  w i t h  t h a t  of 

::earby b o r e h o l a s .  The i c t z n s e  d e f o r ~ a t i o n  obse rved  i n  t he  c a r e  s u p p o r t s  t h e  

c o n c l u s i o n  t h a t  thLzXening and u p l i f t  o f  u n d e r i y i n g  h a l i t e  has  c r e a t e d  

e x t e n s i o n  and  s e p a r a t i c n  of  Anhydr i t e  111, s o  t h a t  i t  i s  no t  ? r e s e n t  a t  t 5 e  
Y. - -ADA-6 l o c a t i o n .  T o s s i b l e  ~ e c h a n i s r n s  f o r  t h i s  de fo rma t ion  a r e  d i s c u s s e d  i n  

S s c t i z n  4 .3 .  ?ooeve r ,  :he p s s i 5 i l i t y  ? s i s t s  t h a t  the  a n h y S r i t 2  u n i t  

2 n c o u n t e r e d  d u r i n g  d r i l l i n g  i s  .:nhydrite 111. Z r i l l i x g  of ;SIT?-12 r.=_vel-led 

t h a t  Anhydr i t e  111 s : ch ib i t s  Scdd icg  laxt inae p r e v i o u s l y  thought  t o  be p r e s e n t  

o n l y  i n  t h e  l a w e r  a n h y d r i t e s .  S i n c e  t h e  ER3h-6 a n h y d r i t e  is a l s o  Z ~ m i n a t e d ,  

i t s  s r r a t i g r a p h f c  i d e n t i t y  canno t  be r e a d i l y  de t2 rmined .  For t h i s  r z p o r t ,  t > e  

i n t e r p r e t a t i o n  o f  J s n e s  (1981a)  and Anderson and Powers (1978) i s  zccep ted  

pending  d e f i n i t i v e  S o r e h o l e  d a t a  from t h e  EXDA-6 v i c i n i t y .  

The f o l l o w i n g  t a b l e  r e l a t e s  s t r a t i g r a p h i c  d e p t h  of  t h e  C a s t i ? ?  n s n b e r s  p r e s e n t  

I n  ERDA-6 ( f rom J o n e s ,  l ?S?a ) ,  a s  s e e n  i n  F i g u r e  G-5. 

:<ember - c e p t : ~  I n t e r v a l  ( 9 t . )  E l e v a t i o n  ( F t . )  Th ickness  ( F t . )  

A a h y d r i t e  111 X i s s i n g  ---- - --- 
i i a l i t e  11 2400.5 - 2555.1 1139.7 - 985.1 154.6 

A n h y d r i t e  I1 2555.1 - 2732.5 985.1 - 807.7 177.4 

X a l i t e  I 2732.5 - 2775 (T.D.) 507.7 - ? ? 

F i g u r e  G-6 i s  a f e n c e  Giagram of t h e  WIP? s i t e  and v i c i n i t y ,  showing t h e  

s t r a t i g r a p h i c  r e l a t i o n s h i p s  ;.Dong WIPP-12, ZRDX-6, and o t h e r  nea rby  b o r e h o l e s ,  

i n c l u d i n g  t h e  WIPP e x p i o r a t o r y  s h a f t ,  a s  f n t e r p r e t e d  f o r  t h i s  r e p o r t .  T h i s  

r e p r e s e n t a t i o n  shows t h e  r e l a t i v e  c o n t i n u i t y  o f  t h e  C z s t i l c  a e ~ b 2 r s  w i t h i n  an 

a p p r c x i n a t e  4 - n i l 2  r a d i u s  of t h e  c e n t e r  of t h e  WIPP s i t e .  V a r i a t i o n s  i n  
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t h i c k n e s s  O F  t h e  C a s t i l e  msmb2rs * , ~ i t h i n  t h i s  r a d i u s  a r e  e v i d e n t  from t h e  

F i g u r e .  O u t s i d e  t h i s  r a d i u s ,  and z p p r o a c h i n g  t h e  C a p i t a n  r e e f ,  t h e  C a s t i l e  
,- r o r m a t i o n  b e g i n s  t o  e x h i b i t  e v i d z n c e  o f  s i g n i f i c a n t  d e f c r x a t i o n ,  an ; ~ x a n p l e  o f  

x h i c h  c a n  bz  s e e n  i a  t h e  c o r r e l a t i o n  Se tween t h s  ER3.4-6 and AEC-7 s ~ r e h o l e s .  

The  s t r u c t l ~ r e s  shown i n  F i g u r e  G-6  a r a  i n t e r p r e t a t i a n s  b a s e d  on g 2 o p h y s i c a l  

l o g s ,  s u r F 3 c e  s e i s m i c  d a t a ,  a v a i l a b l e  s t r u c t u r e  c o n t o u r  z s ? s ,  znd l i t e r a t u r e  

r e v i e w .  The  s t r u c t u r e s ,  a l o n g  w i t h  t h e i r  p c s s i b l e  modes o f  o r i g i n ,  a r e  

d i s c u s s e d  i n  S s c t i o o s  4 . 2  and h , 3 .  

h .  1.3  L i t h o l o g y  and T z x t u r e  - VIP?-12 

The  folloving i s  a  s u m a r y  d e s s r i p t i o o  o f  t b e  l i t h o l o g y  and t e x t u r z  o f  t h e  

C a s t i l e  T a r m a t i o n  c o r e  r e c o v e r e d  f r ~ m  WLPT-12, a a g n e a t e d  v i t h  i : ~ t i r p r e t a t i o n ,  

A n h y d r i t e  - The a n h y d r i t e  oSs3 rved  i n  t h e  %I??-12 c o r e  i s  d e c s e  and n i c r o -  

c r y s t a l l i n e ,  r a n g i n g  i n  c o l o r  from l i g h t  g r z y  ( ~ 7 ) " )  t h r o u g h  n r d i u m - l i g h t  

g r a y  ( 3 6 )  l i a h t  b l u i s h - g r a y  ( 5 5  7 / 1 ) ,  medium g r a y  ( N S ) ,  t o  d a r k  g r a y  ( ~ 3 )  and 

o l i v e - b l a c k  ( 5 ~  211)  i n  t h e  A n h y d r i t e  11 member. l%c a n h y d r i t g  i s  t r a n s l u c e n t  

w i t h  a  v i t r t o u s  l u s t e r .  ? e t r o g r a p h i c  e x a m i n a t i o n  o f  t h e  a n h y d r i t z  r e v e a l s  

s e v e r a l  c r y s t a l  forms ,  r a n g i n g  from v e r y  f i n e - g r a i n e d  g r a n u l a r  t o  l a r g e  b l o c k y  

l a t h - s h a p e d  c r y s t a l s  t o  l o n g  a c i c u l a r  c r y s t a l s .  T h e s e  a c i c u l a r  c r y s t a l s  a r e  

somet imes  found i n  r a d i a t i n g  g r o u p s  w i t h  s v s s p i n g  e x t i n c t i o n .  The a c i c u l a r  

r i n h y d r i t e  c r y s t a l s  may b e  pssudoiaorphs o f  a n h y d r i t e  a f t e r  gypsum, s i n c e  t l igy 

r e s e m b l z  t h e  c r y s t a l  fslm of  gypsum. A l so ,  a t h e r  c r i t s r i a  f o r  i d e n t i f y i n g  

gyps-m pseudomorphs a r e  t h e  o b s e r v a t i o n  o f  remnant  gypsllm c l e a v a g e  p a r a l l e l  t o  

t h e  l o n g  c r y s t a l  a x i s ,  and r a d i a t i n g  c l u s t e r s  o f  a c i c u l a r  c r y s t a l s ,  a common 

g r o w t h  h a b i t  o f  gypsum. T o s s i b l e  pseudomorphs were  obse rved  n e a r  t h e  b a s e  o f  

X n h y d r i t e  LLI, i n  a n h y d r i t e  s t r i n g e r s  w i t h i n  Hal i te  11, a t  t h e  base o f  

A n h y d r i t e  TI, and i n  X n h y d r i t e  I .  An exampla o f  a  p o s s i b l e  pseudomorph g r o u p  

is shown i n  F i g u r e  C-18, i n  t h e  C h e m i s t r y  s e c t i o n .  Al though t h i s  s u g g e s t s  

priiiatiry p r e c i p i t a t i o n  o f  gypsum, t h e  c r i t e r i a  d e s c r i b e d  a5ove a r e  sub- 

( ' ) c o l o r  d e s i g n a t i o n s  t a k e n  f rom G ~ o l o g i c a l  S o c i e t y  o f  A n e r i c a  Rock-Color 
C h a r t ,  and used  h e r e  f o r  c o n s i s t e n c y  o f  d e s c r i p t i o n .  



jective. The acicular growth habit ccll~ld also be the result of primary 

2nhydrite pre~i~itation, possibly due to rapid crystal growth. 

Some anhydrite crystals show weak pleochroism which is not characteristic of 

the min2ral. 32cause pleochroism is differential absorption of transmitted 

light in different crystallographic directions, pleochroic anhydri~e probably 

possesses a slight structural defect which creates uoesual absorption. This 

crystal lattice defect could be the rzsult of included cations of transition 

metals which defom the lattice slightly (Stoiber and Yorse, !372, p. 202). 

7licroprobe analysis vould be necessary to d~tect isreign cations in the 

jnhydrite crystals. Lattice defects as descri5ed s5ove may have Szen 

i:~~~poiinded dn~e to s t  rain caused 5 y  pos t-deposi t ional 2over;rents or tectonic 

stresses during crpstallizstion or :2crystallizatian, but chis is purely 

speculative. 

Accessory minerals are rare but include carbonates, qoartz, and clays; 

carbonates found in ths Sedding ?aminae are discussed below. Quartz was 

identified in the vicinity of the contact 5stween Halite 11 and knhydrite 11, 

consisting of euhedral grains with the C-axis parallel to the contact (~igure 

C-18). The quartz grains are believed to be authigenic; this is discussed 

furthzr in Part IV, Chemistry, Section 3.3.3. Clays, though rare, are not 

rich in magnesium. 

The core dsmcnstrates some textures often noted in anhydritz such as mosaic or 

"chicken-wire" texture ( ~ i l e ~  and Byrne, 1961). The aosaic effect is created 

by small xasses of sahpdrite separated by thin stringers of dark organic ( ? )  

naterial. This texture is most apparent between 2818 and 2830 feet (dspth 

below ground surface). Another tsxture noted in WITP-12 rzsembles flocculent 

texture (xiley and 3yrne 1961), in which irregular feathery masses of yellow- 

ish-gray (5Y 712) to light olive-gray (5Y 5/21 &nhyGrite float in the matrix 

of gray anhydrite. This texture is common between 2830 and 2940 Feet. 



The most n o t a b l e  t e x t u r a l  f e a t u r e  i n  t h e  a n h y d r i t c ,  o t h e r  than t h e  F r a c t u r e s  

d i s c u s s e d  i n  S e c t i o n  4 . 1 . 4 ,  i s  t h e  l a y e r i n g  forned hy v?ry  t h i n  Sedding 

I sminae ,  p robab ly  a r e s u l t  of m i n o r ,  s h o r t - t s r m  s a l i 3 i t y  v a r i a t i o n s  d u r i n g  

( 2 e p o s i t i o n  ( S e c t i o n  3 . 4 ) .  The l aminae  rang? f r o n  w h i t ?  ( ~ 9 1  t o  ye l lowish-gray  

( S Y  7/21 t o  dusky ye!lswish-Srown (IO YR 2/21 t o  d a r k  yellowish-brown ( 1 0 Y ~  

5 / 2 1  and range  from 125s than 0.03 inch t o  0.5 inch t h i c k .  The I ~ r n i n a e  a r e  

sorn?osed p r i m a r i l y  of ca lc ium and magnesium c a r b o n a t e ,  wi th  z i n a r  m o u n t s  of  

s l 2 y s  and o r g a n i c  m a t e r i a l .  ?he c a r h o n a t e  i s  u s u a l l y  s x t r s m 2 l y  f i n e  g r a i n e d  

i n  t h e  Form o f  wispy l;ncl!ae d i s p e r s e d  araund anhydr i  t e  c r y s t a l s .  Dolomite 

is fzur.d i n  !smir.ae a d j a c e n t  t o  a n h y d r i  t e l h a l i  t e  c.3ntecr-s;  i t s  ,?bundance 

J 2 c r z a s e s  axsy fzam t h e  c a n t a c t s  and c a l c i t e  becones t h z  dcn inan t  c a r b o n a t e  

< ? a r t  IV, Chemis t ry ,  T a b l a  C - 1 1 ) .  Far  sxample,  S a s p l ?  LQ.4 w a s  taken abut 12 

{aches  3 5 0 ~ 2  i l l 2  Arihydrit2 1 1 / 3 a l i t e  I c o n t a c i ;  x-ray d 2 t 3  '$314 t!l8t a l l  t h e  

c a r b o a a t e  i s  c a l c i t e .  Sample l83 ,  t aken  about  1 inch above t h o  c a n t a c t ,  

c o n t a i n s  r;;ughly ?qua1 .?mounts oE c a l c i t e  and d o l o m i t e .  Samples frsm t h e  n i d -  

p a r t s  of  e i l h y d r i t e  u n i t s  have  l a m i n a r  n a t e r i a l  of  p r e d o m i ~ a n t l y  c a l c i t e  : ~ i  t h  

t r a c e  amounts o f  do lomi te .  Adams (19441,  a s  w e l l  a s  Ki rk land  a n d  Andzrson 

(13701, r e p o r t  t h a t  t h e  c a r b o n a t e  n a t z r i a l  i s  c a l c i t ? ,  Sased on txamina t ion  o f  

c o r e s  from o t h e r  p a r t s  o f  t h e  b a s i n .  However, p e t r ~ g r a p h i c  axaminat ion o f  

bo th  EXDX-6 and WIPP-12 c o r e ,  ns  w e l l  a s  X-ray d i f f r a c t i o n  d a t a  and scann ing  

e l e c t r o n  microscopy,  i n d i c a t e  t h a t  same of t h e  m a t e r i a l  w i t h i n  t h e  da rk  

laminar i s  c l s a r l y  d o l o m i t e ,  p s r t i c u i a r l y  i n  t h e  v i c i n i t y  of h a l i t e  con-  

t a c t s .  The p r e s e n c e  of Aolomit? e s  opposed t o  c a l c i t e  may b e  r e l a t e d  t o  t h e  

chemica l  compos i t ion  of  t h e  b r i n e  and i t s  i n t e r a c t i o n  w i t h  t h e  rock !see  F a r t  

IV, Chemis t ry ,  S e c t i o n s  3 .3 .2  and 5 .1 .2 . ) .  

b n h y d r i t e  H i . c r o s i r u c t u r e  - T h e r e  a r e  n o t i c e a b l e  v a r i a t i o n s  i n  t h e  appearance  

13f t h e  l aminae  wi th  d e p t h .  Throughout t h e  a n h y d r i t e  s e c t i o n  ( a s  noted below),  

t h e  l2minae l o c a l l y  e x h i b i t  e v i d e n c e  of  de fo rmat ion  r e f e r r e d  t o  h ? r e  a s  

" m i c r c s t r i ~ c t u r e " .  Yi.cros t r u c t  u r e  i s  used h e r e  t o  d e s c r i b s  sinall  f o l d s  -2nd 

c r e n u l a t i o n s  w i t h  a n p l i t u d z s  g e n e r a l l y  r ang ing  from l e s s  than  one inch t o  

zbou t  o n e  f o o t .  The t e r n  m i c r o s t r u c t u r e  was chosen t o  d i s t i n g u i s h  s m a l l - s c a l e  

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

C a s t i l e  a s  d e s c r i b e d  i n  S e c t i o n  3.3. 



The bedd ing  l a a i n a e  . s rz  i n d i s t i n c t  2nd g e n e r a l l y  i l l - d e f i n e d  i n  t h c  upper  

p o r t i o n  of X n h y d r i t e  111 .  Selcv 2940 f s e t ,  t h i n  bedd ing  laminae  b?come 

a p p a r ? n t ,  snd were c c t e d  i n  groups  oE s e v 3 r a l  l z n i n a e ,  sFaced s5out  one inch  

a p a r t .  Selow 2943 f e e t ,  beddin;! l aminae  a p p e a r  t o  be a  r e s u l t  aE c y c l e s  o f  

d e p o s i t i o n  and a r e  spaced  q u i t e  r e g u l a r l y  112 i n c h  a p a r t .  Thc laminae  a r e  i n  

some c a s e s  s l i g h t l y  u n d u l a t o r y  and s l i g h t l y  i n c l i n e d  from t h e  h o r i z o n t a l .  

3 z l o v  3000 f e e t ,  some s 3 a l l  m i c r o f o l 2 s  a r e  okse rved  i n  t h e  be.jding I a n i n a e ;  

t 5 e s e  s m l l  d e f c m a t i o n s  b2cone a o r e  a p p a r e n t  w i t h  d e p t h ,  p a r t i c u i i r l y  below 

3030 f e e t .  T h r e e  f 2 e t  e h v e  t h e  c ~ n t a c t  v i t h  Y a l i t e  11,  i h ~  bedding  l m i c a e  

bacon2 m r e  s t e e p l y  i n c l i n e d  u n t i l ,  a t  t h e  c o n t a c t ,  t h e y  a r e  d i p p i n g  about  30' 

from t he  h o r i z o n t a l  ( p a r a l l e l  t o  t h e  c o n t s c t ) .  

I n  c o n t r a s t ,  t h e  . $ a h y d r i t e  IT zzmber e x h i b i t s  t h i n  bedd iag  l z a i n a e  t h roughou t ,  

~ e n e r a l l y  c o n s i s t 2 n t  i a  ap?ea rance .  A n h y d r i t e  I1 shows t h e  most ahundant  

e v i d e n c e  o f  m i c r o f o l d i n g  o f  bedd ing ,  t h e  s m a l l  f o l d s  g e n e r a l l y  h?ving  an 

a m p l i t u d e  o f  l e s s  t han  0 .25  i n c h .  Tn sc5e c a s e s  t h e s e  m i c r o f o l d s  a r e  v e r y  

r z g u l a r  and symmet r i ca l  i n  appearaDce ,  w h i l e  i n  o t h e r s ,  such as  a t  a  dep th  o f  

3302 f e e t ,  t h e  l aminae  a p p e a r  i r r e g u l a r l y  c o n t o r t e d ,  r e sembl ing  f low s t r u c -  

' i u r e s .  3 e  m i c r o f o l d i n g  i s  d i s h s n o n i c ,  n e a n i n g  t h a t  a d j a c e n t  l a y e r s  show 

v a r y i n g  f o l d  a m p l i t u d e s .  P i g u r e  G-7 shows a  t y p i c a l  example of m i c r o f o l d i n g  

s t y l e  i n  A n h y d r i t e  11. 

T h e  A n h y d r i t e  I zember I s  s i m i l a r  t o  A n h y d r i t e  111  i n  t h a t  t h e  bedding  laminae  

a r e  v e r y  i r r e g u l a r  and p o o r l y  d e f i n e d  i n  t h e  upper  p a r t  o f  t h e  u n i t .  f rom t h e  

c o n t a c t  o f  A n h y d r i t e  I  w i t h  H a l i t e  I a t  3902 f e e t  t o  3915 f e e t ,  t h e  laminae  

v a r y  from 0 . 2 5  i n c h  t o  l e s s  t han  0.04 i n c h  i n  t h i c k n e s s ,  and a r e  spaced from 

0 .13  t o  2 i n c h e s  a p a r t .  The l aminae  a r e  u n d u l a t o r y  and do no t  show un i fo rm 

t h i c X n ? s s ,  and i n  some c a s e s  a r e  n i c r o f o l d e d .  Xowever, Selow 3918 f r e t ,  t h e  

laminae a r e  p a r a l l e l ,  spaced  r e g u l a r l y  a t  0.06 i n c h  a p a r t  w i th  no i n d i c a t i o n  

o f  d e f o r m a t i o n  o r  f o l d i n g .  



S e v e r a l  e x p l a n a t i o n s  have been o f f e r e d  by v a r i o u s  i n v e s t i g a t o r s  t o  e x p l a i n  t h e  

o r i g i n  of t h e  m i c r c s t r u c t u r e s  i n  t h e  C a s t i l e  F ~ r m a t i c n .  The e x c e l l e n t  

p r e s e r v a t i o n  of t h e  laminae and acconpanying m i c r o f o l d s  s u s g e s t s  s t a g n a n t  deep 

u a t e r ,  and a p p e a r s  t o  p r e c l u d e  s t r o n g  c u r r e n t s  o r  wave a c t i o n .  For  example,  

c u r r a n t  o r  wave a c t i c n  shou ld  have produced r e c o g n i z a b l e  r i p p l e s ,  c r o s s -  

bedding,  o r  s c o u r  ~ a r k s .  >%s shcwn i n  S e c t i o n  3 . 4 ,  iriany i z v e s t i g a t o r s  a g r e e  

t k a t  t h e  C a s t i l e  s z a  vas deep (up t o  s e , ~ e r a l  thousand f e e t )  t o  a l l o w  f o r  

o p e r a t i o n  of t h e  r 2 f l u x  p r e c i p i t a t i o n  a o d e l ,  ~ n d  t o  be c o n s i s t e n t  w i t h  t h e  

o i s e r v e d  s l s v a t i o n  i i f f z r e r , c e  bet::zeil t h e  t o p  of t h e  3ela:gare Xounta in  Croup 

snd t h e  t c p  of  t h e  C a p i t a n  r e a f .  

-. iile c l c r o f o l d s  may be a r z s u l t  of s q a l l  zovenen t s  due  t o  s l i d L n g  o r  s lumping 

dnr ing  o r  i=z , -edia t r ly  f o l l o w i n g  12zpos i t ion .  3 e s e  2 2 a e c a n t ~ z p o r 2 n e o u s  

mvern2nts c o u l d  e x p l a i n  t h e  p r e s e n c e  of G e f o n e d  l aminae  su r rounded  by 

z p p a r e n t l y  ufideformed a n h y d r i t e .  Ki rk land  2nd Anderson (1970)  a r g u e  t k a t  t h e  

a p p a r e n t  c o r r e l a t i o n  of deforxed  Laminae over  a d f s t a n c e  of r ~ u g h l y  7 0  m i l e s  

i n d i c a t e s  t h a t  s l i d i n g  would have t o  be uniform o v e r  l a r g e  d i s t a n c e s  w i t h i n  

t h e  b a s i n .  E ~ w e v e r ,  they  do no t  r u l e  o u t  mass g r a v i t a t i o n a l  g l i d i n g  i n  

r zsponse  t o  t e c t o n i s m  o r  a n  i n i t i a l  s l o p e  a s  a c a u s e  of f o l d i n g .  Ear thquakes  

cou ld  5e  a t r i g g e r  v h i c h  would r e s u l t  i n  widespread and c o n s i s t e n t  s m a l l - s c a l e  

a d j u s t m e n t s .  R i l e y  and Syrne  (1561)  have sugges ted  on t h e  b a s i s  of l a b o r a t o r y  

2xper iz ien t s  t h a t  m i c r o s t r u c t u r e s  s i m i l a r  t o  t h o s e  observed i n  t h e  C a s t i l e  

c a u l d  :om by f lcwage due t o  s l i g h t  d e n s l t y  d i f f e r e n c e s  between a n h y d r i t e  

l aminae  and more dense  c a r b o n a t e  and b i t u a i n o u s  ~ a t e r i a l . .  

The m ~ c r o s t r u c t u r e s  p robab ly  d i d  n o t  form d u r i n g  c o n v e r s i o n  of pr imary gypsum 

t o  a n h y d r i t e .  T h i s  i s  n o t  t o  s u g g e s t  t h a t  t h i s  c o n v e r s i o n  d i d  n o t  t a k e  p l a c e ;  

p e t r o g r a p h i c  zv ideuce  i n  t h e  f o m  of c r y s t a l  pseudonorphs ( S e c t i o n  4 . 1 . 3 )  

s u g g e s t s  t h a t  a t  l e a s t  some p r i z a r y  gj-psun nay have been r e p l a c e d  by 

a n h y d r i t e .  G s o c h e m ~ c a l  d a t a  a l s o  do not  r u l e  o u t  t h e  c o n v e r s i o n  p r o c e s s  a s  a  

minor s o u r c e  c o n t r i b a t i n g  t o  t h e  r e s e r v o i r  f l u i d .  Fiowever, i n  s p i t e  of t h e  

f a c t  t h a t  gypsum-anhydrite t r a n s i t i o n s  have been c i t e d  h i s t o r i c a l l y  a s  t h e  

c a u s e  of  m i c r o f o l d i n g ,  t h e r e  i s  no ev idence  of t h i s  i n  t h e  C a s t i l e .  A s  



z 4 n d e r s o n  a n d  K i r k l z n d  ( 1 9 6 6 )  ~ o i o t  o u t ,  t h e  m i c r o E o l d s  a r e  o 5 s e r v e d  i n  b o t h  

2 n h y d r i t z  a n d  gypsum; t h e  a p p ? r r a n c e  J F  t h e  f o l d e d  l a ; n i n a e  i s  t h ?  s i n e  w h e t h e r  

~ 5 s e r v e d  i n  c o r e  a ~ -  a t  t h e  g y p s i f i 2 d  C a s t i l e  o u t c r o p  ~ o u t t ~ e a s t  s f  C a r l s b a d  on 

R o u t e  6 2  j u s t  n o r t h  o f  t h e  Texas- ' lew >f.lexico b o r d e r .  

A n o t h e r  e x p l a n a t i o n  p r o p o s e d  by K i r k l a n d  and  A n d e r s o n  (1970)  is t h a t  t h e  

r n i c r o s t r c l c t u r e s  fo rmed  d u e  t o  t e c t o n i c  s t r e s s e s .  l s i c r o f o l d s  fo r ined ,  a c c o r d i n p :  

t o  t h e i r  a n a l y s i s  o f  f o l d i n g  s t y l ? ,  i n  t h e  h i n g e  a r e a s  o f  ! & r g e r  s c a l e  f o l d s  

f o r m e d  p r o S a S l y  d u r i n ~  T e r t i a r y  t i z e .  T h i s  mechan i sm d ~ e s  n a t  a p p e a r  t o  f o l l y  

e x p l a i n  t h e  p r s s s n c e  of m i c r o f o l C e d  Laminae  i n t e r c a l a t e d  w i t h  u n d i s t l ~ r b e d ,  

~ u ~ ~ f o l d e d  lanlnae, a s  i s  o f t e n  o ' : :s?rv~d i n  \4I?P-12 c o r e .  A n d e r s o n  and  ?ewers 

( i378)  5 a v e  s5wn  t h a t  micr : , fo ic?s  I-,,ave b e e n  s u b j e c t e d  t o  e x t s n s i o n  a t  Z 9 D A - 6 ,  

, s h i c h  i n d i c a t e s  t h a t  t h e  f a r m a i i o r !  o f  m i c r o f o l d s  p r o b a 5 l y  p r e d a t e d  t h e  

l e v e i o p m e n t  of  t h e  s t r u c t u r e  a t  E?>?L;2-6 a n d  b y  i a f e r e ~ c e  t h e  s t r u c t i r r e  a t  WIPP- 

1 2 .  T h u s ,  s s v e r a l  e x p l a n a t i o r ? ~  e x i s t  f o r  t h e  o r i g i n  o f  m i c r c s t r u c t i l r e s  o f  t h e  

t y p e  o b s e r v e d  a t  XIPP-12.  

F a l i t e  - T h e  h a l i t e  p r z s e n t  i n  t h e  C a s t i l e  F o r m a t i o n  i s  t y p i c a ! l y  s l i g h t l y  

t r a n s l l l c e n t  v i t h  a  f a i n t  l i g h t  g r a y  ( ~ 7 )  t o  o l i v e - g r a y  (SY 4 / 1 1  c a s t .  P u r e r  

h a l i t e  s e c t i o n s  a r 2  c o l o r l e s s  ;nd t r a n s p a r e n t .  g a l i t e  c r y s t a l  s i z e  v a r i e s  

f r o m  0 . 1 2 5  t o  0 . 5  i n c h  a l o n g  t h e  l o n g e s t  c r y s t a l  d i m e n s i o n ,  a l t h o u g h  some v e r y  

large c r y s t a l s  u p  t o  3 i n s h e s  :aqg r2er2 o 5 s e r v e d  i n  Hs l i t e  L .  3 e  h a l i t e  

c s n t a i n s  a n  a p p r e c i a b l e  .mount s f  a n h y d r i t e .  A c c o r d i n g  t o  a  r e p o r t  w h i c h  

i q v e s t i g a t e d  h a L i t e  i m p u r i t i e s  ( ~ e v a n t n a n  e t  a l . ,  1 9 8 1 )  t h e  p e r c e n t a g e  o f  

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

p e r c e n t ;  t h e  S a l a d o  F o r n a t i o n  g e n e r a l l y  c o n t a i n s  a b o u t  1 0  p e r c e n t  i m p u r i t i e s  

( G e v a n t m a n  e t  a l . ,  1 9 8 1 ) .  4 r e a s o n a b l e  e s t i s a t e  o f  t h e  p e r c e n t a g e  o f  a n h y -  

d r i t e  w i t h i n  t h e  h a l i t e  u n i t s  oE t h e  C a s t i l e  a t  WIPP-12 k a s e d  o n  c o r e  examina -  

t i o n  w o u l d  b e  a b o u t  f i v e  p 2 r c e o t .  T h e  a n h y d r i t e  i m p u r i t i e s  t y p i c a l l y  a p p e a r  

7 s  w h i t e  ( 3 9 )  t o  medium g r a y  (K5) t h i n  5 e d s  a n d  l a m i n a e  0 . 1 2 5  t o  0 . 2 5  i n c h  

t h i c k ,  w i t h i n  a  band  o r  z o n e  o f  d a r k  o l i v e - g r a y  (5Y 4 /11  h a l i t e .  I n v a r i a b l y  

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

e v i d e n c e  o f  s l i g h t  t o  i n t e n s e  d e l ~ r m a t i o n .  



H a l i t e  c r y s t a l s  Are t y p i c a l l y  a n h i . d ~ - a l ,  v i t h  i r r e p u l . i r  c r y s t a l  b o u n d a r i e s .  

! 'ssses a r e  v e r y  f r i a h l o .  CuSIc i r y s t ( 3 1 s  a r e  r a r e ;  h o p p e r  c u b e s  v 2 r e  n o t  

o b s e r v e d .  A t  t h e  c o n t a c t  3e t ; l een  Anhydr i  t e  11 ar;d H a l i t e  I ,  p e t r o g r z p h i c  

examination r z v e a l e d  c u b i c  h a l i c e  a o l d s  f i l l e d  w i t h  f i n e - g r a i n e d  z r 2 n u l a r  

r n h y d r i t e ;  i h e s e  m o l d s  :.my r e p r 3 s e n t  r e l i c t  h o p p e r  c u b e s  which  c o u l d  h a v e  

s u S s e q u e n t l y  S e e n  d i s s o l v e d  bv f l u i d s  s a t u r a t e d  i n  a n h y d r i t e .  :n many p l a c e s ,  

t h e  e l o n g a t e d  h a l i t e  c r y s t a l  a x e s  s h m  3 l i a e a t i s n  o r  F a S r i c .  t y p e s  o f  

h a l i t e  c r y s t a l  t e x t u r e s  s u g g e s t  t h a t  t h e  h a l i t e  h a s  r e c r y s t a l l i z e d  u n d e r  t h e  

i n f l u 2 n c e  o f  s t r e s s  and s u 5 s e q : l e n t  Flow, p c s s i ! > l y  a i d e d  by i z t e r s t  i t  i a l  F l u i d s  

( ~ d e ,  l 3 5 8 ) .  

H a l i t e  M i c r z s t r ! l c t u r e s  .- As Y i i t ' n  t h e  a n h y d r i t e ,  v a r i a t i o n s  o c c u r  i n  t h e  

G p p e a r a n c e  a f  t h e  h a l i t e  and i t s  i m y u r i t i e s  w i t h  d e p t h .  T h e s e  v z r i a t i o n s  

m i g h t  l e n d  e v i d e n c e  o f  t h e  d e f o m , a t i o ~ i  h i s t o r y  o f  t ' l e  s t r a t a  and t h e  o r i g i n  o f  

t h e  b r i n e  r e s e r v o i r .  T h e  H a l i t e  I1 z e m b s r  e x h i b i t s  tkie g r e a t 2 r  zmount o f  

i n c l u d e d  a n h y d r i ~ e  when compared  t o  H a l i t e  I .  T h e  u p ? e r  i n t e r v a l  i n  H a l i t e  11 

S e t w e e n  t h e  c o n t a c t  w i t h  X n h y d r i t e  LII a n d  3 1 1 5  f z e t  c a n t s i n s  numerous 

a n h y d r i t e  i m p u r i t i e s  which  a p p e a r  t a  h a v e  v n d e r g o n e  c o n s i d e r a b l e  Ceforma-  

t i o n .  T h e  m o s t  cornmvn p s t t z r n  o f  a n h y d r i t e  s t r i n g e r s  o r  t h i n  b e d s  o b s e r v e d  

t h r o u g h  t h i s  i n t e r v a l  i s  a  s z r n i - c i r c u l a r  o r  a r c  p a t t e r n .  The  c o r e  a p p e a r s  t o  

h a v e  i n t e r c e p t e d  ? a r t i o n s  o f  s m a l l  r e c u m b e n t  f o l d s  i n  t h e  h a l i t e  ( w i t h  

a m p l i t u d e s  o f  s e v e r a l  i n c h e s  t o  t h r e e  F e e t )  w i t h  t h e i r  z x i a l  p l a n e s  p e r p e n d -  

i c u l a r  t a  t h e  l o n g  e x i s  o f  t h e  c o r e .  The  f o l d s  a r e  made v i s i b l e  b y  t h e  more 

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

d e f a m e d .  F o r  e x a m p l e ,  a t  a  d e p t h  o f  3074, t h e  e l o n z a t e d  h a l i t e  c r y s t a l s  are 

a l i g n e d  p a r a l l e l  t o  t h e  deformed  a n h y d r i t e  s t r i n ~ e r s .  

s e t w e e n  3 1 1 8  f e e t  and 3138  f e e t ,  H a l i t e  11 c o n t a i n s  c o n s i d a r a b l e  a m o u n t s  of 

a n h y d r i t e ,  i n c l u d i n g  s e v e r a l  b e d s  u p  t o  t h r e e  f e e t  t h i c k .  T5e a n h y d r i t e  b e d s  

t h r o u g h  t h i s  i n t e r v a l  c o n t a i n  c r y s t a l s  a n d  b l e b s  of h a l i t e ,  and  b e d d i n g  

l a m i n a e  c o n t a i n i n g  c a l c i u m  c a r b o n a t e  a r e  p r e s e n t .  S s c a u s e  of t h e  g r s a t e r  

t h i c k n e s s  o f  a n h y d r i t e  i m p u r i t i e s  w h i c h  i n c r e a s e s  t h e  s t r e n g t h  oE t h e  h a l i t e  



(Ode,  11?62, p .  5 7 5 ) ,  b z f o r ~ a t i o n  i s  l e s s  t h rough  t h i s  i n t e r v a l .  Sowever,  

3 e d d i n g  l a a i n a 2  w i t h i n  t h e  a n h y d r i t e  beds  a r e  o f t e n  i n c l i n e d ,  3s  a t  3128 Fee t .  

Selow 3193 f e e t  t o  t h e  c a n t a c t  v i t h  A n h y d r i t e  11, R a l i t e  I1  e x h i b i t s  s t r u c t u r e  

and p a t t e r n s  i n d i c a t i n g  c o n s i d 2 r a S l s  d e f o r m a t i o n .  .\ c a i n o n  f e 3 t u r e  i s  a 

c i r c u l a r  o r  e l l i p t i c a l  t h i n  bed o r  s t r i n g e r  o f  a n h y d r i t ? ,  su r rounded  by h a l i t e  

ss shewn i n  F i g u r e  G-8. T h i s  t y p e  o f  f e a t u r e  cou ld  5 2  a s e c t i o n  th rough  a  

s h e a t h  Fold o r  c l o s e d  f a l d .  .An a n a l o g y  o f  t h i s  t y p e  o f  s t r u c t u r ?  would be t o  

t a k e  a  f l a t  hanke l - ch i z f ,  p u l l  i t  upward through t h e  c l a s e d  r i n g  oE your  
r .  r r n g e r s ,  c u t  o f f  t h e  t i p ,  and o b s e r v e  t h e  c l o s u r e  o u t l i n e d  5 y  t h e  c i o t h ,  which 

v o u l d  r z p r e s e n t  one  o f  t h e  t h i n  a n h y d r i t e  s t r i n g e r s  ( ? tueh I>z rge r ,  1958) .  

? m a l l  I s o c l i n a l  f ~ l d s  a r e  a l s s  iornritln, 2s a t  a  d e p t h  o f  3215  and 3223 f e e t .  X 

s e c t i o n  o f  c o r e  t h ~ a u g h  one oE t h z s e  Folds v i t h  an u n d ~ f o m e d  a x i a l  p l a n e  

c o l ~ l d  a l s o  i;ra>c?uce a  c i r c u i z r  o u t l i n e  i n  t h e  c o r e .  The c:hin a n h y d r i t e  

s t r i n g e r s  a l s o  shcw e v i d z n c e  o f  r i g i d  S e h a v i o r  such  a s  boud inaqe ,  ss observed  

a t  a d e p t h  o f  3218.3 f a e t .  An i n t e r e s t i n g  f z a t a r e  i s  t h a t  d e f a m e d  i n t e r v a l s  

a r e  o f t s n  s e p a r a t e d  5y i n c h e s  from h o r i z o n t a l ,  a p p a r e n t l y  undeforned  a n h y d r i t e  

i m p u r i t i e s .  

The H a l i t e  I member c o n t a i n s  fewer  a a h y d r i t e  i n p u r i t i e s  t h s n  3 a l i t e  11, 

e s p e c i a l l y  i n  t h e  upper  p o r t i o n .  X n h y d r i t e  i m p u r i t i e s  which a r e  p r e s e n t  a r e  

i n d i s t i n c t ,  and ev idence  o f  s a l t  f low o r  d e f o r ~ a t i o n  i s  r a r e .  Cubic h a l i t e  

c r y s t a l s  were  obse rved  th roughou t  t h 2  i n t e r v a l .  An i s o c l i n a l  ly -Eolded ,  t h i n  

a n h y d r i t e  s t r i n g e r  i s  locally o b s e r v e d ,  w i t h  a n  a m p l i t u d e  of cne i n c h  o r  

l e s s .  Selow 3600 f e e t ,  R a l i t e  I b e g i n s  t o  show more e v i d e n c e  o f  deforma- 

t i o n .  .ki ihydri te  i m p u r i t i e s  a p p e a r  a s  v e r y  l i g h t  g r a y  (38) o r  mode ra t e  

ye l lowish-brown (10YR 5!4) a o t t l e s ,  c i r c u l a r  p a t t e r n s ,  and t i g h t  i s o c l i n a l  

f o l d s .  A commonly obse rved  E z a t u r e  i s  a a a s s  o f  h i g h l y  c o n t o r t e d ,  f ragmented 

a n h y d r i t e  s t r i n g e r s ,  u s u a l l y  abou t  0.125 i n c h  t h i c k ,  such  a s  i n  F i g u r e  G-9. 

Zones o r  b a n d s  o f  s u l f a t e - r i c h  i m p u r i t i e s  a r e  spaced  frs3m 0.5 t o  t h r e e  f e e t  

a p a r t  i n  t h e  h a l i t e .  The h a l i t e  c r y s t a l s  e x h i b i t  e l o n g a t i o n  and a  d i s t i n c t  

l i n e a t i o n .  Selow 3750 f e e t  and  down t o  t h e  l ~ w e r  c o n t a c t  v i t h  A n h y d r i t e  I ,  

l a r g e  m a c r o c r y s t a l s  of  h a l i t e  a r e  o f t e n  obse rved ,  up  t o  3  i n c h e s  i n  l e n g t h .  



Ths v a r i a t i o n s  i n  t e x t a r e  and m i c r a s t r u c i u r e  i n  t h e  h a l i t *  u n i t s  i n d i c a t e  t h a t  

d i f f e r e n t  i n t e r v a l s  w i t h i n  t h e  h a l i t e  defoi-zed ,;r v ? r e  s t r e s s e d  w i t h  v a r y i n g  

i n t e n s i t y .  D i f f e r e n c e s  i n  zmounts  o f  i a p u r i t i e s  w i t h i n  t k e  h a l i t e s  a l s o  

c o n t r i b u t e d  t o  v a r i s t i o n s  i n  d e f o r n a t i a n  s t y l e s  due  t o  d i E f 2 r i n g  p r o p e r t i e s .  

S i g n i f i c a n c e  o f  l i t h o l o g y  a n d  t e x t u r e  t a  b r i n e  occu t - r enze  -- Xo z v i d e n c e  o f  

: r l i s so l r ? t i on  o f  h a l i t e  o r  s n h y d r i t e  vas e n c o u n t e r e d  d u r i n g  a n a l y s i s  of  t h e  

R I P ? - 1 2  c s r e .  -411 c o r e  s a s  f r e s h  and unweathersd  ( f r a c t u r e s  d i d  e x h i b i t  some 

r n i s t c s c o p i c  riridense o f  f l u i d  movements and a r e  d i s c u s s e d  > e l o w ) .  I n  p a r t i -  

c u l a r ,  t h e  c o n t a c k s  keiwe2n t h e  s n h y d s i t z  2nd h a l i t 2  u n i t s  w ~ r 2  e x c e e d i n g l y  
7 .  , : lean, t i ~ h t ,  w i th  opsn s p a c 2  o r  v z a t h ? r i n g .  ;;,,*sever, : n i c r . > s c o p i c  ~ i c l z n c e  

a f  f 1 ~ i . d  ~ : . ? ' ~ ~ : o e n t  e x i s t s ,  such  as  t 5 e  h a l i t e  molds f i l l e d  w i t h  2 n h y d r i t e  a t  

t h e  S a l i t e  ~ / ~ n h ~ d r i t e  11 c o n t a c t .  Thus ,  t h e  rock  n a t r i x  a t  WIT?-12 shows no 

e v i d e n c e  o f  l a rgz - . s ca l e  u o d e r s a t i l r a t e d  n2:eor ic  f l u i d  f1ov  h s v i c g  o c c u r r e d .  

4.1 .4  F r a c t u r e s  - !JI?P-12 

S e v e r a l  f r a c t u r e s  were e n c o u n t e r e d  i n  A n h y d r i t e  I11 znd i n  a n  a n h y d r i t e  

s t r i n g e r  n e a r  t h e  t o p  o f  E a l i t e  11 d u r i n g  d r i l l i n g  o f  WI?P-12; o n e  f r a c t u r e  

was o b s e r v e d  n e a r  t ! ~ e  b a s e  o f  A n h y d r i t e  11. A 1 1  f r a c t u r e s  u e r e  r e a d i l y  

a b s e r v e d  i n  t h e  rock  c o r e ;  t h e  m a j o r i t y  of  f r a c t u r 2 s  w c r e  a l s o  d e t e c t e d  u s i n g  

a U.S.  Gr=o log ica l  S : ~ r v e y  t ~ l z v i e w e r  l o g ,  .an a c o u s t i c  e l e c t r i c a l  l ~ g  which  

d e t e c t s  r o c k  d i s c o n t i n u i t i e s  a t  t h e  b o r e h o l e  s u r f a c e .  Yo f r a c t u r e s  s e r e  

d e t e c t e d  i n  h a l i t e  u n i t s .  

F r a c t u r e  C h a r a c t e r i s t i c s  - T a b l e  G . l  c o n t a i n s  a  summary o f  f r a c t u r e  d a t a  and 

c h a r a s t z r i s t i c s  o f  a l l  f r a c t u r z s  d e t e c t e d  i n  t h e  c o r e .  The f r a c t u r e s  a r e  a l l  

h i g h - a n g l e  b r e a k s ,  r a n g i n g  from a b o u t  70- t o  v e r t i c a l .  Xn a v a r a g e  t r u e  

f r a c t u r e  s p a c i n g  ( a s  opposed  t o  a p p a r e n t )  t h r o u g h  t h e  l o x e r  p a r t  o f  A n h y d r i t e  

111 ( f r a c t u r e s  C-G) h a s  been  e s t i m a t e d ,  5 a s e d  on  t h e  f r a c t u r e  d i s t r i b u t i o n ,  a t  

a b o u t  two t o  t h r e e  f e e t .  The p 2 r s i s t e n c e  o f  i n d i v i d u a l  f r a c t u r e s  i s  unknown; 

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

o v e r l y i n g  and u n d e r l y i n g  h a l i t e  u n i t s ,  and i n  f a c t ,  none' w e r e  o b s e r v e d  i n  



h a l i t e .  The f r a c t ~ l r e s  a r e  g e n e r a l l y  p!anar and f a i r l y  smooth.  !\.'all s t r e n g t h ,  

a l t h o u g h  no t  a e a s u r e d ,  :.iould a 2 p e a r  t o  be  u n a l t e r e d .  .An e x c e p t i o n  i s  t h e  

a a j o r  b r i n s - p r o d u c i n g  f r a c t u r e  ( f r a c t u r e  D) w i t h  s e v z r e l y  Sr\?ken aq,3 c rushed  

rock  i n  Lhe midd le  s i x  i a c b e s  o f  t h e  f r a c t u r e  I n t e r v a l .  30ck s t r e n g t h  riay 

h a v e  been r2duced i n  t h i s  i n t e r v a l  due  ~ o  t h e  p r 2 s e n c e  o f  S r i n e ,  sr d r i i l i n g  

c o u l d  have  c ru shed  t h e  i n t z r v a l .  F r a c t u r e  F i n c l u d e s  an  i n t e r v 3 l  3!S0 c r u s h e d  

i n t o  s m a l l  f r a g a e n t s .  F r a c t u r e s  H and J a r e  c l o s e d  w i t h  v i s i b l e  h a l i t e  

f i l l i n g .  P r a c t u r e  3 i s  p a r t i a l l y  E i l l e d  w i t h  h a ! i t e ,  f r a c t u r e  S h a s  a gapped 

a p p e a r a n c e ,  aad f r a c i u r e s  A ,  C ,  D ,  E, F,  and K h a v e  no f i l l i n g .  

I n  g e n e r e l ,  t h e  a p e r t u r e s  o f  a l l  f r a c t u r e s  a p p e a r  t a  b? q u i t e  s n a l l ,  a l t h o n g h  

t 5 e y  wzr? detected o n  t h e  i z l e v i e w 2 r  l o 3  a s  a t E 2 n u a t i o n s  o f  a c o u s t i c  s i g -  

y:als. !!ow2ver, c a r e  frazments a i r s s s  open f r a c t u r e s  can  b e  s a t e d  i s g e t h e r  

w i t h  e i t h 3 r  u n d e t e c t a b l e  o r  v e r y  s m a l l  d i s p l a c e m e n t .  Xs shown i n  T a b l e  G . l ,  

t h e  e s t i ~ a t e d  a p s r t u r e  o f  f r a c t u r e s  A ,  C ,  E ,  and K i s  !2ss than  0.04 inch  ( 2  

a m ) .  The e s t i m a t e d  a p e r t u r e  f o r  t h a  b r i n e - p r o d u c i n g  f r a c t u r e  D i s  l e s s  t han  

0 . 2  i n c h e s  ( 5  mm) The a p 2 r t u r e  f o r  f r a c t u r e  F c o u l d  n o t  b e  e s t i z a t e d  b e c a u s e  

o f  s e v e r e  b r eakage .  

F r a c t ~ r e  3 i s  f i l l e d  w i t h  h a l i t e ;  f i l l i n g  t h i c k n e s s  i s  n o t  g r e a t e r  t h a n  0.03 

i n c h .  ? e t r o g r a p h i c  e x a m i n a t i o n  r e v e a l s  t h a t  t h e r e  i s  b r i d g i n g  o f  a n h ~ d r i t e  

g r a i n s  a c r a s s  t h e  f r a c t u r e  p l a n e .  D r i l l i n g  f l a i d  x a y  53ve d i s s o l v e d  t h e  

h a l i t e  f i l l i n g  i n  s w e r a l  a r e a s ,  * s p e c i a l l y  a t  t h e  uppe r  e x t r e a i t y  of  t h e  

f r a c t u r e ,  c r e a t i n g  t h e  a p p e a r a n c e  o f  g3pped f i l l i n g ,  s n d  c r e a t i n g  an  open 

a p e r t u r e  of a b o u t  0 . 0 3  i n c h .  

F r a c t u r e  G is  c l o s e d  i n  t h e  s e n s e  t h a t  t h e  c o r e  i s  i n t a c t  and not  s e p a r a t e d .  

However, v i s i b l e  open s p a c e ,  up t o  a b o u t  0 .03  i n c h  ( 1  mm) ,  e x i s t s  a l o n g  t h e  

f r a c t u r e ,  c r e a t i n g  a gapped  a p p e a r a n c e .  No f i l l i n g  i s  v i s i b l e  w i t h i n  t h e  

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

F r a c t u r e  f i l l i n g  i s  a l s o  e v i d e n t  i n  f r a c t u r e s  H and  J .  These  a r e  l o c a t e d  i n  

an  a n h y d r i t e  l a y e r  j u s t  be low t h e  t o p  o f  H a l i t e  11. The f i l l i n g  i s  h a l i t e ,  



3 h o ~ t  0 . 1  i n c h  t h i c k ,  c l e a r ,  t r a z s p s r e n t ,  and v e r y  s r o o t h ;  no o t h e r  m i n e r a l s  

a r e  p r e s e n t .  The v e r y  s n o o t h  and o p t i c a l l y  c o n t i n u o d s  h a l i t e  s ~ q g e s t s  

p o s s i 3 l e  d e p o s i t i o n  by f l x i d s .  T \e  f i l l i n g  i s  con~i781ou.s v i t h  t h z  h a l i t e  beds  

55Low i n  t h e  l z w e r  f r q c t u r e .  S h a r t  h a r i z o n t a l  L r234s  a s s a c f a t e d  v i t h  t h e  

..- . e r t i c a l  b r e a k  a r e  a!;a h a l i  t z - f i  1  l e d .  

Ev idence  o f  s e e p a g e ,  such  a s  obv ious  d i s s o l u t i o n ,  d i s s o l v t i o n  r e s i d u e ,  c l a y s ,  

3r i r o n  s t a i n i n g ,  i s  n o t  r e a d i l y  i p p a r e n t  z l o n g  any  o f  t h e  f r a c t u r e s ,  even  

though F r s c t u r s  D c o a t a i n s  b r i n e .  The c r u s h e d  i n t e r v a l  a t  3017 f e e t  c o n t a i n s  

a n h y d r i t s  f r a g m e n t s  w i t h  powdery, a p p a r z n t l y  ~ ~ e a t h e r e d  o r  d i s s o l v 2 d  z n h y d r i t e  

on t h e  s u r f s c z ,  .;hich xay  i n d i c a t z  some d i s s o l u t i o n  a l o n g  t h i s  f r a c t u r e .  

?s a p T a r e n t  from d r i l l i n g  r ,?cords ,  2 3 s  was e n c o u n t e r e d  a t  3306 f e e t ,  pressin- 

351y c o n t a i ~ e d  i n  f r x c t u r e  C .  F l u i d  w a s  r 2 p o r t e d  a t  3017 f e e t ,  from f r a c t , ~ r e  

D. Eoth f r a c t u r e s  u ? r e  ~ x z m i n e d  f o r  e v i d e n c e  a f  h r i n e / r o c k  i n t e r a c t i o n .  No 

? v i d e n e e  o f  f r a c t n r e  c o a t i n g s  was a p p a r e n t  from neg ,zsco? ic  zxa rn ina t ion  o f  t h e  

c o r e .  F ~ t r o g r a p h i c  2 s a m i n a t i o n  r e v e a l a d  some growth  o f  a n h y d r i t e  c r y s t a l s  

r a d i a t i n g  a u t w a r d  Erom t h e  f r a c t u r *  p l a n e  a t  3017 f e e t .  Hawever, n i n o r  

d i s s o l u t i o n  by t h e  d r i l l i n g  f l u i d  ( a s  e v i d e n c e d  d u r i n g  e l e c t r o n  m i c r c s c o p e  

e x a m i n a t i o n  by p i t t i n g  and t h e  p r e s e n c e  o f  S a r i m )  a l o n g  t h e  f r a c t u r e  may h a v e  

d z s t r o y e d  o t h e r  s u b t l e  e v i d e n c z  of S r i n s / r o c k  i n t e r a c t i o n .  F r a c t u r e s  E ,  F, 

and G may h a v e  a l s o  c o n t a i n e d  b r i n e  b e c a u s e  o f  t h e i r  p r o x i m i t y  t o  t h e  main  

f r a c t u r e  D ,  b u t  a g a i n  no d i r e c t  e v i d e n c e  of  f l u i d  was i n d i c a t e d .  

F r a c i u r e  O r i e n t a t i o n  - f o u r  c o r e  r u n s  v s r e  d r i l l e d  u s i n g  s n  o r i e n t e d  c o r e  

b a r r e l :  3000.7 t o  3016 . i  f e e t ;  3016.1 t o  3047.3  f e e t ;  3047.3  t o  3107.2  f e e t ;  

and 3349.2 t o  3410.2  f 2 e t .  The o r i e n t a t i o n  o f  t h e  f r a c t u r e s ,  a s  w e l l  a s  

bedd ing  and t e x t u r a l  f z a t u r e s ,  u e r e  measured  u s i n g  t h e  c o r e  o r i e n t a t i o n  

i n f o r m a t i o n .  F r a c t u r e  o r i z n t a t i s n  was a l s o  o b t a i n e d  from i a t e r p r e t a t i o n  o f  

t h e  t e l e v i e w e r  l o g  r u n  by t h e  U.S. G e o l o g i c a l  Su rvey .  F i g u r e  G - 1 0  shows t h e  

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

p r o j 3 c t i o n .  !\%en t h e  f r a c t u r e  o r i e n t a t i o n s  d e r i v e d  from b o t h  methods  a r e  

compared,  t h e y  a r e  n o t  i n  comple t e  s g r e e m e n t .  The  c o r e  o r i e n t i n g  mechanism 
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nay n o t  h a v e  f u n c t i o n e d  p r o p e r l y ,  p r o d u c i n g  i n a c c u r a t e  a'ata. o r  c o n v e r s e l v ,  

t h e  t e l e v i e w e r  magne t i c  n o r t h  nay  have  m a 1  f u n c t i o n e d ,  tags i n g  d r i  f t  and 

r e s u l t a n t  i n a c c u r a t e  d a t a .  The s o u r c e  o f  t h e  c!iscrspansy 33twesn  t h e  t u o  

~ 2 t h o d s  c a n n o t  be  d e t e r n i n e d .  

The o r i e n t a t i o n  o f  t 5 e  f r a c t u r e s  ba sed  on t h e  t e l e v i e w e r  log  r a n g e s  from a5ou t  

N 10" E a t  85 d e g r e e s  d i p  t o  t h e  v e s t ,  t o  N 50' W a t  70 d e g r e e s  d i p  t o  t h e  

w e s t .  The o r i e n t a t i o n  of  t h e  F r a c t u r e s  ba sed  on t h e  o r i e n t e d  c o r e  r anges  from 

ahou t  N 1 5 "  W a t  30 d e g r e e s  d i p  t o  t h e  e a s t ,  t o  S 60" E. a t  80  d e g r e e s  d i p  t o  

t h e  s o u t h v e s t .  

(?:her Zock Di s c o o t  i n u i  t i e s  - I n  a d d i  t i o n  t o  t 5 e  c o a s p i c u o u s  n e a r - v e r t i c a l  --- 
. . .  

f r ~ c t u r e s  C i scus s .x i  &5ove,  d t s c f i n t ~ ~ * ~ i  t ~ e s  o r  j o i n t s  a r e  p r e s e n t  i n  A n h y d r i t e  

111  a l o n g  bed . i ing  l a n i n a e .  F a i r l i n e  j o i n t s  a r e  p r z s e n t  i n  A n h y t r i t e  1 1 ,  b u t  

a r e  n o t  a s  numerous a s  i n  A n h g d r i t e  111. They a r e  r a r e  i n  -4ghydr i t e  I .  I n  

A n h y d r i t e  111, t h e s e  " h a i r l i n e "  d i s c u n t i n u i t i e s  a r e  t y p i c a l l y  c l o s e d  and 

t i g h t ,  w i t h  no  d e t e c t a b l e  s e c o n d a r v  f i l l i n g .  A p e r t u r e s  a r e  h a r d  t o  d e t e c t  

m a c r o s c o p i c a l l y  5 e c a u s e  o f  t h e i r  s m a l l  s i z e :  when s i r ? s s e d ,  t h e  c o r e  I n v a r i -  

a b l y  b r e a k s  a l o n g  t h e s e  j o i n t s .  Thep a r e  p r e s e n t  below 23?h f e e t ,  t y 9 i c a l l y  

spaced  a b a u t  one  i a c h  o r  l e s s ,  a l t h o u g h  t h e  f r e q u e n c y  o f  u c c u r r e n c z  v a r i e s .  

For  i n s t a n c e ,  j o i n t s  a r e  a b s e n t  Se tween  3012 and 3018 f e e t .  They a r e  n o t  

p r e s e n t  S ~ l o w  3028 Fee t .  Uo e v i d z n t e  o f  s e e p a g e  o r  d i s s o l u t i o n  was obse rved  

z l o n s  t h e s e  j o i n t s  d u r i n g  c o r e  l o ~ g i n e .  3 t h e r  n e a r - v e r t i c a l  h a i r l i n e  

d i s c o n t i n u i t i e s  o r  n i c r o f r a c t a r e s  v e r e  o b s e r v e d  i n  t h i n  s e c t i o n s  from 

X n h y d r i t e  111. 

4 . 1 . 5  P o r o s i t y  and Format ion  C o m p r e s s i b i l i t y  - WIPP-12 
? o r o s i t y  - E s t i m a t e s  o f  p o r o s i t y  of  t h e  h o s t  r o c k s  can  b e  x a d e  from l a b o r a t o r y  

p o r o s i t y  t e s t s ,  i n f o r m a t i o n  ~ b t a i n e d  from g e o p h y s i c a l  *dell ' l ogging ,  and v i s u a l  

l o g g i n g  o f  t h e  rock  c o r e .  The d i s c i l s s i o n  h e r e i n  i s  c e n t e r e d  on t h e  p o r o s i t y  

of  t h e  a n h y d r i t e  which forms t h e  b r i n e  r e s e r v o i r  i n  WIPP-12, b e c a u s e  t h i s  

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

o f  t h i s  r e p o r t .  E s t i m a t e s  o f  p o r o s i t y  a r e  used  t o  a p p r o x i m a t e  f o r m a t i o n  

c o m p r e s s i b i l i t y  and r z s e r v o i r  volumes.  



P o r o s i t y  o f  � he rock i s  n a d e  u p  o f  t;ro c o m ~ . > n e n t s :  ( 1 )  p o r o s i t y  o f  t h e  

i n t a c t ,  unErac tu r?d  rock  ( ? f i rna ry  p o r o s i t y ) ;  and ( 2 )  p o r o s i t y  r ? s u i ~ i n g  from 

t h e  p r e s 2 n c e  o f  f r a c t u r e s  ( s e c o r . d s r y  p o r o s i t y ) .  ? , > r o s i t y  c a n  a l s o  S e  ex- 
- 

p r e s s e d  3s " t ~ t a l "  ~ 9 r 1 : s i t y  o r  I 1 ~ f f e c t i . ~ e l '  : ,>rcsi t y .  z f f e c t i v r  p o r ~ s i  t y  

i n c l i l d e s  o n l y  t h o s e  v o i d s  l ~ h i i ' n  a r 2  i n t e r c o f i n e c t e d  and t h rough  x h i c h  f l u i d  i s  

a b l e  t o  move, and i s  t h e  p o r o s i t y  + 'nich i s  i n p a r t a n t  f r o m  a h y d r o l ~ g i c  s t a n d -  

p o i n t .  T o t a l  p r o s i c y  inc l i l r ies  a l l  v o i d s ,  i n c l u d i n g  v o i d s  which a r e  ;lot 

i n t e r c o n n e c t 2 d .  The p r imary  e f f e c t i v e  p : > r o s i t y  o f  n e a r l y  a i l  t h e  h o s t  rc?ck 

( 5 a l i t e  a n d  a n h y d r i t e )  i s  e x p e c t e d  t o  b e  r ? l a t ive !y  low. Y a l i t e  and a n h y d r i t e  

t y p i c a l l y  h a v e  pr imary  e f f e c t i v e  p : j r o s i t i e s  on t h e  o r d e r  o f  one  i.,?rcent o r  

l e s s .  Seconda ry  r-f,Fectivp_ p :>rGsi ty  i s  p r a c t i c a l l y  n i l  i i t h e  rock i s  un- 

fract- red o r  o n l y  s l i g h t l y  F r a c ~ u r e d ,  o r  i t  csn 5 2  alich n o r e  t h a n  a f e w  

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

L a b o r a t o r y  measurements  o f  e f f e c t i v e  p o r o s i t y  have been  made on  a a h y d r i t e  c o r e  

from VIP?-12 and E93.4-6, as  p r 2 s e n t ~ d  i n  T a b l e  G.2. (The  t e s t s  v e r e  p e r f a m e d  

a c c o r d i n g  t o  API s t a n d a r d s ;  t h e y  measured e f E e c t i v e  p o r o s i t y  by s a t u r a t i n g  

d r i e d  c o r e  w i t h  t o l u e n e . )  The two c o r e s  from d n h y d r i t e  I11 i n  WI?P-12 

i n d i c a t e  e f f e c t i v e  p o r o s i t i e s  of  0 . 2  and 0.8 p e r c e n t .  These  v a l u e s  o f  

p o r o s i t y  a r e  s o  l:>w t h a t  t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  neasu remen t  

t x h n i q u e  i s  n e a r l y  2s !.irge a s  t h e  n e a s u r m z n t  l ~ s e l f .  Tab13 G-2 a l s o  

p r e s e n t s  iaeasucensnts  of  p e r m e a b i l i t y  on t h e  a n h y d r i t e  c o r e .  T h e  v a l u e s  g i v e n  

f o r  t h e  t v o  WIT?-12 c o r e s  a r z  bo th  l e s s  t h a n  2 x 1 0 ' ~  md, below t h e  s e n s i -  

t i v i t y  o f  t h e  measurement e q u i p m e n t .  These  low v a l u e s  a f  p o r o s i t y  and 

p e r m e a b i I i t y  s u g g e s t  t h a t  wha t3ve r  e f f e c t i v e  p o r o s i t y  e x i s t s  i n  t h e  c o r e  i s  

c a p a b l e  oE t r a n s m i t t i n g  f I u i d  o n l y  a t  e x t r e x e l y  low r a t e s ,  and t h a t  t h e  

e f f e c t i v e  p o r o s i t y  from a  ~ r a c t i c a l  h y d r o l o s i c  s t a n d p o i n t  i s  e x t r s m e l y  s m a l l .  

Q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  p o r o s i t y  i s  a l s o  a v a i l a b l e  from s e v e r a l  of t h e  

g e o p h y s i c a l  l o g s  r a n  i n  VIP?-12. G z o p h y s i i a l  l o g s  measure  t o t a l ,  r a t h e r  t h a n  

a f f e c t i v e ,  p o r o s i t y ;  bowever,  t h e  d i f f z r e n c e  be tween t c t a l  and e f f e c t i v e  

p o r o s i t y  is v e r y  s ina l l  f o r  a n h y d r i t e .  The  n e u t r o n  p o r o s i t y  lop,, gamma d e n s i t y  



l o x ,  a n d  a c o u s t i c  l o g  c a n  e a c h  b e  u s e d  t o  e s t i m a t e  p o r o s i t y  o f  t h e  X n h y d r i t e  

111 aornber a t  WiTP-12 ( ~ r e s s e r  . 4 t l a s ,  1974,  1 9 8 1 a J  1 9 8 1 b ) .  C o l l e c t i v e l y ,  t h e  

l o g s  i n d i c a t e  t h a t  t 5 e  p o r o s i t y  r a n g e s  From e s s e n t i a l l y  z z r o  t o  p o s s i b l y  a s  

h i g h  a s  F i v e  p e r c e n t  i n  some f r a s t u r d  z o n e s .  The a e t h o d s  u s s d  t o  c a l c u l a t e  

p o r o s i t y  f rom t h e s e  l o g s  a l l  s u f f e r  From t h e  sdne l i m i t a t i o n ;  i . e . ,  x h e n  t h e  

p o r c s i t y  i s  v 2 r y  !owJ m i n o r  ( a n d  u ~ k n o w n )  c 5 a n g 2 s  i n  l i t h o l o g y  and d e n s i t y  c a n  

s i g n i f i c a n t l y  a f f e c t  t h e  ca I s l .~ !a ted  v a l u e  o f  p o r o s i t y .   US, : < i i l e  t h e  l o g s  

i a d i c a t e  t 5 a t  t h e  p o r o s i t y  i s  g e n z r a l l y  low, e x a c t l y  how l w  c a n n o t  b e  fi.?oly 

d g t s r n i n e d  f r a m  them.  

.;it 2 s t i i n a t e  o f  f r a c t i l r z  p o r o s i t y  ( s e c o n d a r y  p o r o s i t y )  c a n  be nade f rom 

.-A ... G t  - I t . , a t c s  --. o f  f r a c t u r e  a p s r t u r e s  i n  t h 2  a n h y d r i t e  c o r e .  ? s i n g  t h e  d a t a  from 

T a b l e  G . l ,  f r a c t i l r e  p o r t > s i t y  i s  c a l c u l a t d  f r o m  Lhe f o l l o v i i i g :  

w h e r e  $ f  = f r a c t u r e  p o r o s i t y  

Ca = s u m m a t i o n  o f  r e s e r v o i r  f r a c t u r e  a p e r t u r e s  

L = a p p a r e n t  l e n g t h  o f  r e s e r v o i r  o b s e r v e d  i n  w e l l .  

a = a v e r a g e  d i p  o f  f r a c t u r e s  

T h i s  c a l c ~ ~ l a t i a n  y i z l 2 s  ~ z x i n u r n  p o r o s i t y  v a l u e s  o f  0.3 p?r:er,t ar?d 0.6 p e r c e n t  

For  f r a c t u r e  d i p  a n g l e s  o f  SO d 2 g r e e s  a n d  85 d s g r e e s ,  r z s p e c t i v e l y .  They a r e  

c o n s i d e r e d  m a x i m u m  v a l u e s  s i n c e  t h e  v a l u e s  of a p e r t u r e  g i v e n  i n  T a b l e  C . l  a r e  

u p p e r  bound e s t i n a t e s .  T h i s  c a l c u l a t i o n  h a s  c o n s i d e r a b l e  u n c e r t a i n t y  d u e  t o  

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

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

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

p r o b a b l y  v e r y  low. 

C o n s i d e r a t i o n  o f  t h e o r e t i c a l  r e l a t i o n s h i p s  b e t w e e n  f r a c t u r s  p o r o s i t y  and 

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

w i t h  e x t r e m e l y  low f r a c t u r e  p o r o s i t i e s .  Snow (1768)  d e v e l o p e d  a  r e l a t i o n s h i p  



b e t u e e n  p e r m e a b i l i t y ,  f r a c t u r e  p o r o s i t y ,  and f r a c t u r e  s p a c i n g  and a p p l i e d  i t  

t o  numerous p r e s s u r e  t e s t  d a t a  i n  f r z c t u r e d  r o c k .  He found t h a t  f o r  a l l  c a s e s  

a n a l y z e d ,  t h e  t h a o r e t i c a l  f r a c t u r e  p o r o s i t y  was 12ss t k a n  0 .1  p e r c e n t .  

T o t e n t i a l  f r a c t u r e  p o r o s i t y  presented i n  S e c t i o n  4 .3 .2  shows a v e r a g e  v a l u e s  

from 0.4 t o  0 .7  ~ e r c e n t ,  w i t h  l o c a l  p o t e n t i a l  maxizun p ~ r o s i t y  u p  t o  2 . 2  

p e r c e n t .  

- r rom t 5 e  above  d i s c u s s i o n ,  i t  is  s p p a r e n t  t h a t  t52 e f f e c t i v e  p o r o s i t y  of  t h e  

z n h y d r i t e  r e s e r v o i r  z t  VIP?-12 2s v e r y  l o w ,  b u t  t h a t  t h e r e  i s  c o n s i d e r a b l e  

u n c e c t a i a t y  s s s o c i a t e d  w i t h  a l l  q c a n t i t a t i v z  s s t i 2 a t s s  o f  p ~ ~ r c s i t y .  The 

p r i m a r y  effective p ~ r o s i t y  i s  5 e l i 2 v e d  t o  52 p r a c t i c a l l y  z e r o .  The  s e c o n d a r y  

( f r a c t u r e )  e f f + c t i v e  p o r c s i t y  Is z s t i n a t e d  t o  b2 v e r y  l o g ,  p r o h a h l y  i n  t h e  

r a n g e  f rom 0 . 1  t o  1.0 p e r c e n t .  T h i s  rai lge of  p o r o s i t y  w i l l  Se i lsed f o r  t h e  

c o m p r e s s i b i l i t y  e s t i m a t e s  which f o l l o w  be low,  and t h e  h y d r o l o g i c  a n a l y s e s  o f  

? a r t  111. 

P o r n a t i o n  C o m p r e s s i b i l i t y  

F o r ~ a t i o n  c o m p r e s s i b i l i t y  ( p o r e  v o l u ~ e  c o m p r e s s i b i l i t y ,  c p )  i s  a p r o p e r t y  of  

t h e  h o s t  r o c k  which i s  i m p o r t a n t  f o r  c h a r a c t e r i z a t i o n  o f  t h e  h o s t  r o c k  a s  a 

S r i n e  r e s e r v o i r .  I t  i s  d e f i n e d  by E a r l o u g h e r  (1977)  a s :  

- 1  AV 
p - v  [ E q .  21 

where  V i s  t h e  r e s e r v o i r  i n t e r c o n n e c t e d  p o r e  volume, AV i s  t h e  change  i n  t h a t  

volume,  and t p  i s  t h e  a s s o c i a t e d  c h a n g e  i n  r e s e r v o i r  p r e s s u r e  ( u n d e r  

i s o t h e r m a l  c o n d i t i o n s ) .  Thus ,  i t  r e p r e s e n t s  t h e  p o r e  voluine change  of  a 

r e s e r v o i r  p e r  u n i t  change  i n  r e s e r v o i r  f l u i d  p r z s s u r e  p e r  u n i t  r e s e r v o i r  p o r e  

volume.  



Pore volume compressibility can also be expressed in tz~.s o f  the bulk modulus 

(K) of the rock nass which forms the reservoir and t h e  effective corosity ( 9 )  

of the rzservoir. The bulk i;npressibility ( c g )  of the r e s e r v o i r  is d2fined 

by Jaeger and Cook (1976) as the inverse of the Sulk nodulus, or: 

The pore volume conpressibility is then the bulk ~onpressibilit~ divided by 

ths ~orosi ty: 

- C3 cp - --, [ ~ q .  41 (Van Go1 f-Racht , 1982) 

which m y  b e  written as: 

P 
0 < $ < 1  [ ~ q . 5 1  c =FY 

As discussed above, the effective porosity of the anhydrite reservoir in WIPP- 

12 is esti~ated to range from 0.1 to 1.0 percent. The bulk modulus of the 

rock can be estinated from the acoustic lag run In VIP?-12 and fram laboratory 

testing of anhydrite core from other locations on the WIPP site. 

-  he acoustic lop, zhich measures c;mpressiocal s+-ave traveI tine through the 

rock, uses a correlation between the wsve vslocitg and elzstic rock properties 

to estimate the bulk i~odulus of the rock (~resser Atlas, l981b). The computed 
6 values of bulk sodulus range from 8 to 11 x 10 psi over the Anhydrite I I I  

6 member of WIPP-12, with an average of approximately 10 x iO psi. Laboratory 

compression tzsts C Q  anhydrite from other KLPP locations iadicate similar 

results (Teufel, 1981; Pfiefle and Sznseny, 1981). This value is representa- 

tive of the bulk nodulus of relatively intact, anfractured rock, kecause the 

laboratory tests are perfsrnrd on unbroken r c c k  and the acoustic l a g g i n g  tool 

neasures velocities Gver a relatively short distance with few i f  any fractures 

included. 



The b u l k  modulus o f  t h e  rock  c ; s s  w i l l  be significantly reduced  by t h e  

? r e s s n c e  o f  f r a c t u t - e s ,  S e c a u s e  f r a c r u r z s  a r e  c o n s i d e r a b l y  more c o m p r e s s i b l e .  

X 2 l a t i o n s h i p s  bs tween  rock  c e s s  rncdulus and i n t a c t  rock ii~odu!1~s, f r a c t u r e  

s t i f f n e s s ,  a n d  f r a c t u r e  s p a c i n g  deve loped  by Xulhawy ( 1 3 7 8 )  v e r e  used t o  

. ? s t i m a t e  t h a t  t h e  i n t a c t  ~-.>ck s o d u l u s  i s  r educed  by a f a c t o r  r s n g i n g  from 0 . 1  

t o  0 .5  by t h e  p r e s e n c e  o f  l a r g e  f r . s c t u r e s .  C s i n g  t h e s e  r e d u c t i o n  F;ctors ,  t h e  

S u l k  modulus o f  t h e  r o c k  :$ass r a n g e s  from 1 . 0  t o  5 .0  x  l o 6  p s i .  

Thi? pcrs vo?ume c o n p r r s s i b i i i t y  can 5 2  calcti!-ated from E q u a t i o n  5 u s i n g  t h e  

e s t i z z t e s  o f  K and !$ g i v e n  above .  S i n c e  r a n g e s  z r e  g i v m  f o r  b o t h  K and $, 

t h e r e  i s  3150 a c o n s i d e r s b l ?  r s n g e  o f  c o n p r e s s i 5 i l i t y  r s s u l t i n p  :ran t h e s e  

q a l u e s :  3 m2ximu: o f  !000 x ;si-' 3nd a rninimun o f  29 x p s i - 1 .  

T h i s  r a n a e  i s  used a n d  discl:ssed f u r t h e r  i n  t h e  hydra!ogic a n a l y s e s  o f  ? a r t  

IIT, Hydrology.  

4 . 1 . 6  L i t h o l o g y  snd T?xtur-e - EWX-6 

The g e o l o g i c  p o r t i o n  cf t h e  i n v e s t i g a t i o n  a t  ERDA-5 was l i m i t e d ,  S e c a u s e  a  

g e o l o g i c  r e p o r t  h a d  a l r e a d y  Seen p r e p a r e d  Sased  o n  t h e  o r i g i n a l  d r i l l i n g  

( J o n e s ,  1 9 8 1 a ) .  Th* p r e s e n t  program c o n s i s t e d  o f  j s o l o g i c  l o g g i n g  o f  a  s i n g l e  

c o r e  r u n ,  and l o g g i n g  o f  rock  c h i p s  from t h e  b a s e  o f  t h e  c o r e  r u n  t o  t o t a l  

d e p t h .  The logs have  b e e n  p r e s e n t e d  p r e v i o u s l y  ( ~ ' A p p o l o n i a ,  i382, Volume 

11IA); the f o l l o w i n g  i s  a sur,mary o f  t h e  L i t h o l o g y  p r e s e n t e d  ia t h a t  docuinent. 

C o r i n g  c o m 2 n c e d  i n  t h e  cement S o r e h o l e  p l u g  a t  2562 f e e t ,  t o  r e c o v e r  and 

examine t h e  cement p l u g  t o  e v a l u a t e  i t s  s e a l i n g  e f f e c t i v e n e s s .  Thus t h e  u p p e r  

n i n e  f e e t  oE t h e  c o r e  r u n  c o n s i s t s  oE g r a y i s h - b l a c k  ( ~ 2 1  t o  b rowni sh -b lack  

(SYR 2 / 1 )  cemen t .  The czment i s  f a i r l y  b r i t t l e  and t e n d s  t o  b r e a k  e a s i l y .  

W h i p s t c c k i n g  away from t h e  p l u g  began a t  2571 f e e t ,  ev idenced  by t h e  appea r -  

a n c e  of t h e  c o n t a c t  zone  be tween c m e n t  aad  w a l l  r o c k .  The c o n t a c t  zone  

r a n g e s  i n  c o l o r  from w h i t e  ( 3 9 )  t o  v e r y  p a l 2  o r a n g e  (ICY3 8 / 2 1 ,  and i s  

a i c r o c r y s t a l l i n e ,  v e r y  s o f t ,  a lmos t  c h a l k y  i n  t e x t u r e .  3 2  c o n t a c t  zone i s  

. a p p a r e n t l y  c a l c a r e o u s  dile t o  r e a c t i o n  w i t h  the  cemen t ,  aild e x h i b i t s  v i g o r o u s  

r e a c t i o n  t o  h y d r o c h l o r i c  a c i d .  



The A n h y d r i t e  I1 a d j a c e n t  t o  t h e  c o n t a c t  z o n e  i s  w h i t e  ( X 9 )  r a n g i n g  t o  medium 

g r a y  ( ~ 5 )  i n  c o l o r .  I t s  t e x t u r e  i s  v e r y  f i n e  g r a n u l a r  w i t h  v i t r e o u s  l u s t e r .  

S e d d i n g  l a m i n a e  a r e  a p p a r e n t  a s  i n  WlPP-12, and e x h i b i t  s i m i l a r  v a r i a t i o n s  i n  

a p p e a r a n c e ,  r a n g i n g  from v e r y  d i s t i n c t ,  p a r a l l z l  and  u n d e f o r n e d ,  t o  mic ro-  

f o l d e d  and u n d u l a t i n g .  The l a m i n a e  a r e  t y p i c a l l y  i n c l i n e d  63 t o  70 d e g r e e s  

f r o m  t h e  h o r i z o n t a l ,  and a r e  o c c a s i o n a l l y  v e r t i c a l .  C o n t r a s t i n g  random 

p a t c h e s  o f  a r l h y d r i t e  a r e  w h i t e ,  a l m o s t  ; - r a n s l u c e n t ,  w i t h o u t  5 e d d i n g  l a m i n a e .  

3 e t v e e n  2 5 9 5  and 2536 f ? e t ,  h a l i t z - f i l l e d  v u ~ s  w e r e  c b s e r v e d  i n  t h e  an- 

h y d r i t ? .  T h e  c o r e - S r e a k  s u r f a c e s  oE:en z x h i h i t  r e c r y s t a l l i z e d  a n h y d r i t e  

c r y s  t a ! s ,  h a l i t e  s r y s t a ! ~ ,  snd  gy7sum c r y s t a l s .  

3 r i l l i n g  c o n t i n u e d  i n  t h e  w h i p s t 3 c X ~ J  h o l e  w i t h  a r o t a r y  b i t .  The c u t t i n g s  
. . 

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

w i t h  3 a l i t e  I ( 2 7 3 2  f e e t ) ,  conf i rmed 5 y  g 2 o p h y s i c a l  l c g g i n g .  The a n h y d r i t e  

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

4 .1 .7  F r a c t u r e s  - E D A - 6  

S a s e d  o n  t h e  p r 2 v i o u s  i n v e s t i g a t i o n  a t  ERDA-6 ( J o n e s ,  1 9 8 1 a ) ,  t h e  b r i n e  i s s u e s  

f rom f r a c t u r ? ~ ,  s i x i l a r  t o  t h e  s i t u a t i o n  a t  WTTP-12. A c c o r d i n g  t o  J o n e s ,  

n a r r o w ,  o p e n  f r a c t u r e s  l i n e d  w i t h  a n h y d r i t e  c r y s t a l s  a re  p r e s e n t  a t  2702 

Feet. T h 2  zane 5 z t w e e n  2703  and 27!8 f e e t  is c o n s i d e r e d  t o  b z  t h e  s a i n  

f r a c t u r e  l o c a t i o n ,  w i t h  v u g g y ,  p a r o u s ,  r 2 c r y s t a l l i z e d  a n h y d r i t e  b r e c c i a  c u t  by 

f r a c t u r e s  d i p p i n g  b e t w e e n  4 5  and 60 Z e g r e e s  ( n o  c o r e  was r s c o v 2 r e d  be tween  

2711  a n d  2 7 1 5  f e e t ) .  

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

r e s e r v o i r  z o n e  was a v a i l a b l e  f o r  s t u d y  t o  d e t e r m i n e ,  i f  p o s s i b l e ,  any  f u r t h e r  

i n f o r m a t i o n  o n  f r a c t l ~ r e  c ' : a r a c t e r i s t i c s .  Between 2710 .8  and  2711 .25  f e e t ,  

w h i t e  ( ~ 9 )  t o  v e r y  l i g h t  g r a y  (N8) a n h y d r i t e  u a s  o b s e r v e d ,  w i t h  0 .04- inch  

t h i c k  brown b e d d i n g  l a m i n a e  o r i e n t e d  a l a o s t  v e r t i c a l l y .  An i r r e g u l a r  f r a c t u r e  

p l a n e  c u t s  t h e  s a m p l e  s t  a n  a n g l e  b e t w e e n  75 a n d  8 5  d e g r e e s .  A d j a c e n t  t o  t h e  

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



i n  many of t h e  vr:gs. Some h a l i t e  c r y s t a 1 . s  a l i g n e d  p a r a l l e l  t o  t h e  f r a c t u r e  

a r e  c u b i c ,  c l e a r ,  t r 3 n s p a r e n t ,  u p  t o  cne inch i r ~  l e n g t h .  .4 s m a l l  sample of 

t h i s  c o r e  segnen t  :Jas  o b t a i z e d  f~;r p e t r o l o g i c  n a l y s i s .  

-1 . ~ t , s i d e r a b l y  d i f f e r e n t  From the? f r a c t u r e s  & n e  E r a c t u r e  d e s c r i b e d  above i s  c- - - -  

d e s c r i 5 e d  a t  iu"lP?-12. The E W A - 6  f i a c t u r z s  appear  t o  be i e l a t c d  t o  s i t e s  of 

e x t e n s i v e  r e c r y s t a l l i z a t i o n ,  even h r e c c i a t i o n ,  of t h e  h o s t  a n b y d r i t c .  The 

WTFP-12 f r s c t u r e  known t o  have? produced b r i n e  i s  a r e l a t i v e l y  c l e a n ,  sxoo th  

F r a c t u r e  wi th  no secondary f i l l i n g .  T5ese  d i f f a r e n c e s  a r z  a p p a r e n t l y  r e l a t e d  

t o  t h e  d e g r e e  of s t r u c t u r a l  d e f o r m t i o n  a t  each s i r e ,  53D.4-6 be ing  l o c a t e d  on 

an 3 p F a r e n t l y  l a r g e r ,  a o r e  i n t e c s e l y  deformed f ? a t u r e ,  fo11r m i l e s  c l c s s r  t o  

t 5 e  51.1ried Capi tan  ree f  a ~ r g i n  t5an WIPP-12. 

6 8 T o r o s i t y  2nd Fc tmat ion  C o z p r e s s i h i l i t y  - 'Emh-6 -- 
P o r o s i t y  

E s t i x a t e s  of p o r o s i t y  of t h e  a n h y d r i t e  r e s e r v o i r  a t  E D A - 6  c a n  be made based 

on i n f o r m a t i ~ n  s i m i l a r  t o  t h a t  u s e d  a t  VIP?-12 ( s e e  S e c t i o n  4 . 1 . 5 ) .  Labora- 

t o r y  measurement of tY:e ef:ective p o r o s i t y  of rock c o r e  from ZmA-6 ( s e e  Tab le  

G . 2 )  i n d i c a t e s  a  p o r o s i t y  v a l u e  of 1.6 p e r c e n t .  Values  f r o n  VIP?-12 c o r e  a r e  

:ewer, l e s s  than one p e r c e n t .  Neutron p o r o s i t y  and ga;-ma d e n s i t y  g e o p h y s i c a l  

l o g s  from ERDA-6 i n d i c a t e  t h a t  t h e  p o r o s i t y  r s n g e s  from e s s e n t i a l l y  z e r o  t o  

p o s s i b l y  a s  h igh  as t h i r t y  pqrcen t  i n  t h e  zoae wkth t h e  main f r a c t u r e  (2711 

f s s t  deep) .  (Note t h a t  t h e  h i g h e s t  v a l u e  of p o r c s i t y  from t h a  geophys ica l  

l o g s  i s  measured u i t h  r e s p e c t  t o  a r e l a t i v e l y  s m a l l  volune which r e p r e s e n t s  

p r i m a r i l y  t h e  f r a c t u r e  zone.)  

The f r a c t u r e s  a t  ERDh-6 appear  t o  he d i f f e r e n t  t h a n  t h o s e  a t  VIPP-12 i n  t h a t  

t h e r e  a p p e a r s  t o  5e a c o n c e n t r a t i o n  of f r a c t u r e s  ( o r  sone type of v o i d s )  o v e r  

a t e n - f o o t  i n t e r v a l  (2709 t o  2719 f e e t ) ,  whereas t h e  f r a c t u r e s  a t  WIPP-12 a r e  

more o r  l e s s  I n t e r s p e r s e d  th roughout  t h e  r e s e r v o i r .  Sot a l l  c o r e  was 

r e c q v ~ r e d  from t h e  f r a c t u r e  z3i:e i n t e r v a l  a t  ERDA-6, however, 2nd t h e r e f o r e  

t h e  n a t u r e  of t h i s  zone is no t  w e l l  known. P o t e n t i a l  f r a c t u r e  p o r o s i t y  

p r e s e n t e d  i n  S e c t i o n  4 .3 .2  shows a v e r a g e  v a l u e s  from 0.7 t o  1.1 p e r c e n t  w i t h  

l o c a l  p o t e n t i a l  maximum p o r o s i t y  of 1 . 6  p e r c e n t .  



A s  w i t h  WIT?-12, t h e  e f f e c t i v e  p o r o s i t y  o f  t h e  a ~ h y d r i t e  r e s 2 r v o i r  a t  ERDA-6  

i s  v e r y  d i f f i c u l t  t o  e s t i m a t e .  T h e  p o r o s i t y  a t  ER3A-5 a p p e a r s  t a  52 s o n e w h a t  

h i g h e r  tha r ,  a t  WIPP-12, a l t h o t i ~ h  i t  i s  s t i l l  q u i t ?  low.  F o r  t h e  7 : I r p o s e s  o f  

c o m p r z s s i h i l i t y  e s t i m a t e s  w h i c h  f o l l a w  and t h e  h y d r o l o g i c  a n a l y s e s  o f  ? a r t  

ILL, t h e  e f f e c t i v e  p o r o s i t y  a t  E V A - 6  i s  e s t i m a ~ e d  t o  r a n R e  From 0 . 2  t o  2 .0  

p e r c e n t ,  i p p r o x i r n a t 2 l y  t w i c e  t h e  v a l u e s  f o r  WITP-12. 

? > m a t i o n  C a n p r e s s i b i l i t y  

Y o r z a t i o n  ( > o r e  ..:olsirne) c G m p r z s s i b i I i t y  c a n  Ce e s i i r c a t e d  f a r  ERDA-6 i n  t h e  

same !Tanner a s  for ',.i'LP?-12 ( s e e  S e c t i o n  &.1.5).' T h e  b u l k  n o d u l u s  o f  t h e  

a n h y d r i t ?  r s s e r v o i r  a t  EXDA-6 i s  e s t i m a t e d  t o  b e  a p p r a x i m a t z l y  t h z  s z n e  as  a t  

YIP? -12 ,  o r  1 t o  5 x l o 6  ? s i .  :,:ith an  e f f e c t i v e  ~ o r o s i t y  rang ing :ram 0.2 t o  

2.0 p e r c e n t ,  t b e  r a n g e  i n  ?.>re volume c s i z p r z s s i b i l i t y  i s  1 0  x ;s.i-' t o  

500 x psi -1 .  T h i s  r a n g e  i s  u s e d  and  d i s c a s s e d  f u r t h e r  i n  t h e  h y d r o l o g i c  

4.2 GEOLOGIC LOCATIONS OF SRIAE OCCURENCES 

To u n d e r s t a n d  t h e  b r i n e  o c c u r r e n c e s  a t  VIP?-12 a n d  ERDk-6 more  F u l l y ,  i n f o r m a -  

t i o n  o n  o t h e r  b r i n e  o c c u r r e n c e s  i n  t h e  n o r t h e a s t e r n  p a r t  o f  t h e  h a s i n  was 

z s s e m b l e d  a n d  a n a l y z e d  i n  c o n j u n c t i o n  w i t h  WIPP-12 and  E-WA-6 i n f o m a t i o n .  

F i g u r e  G-11 shows  t h ?  m a j o r i t y  o f  5 o r e h o l e s  i n  t h e  v i c i n i t y  o f   he WLPP s i t e  

w h i c h  h a v e  p e n e t r a t e d  t h e  C a s t i l e  i arm at ion. As shown,  t h i r t e z n  S a r z h o l e s  

h a v e  i n t e r c ~ ~ t e d  p r e s s u r i z e d  b r i n e .  T a b l e  H . l  i n  P a r t  ILL, Hpdrolo:zy,  l i s t s  

a v a i l a b l s  p r e s s u r e  a n d  f l o w  d a t a  f o r  t h e s e  t h i r t e e n  o c c u r r e n c e s .  S a s e d  o n  

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

b o r e h o l e s  i s  unknown. A l t h o u g h  many o f  t h e  a v a i l a b l e  d a t a  a r e  v a g u e  and  

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

a r e a  c o v e r e d  by F i g u r e  G-11: 

e i n  n e a r l y  a l l  c a s e s ,  b r i n e  i s s u e s  f r o m  t h e  u p p e r m o s t  
s n h y d r i t e  u n i t  o f  t h e  C a s t i l e  e n c o u n t e r e d  i n  each 
S o r e h o l e .  



e F r e s s u r i z e d  b r i n e  o c c u r r e n c e s  a p p e a r  t o  be a s s o c i a t e d  
wi th  de fo rmat ion  i n  t h e  C a s t i l e .  

The fo l lowi i lg  i s  a sunzary  of f a f o r n a t i o n  on ?(:,cations of p r e s s u r i z e d  b r i n e  

occlLrrences Cased on a rev iew of g e o p h y s i c a l  l o g s ,  s u r f a c e  s2isrnic  d a t a ,  and 

u n p u h l i ~ h e d  d a t a  (Snyder ,  1982,  p e r s o n a l  c o m n u n i c a t i o n , ) .  

b.2.1 S p a t i a l  D i s t r i b u t i o n  of S r i n e  Occur rences  

T r e s s u r i z e d  b r f n e s  encountered Ln t h e  C a s t i l e  F u r ~ a t i o n  i n  t h e  n o r t h e a s t e r n  

Delaware % a s i n  3rs l o c a t e d  i n  a  band or b e l t  t h a t  i s  a d j a c e n t  t o  and p a r a l l e l s  

t h e  S u r i e d  C s p i t a n  r s e f  z a r g i n .  T h i s  band o r  b e l t  ~ s t s n d s  undernea th  t h e  WT?P 

s i t e .  C a s t i l e  b r f n e  o c c u r r s n c e s  i-;aye Seen doiuaen ted  i a  o t h e r  p a r t s  of t h e  

Dslaiqars E a s i n ;  tktese hczever  e x h i b i t  n e g l i g i b l e  f l c w s ,  s u b - a r t e s i a n  S s a d s ,  

and ;.?re not  c.;;lsibsred a s  p r e s s u r i z e d  b r i n e  r s s e r v o i r s  i n  t h i s  s t u d y .  K O  

s u b - a r t e s i a n  b r i n e s  5ave bean r e p o r t e d  i n  t h ?  a r 2 a  covered by Flgure G - 1 1 .  

The b r i n e  c l o s e s t  t o  t h e  C a p i t a n  r s e f  was i n t s r c e p t z d  i n  t h e  B i i b r e y  5 F c d e r a l  

w e l l  #l ( r o u g h l y  1 .75 m i l e s  sou thwes t  of t h e  b u r i e d  r e e f  f r o n t ) .  The b r i n e  

f a r t h e s t  from t h e  r e e f  was d i s c o v e r e d  i n  t h e  Eelcc-Hudson F e d e r a l  &l v e l l ,  

s o u t h v e s t  of  t h e  21P? s i t e ,  hnd a b o u t  12.5  m i l e s  sou thwes t  of t h e  r e e f .  A l l  

r e p o r t e d  b r i n e  o c c u r r e c c e s  a r e  shown i n  F i g u r e  G - 1 1 ,  s ape r inposed  on t h e  

s t r u c t u r e  c o n t o u r s  of t h e  A a l i t e  11 aember of t h e  C a s t i l e  F o r a a t i o n .  

4 . 2 . 2  S t r a t i g r a p h i c  and S t r u c t u r a l  C o n t r o l  

S t r a t i g r a p h i c  C o n t r o l  

Interpretation of geophys ica l  l c g s  p rov ided  by t h e  U.S. Geological Survey 

(Snyder ,  1982 ,  pe r sona l  c o ~ u n i c a t i o n )  i n d i c a t e s  t h a t  ?he b r i n e s  a r e  l o c a t e d  

i n  t h e  u p p e n o s t  C a s t i l e  a n h y d r i t e  u n i t  i n t e r c e p t e d  i n  each boreho le .  T h i s  i s  

no t  n e c e s s a r i l y  t h e  d n h y d r i t e  111 u n i t ,  Zut s i z p l y  t h e  IJppernost a n h p d r i t e  as 

de te rmined  by t h e  s t r u c t u r e  a t  each l o c a t i o n .  I n  some c a s e s ,  a s  i n  t h e  

3 i l b r e y  5 F e d e r a l  and T idewate r  Richardson-Sass  w e l l s ,  d a t a  a r e  l a c k i n g  and no 

e s t i n s t s  c a n  3e aade.  

S r i n e  i n  WITP-12 and ERDX-6, as w e l l  as i n  most of t h e  b r i n e  o c c u r r s n c e s ,  i s  

produced from f r a c t u r e s  n e a r  t h e  base  of t h e  uppermost a n h y d r i t e  member 



i n t e r c e p t e d  by t h e  5oreho le .  Excep t i cns  a r e  t h e  Pogo Federal  E l  w e l l ,  which 

produced from t h e  middle of t h e  uppermost a n h y d r i t s  ( i n  an a r e a  where 

::nhydrites I11 and I1 c o a l e s c e ) ,  and th2 Union T r d e r a l  # l  s e l l ,  which 

i n t e r c e p t e d  b r i n e  i n  t h e  upper p a r t  of Xnhydrite 111. 

S t r u c t u r a l  C o n t r o l  

F i g u r e  G - 1 1  i s  a  s t r u c t u r e  con tour  z a p  G r a m  on t h e  top of E a l i t e  11 of t h e  

C a s t i l e  T o r z a t i o n ,  based on borehole  d a t a .  T>e f i g u r e  i 2 d i t a t e s  where t h e  

C a s t i l e  i s  deformed i n t o  a s 2 r i e s  of a n t i c l i ~ a l  and s y n c l i n a l  s t r u c t u r e s .  The 

s t r u c t u r e s  a r e  s u p z r i ~ ? o s e d  cn t h e  r z g l o z a l  one t o  t ~ o  d2grz t  e a s t  t o  south-  

c a s t  d i p  o f  t h e  C a s t i l e .  The s t r u c t u r e s  ap7ear  t o  be most i n t z n s e  i n  a  f o u r  

t o  s i x  m i l e  s i d 2  b e i t  a d j a c e n t  t o  t h e  r e e f ;  deformatior? ' r , s co~os  l2ss pro- 
-. z!>unced o v e r  2 s h o r t  d t j t a n c e  t c ~ a i d  t?e c z n t e r  of t5e  5 e s i n .  1.32 l a r g z s t  

s t r u c t u r e  i n  th2 v i c i n i t y  cf  thz  WIPP s i t e ,  ??ne t ra ted  by E R D A - 6 ,  has  s 

c l o s u r e  of  between 500 and 600 f e e t  based cn borehole  d a t a .  'The s t r u c t u r e  

2 i g h t  n i l e s  t o  the  e a s t  of t h e  WIPP s i t s  h a s  a c l c s u r e  of about 300 f s s t  a l s o  

based on t h s  borehole  d a t a  of F igure  G - 1 1 .  F i g u r e  G-11 shcws !JITP-12 and 

Eorehole VIP?-11 loca ted  on a  s i n g l e  l a r g e  a n t i f a r m .  Cue t o  t h e  s p a r s i t y  of 

boreho les  i n  t h e  v i c i n i t y  of  '9IPP-11 and TflP?-12 housver,  t b e  s t r u c t u r a l  

i n t e r p r e t a t i o n  presented on F igure  G - 1 1  cannot be consiGered d e f i n i t i v e .  

F igure  G-12 i s  a  zap  showing s e i s m i c  i sochrons  i n  t h e  middle p o r t i o n  of t h e  

C a s t i l e  F o r n a t i o n .  Conversion of t h e  s e i s m i c  i sochrons  t o  s t r u c t u r a l  con tours  

would r e q u i r e  c o n t r o l  3 3 t a  ( i . e . ,  s e i s m i c  v e l o c i t i e s  of rocks  dolin t o  and 

i n c l u d i n g  t h e  middle C a s t i l e  F o r m a t i ~ n )  which a r e  lacking.  Y e v e r t h e l e s s ,  t h e  

s e i s a i c  i s o c h r o n s  &ppsar t o  i n d i c a t e  t h a t  t h e  s t r u c t u r e  a t  'nTPP-12 i s  s e p a r a t e  

and d i s t i n c t  from t h e  s t r u c t u r e  a t  WIPP-11. 

4 . 3  PROCESS OF RESEBVOIR r"CRX4TION 

The p r e c e d i n g  s 2 c t i o n  s u g g e s t s  t h a t  a  r e l a t i o n s h i p  may e x i s t  b2tveen b r i n e  

occur rences  and t h e  s t r u c t u r e s  i n t e r p r e t e d  i n  F igures  G - 1 1  and G-12, a l t h o u g h  

Soreho le  c o n t r o l  d a t a  which could a i d  i n  d s l i n e a t i n g  t h e  s t r u c t u r e s  a r e  

Lacking. h i n v e s t i g a t i o n  i n t o  t h e  n e c h a n i s n s ( s )  which formed t h e  s t r u c t u r e s  

could  p r o v i d e  in fo rmat ion  on t h e  format ion of t h e  b r i n e  r e s e r v o i r s ,  a s  w e l l  as  



on the origin of the brines. In this context, iaforaation pertaining to the 

origin of the stri~ctural deformation was assembled, primarily Borns et al. 

(19831, for the following discussion. 

4.3.1 Xechanism for Develcpment of Structures - rxanination of the structures in Figure G-6 reveals that deformation is xainly 
confined to thz Castilz Fo-mation, although th2 ovsrlying Salado Formation 

reflects t 5 e  warping slightly. The underlying 3elawa1-2 Xountain Group does 

not ippear to bz widely irvolved in the structures under disccssion (?overs et 

al., 1978; Andcrson and Twers, i378) .  Further, the Eact that the structures 

are not ~nifornly distributed thrcughout the basin, and that the 32laware 
D ;esLn - has been essentially unaffected by regional :.ectonic activity (Section 

3.4) suggzsts that the sLructures v2re not forasd by a r.zg:onal L~ctonic 

event. 

Closer zxamication indicaees that variations Ln halite thickness occur in 

association with the structures. Kalite I1 is thickgned at the WIPP-11 

Icsation. At WIPT-12, Balite I is about 500 fzet thick, 200 feet thicker than 

would 5z expected in undefornsd areas of the WIPP vicinity. At EXDX-6, 

although Halite I has oot been fully penetrated, it is asszmsd to 32 consider- 

ably thickened (Figure G-6). The Gnion Well, located about 4000 feet to the 

aorthxest of EWA-6, agparently sncountzred only eleven feet of Zalite I. 

From cc~rr~1at:on of stratigraphic svidence f r o 3  deep ~ s l l s  (Ftgure G-6), it 

appears that the structures are located over t h i c k t n e d  sequences of halite, 

both Halite I aad Aalite 11. 

Local thickening of halite and/or disruption of bedded salt sequences is a 

corninonly observed phenomenon well-documented in published literature (Eorchert 

and Muir, 1964; Saar, 1977; Kuehlberger, 1968). That halite creeps or flows 

under the action of diffsrential stresses is well established (Wawersik and 

Ea~num, 1979). The rate of moysment depends on deviatoric stress, tsnpera- 

ture, aoisture content, and depth of burial. In particular, halite tends to 
-. ,~bve upard due to density contrast with overlying strata, the mechanism which 



is believed to be responsible for the fornatlon of salt domes. Yalite is much 

Dore ductile than aahydrite. 'Then these two rock types are intercalated and 

subjsctsd to the same clefornation, anhydrite will tend to behave in a brittle 

nanner uhereas halite will kehave in a ductile manner. 

m* ~ n u s ,  in the absence of any major rsgional tsctonic event, &ad given the 

observed thickening of halite units, local salt kectonics seems a reasonable 

?:<planation for the structures. Xcwever, dif f icuit to deteraine is the 

factor(s) vhich initcared the salt tectonics, the distribution of the struc- 

tures, the timing of f~~-i~r.lti~n, and, aost tzprtantly, l lcw t:-ie brine reser- 

-:airs a r e  rslated to the structures. Several 5)-poth2ses which address the 

factor(s) which are responsible for salt tsctonics are listed below, taken 

fron %rns et al. (i383): 

e Gravity foundering, or instability due to density 
contrzst . 

a 3issolution nechanisins. 

e Gravity eliding. 

a Gppsus dshydratfon. 

hother theory which is related to the proposed gravity founderfng hypothesis 

is diffzrsntial lithastatic load. .A brief discussion of E S C ~  of these 

5ypotheses with supporting or contradicting evidence follows. 

Gravity Foundering - Sravity foundering is envisioned by Borns et al. (!983) 
2s a possible explanation for localized structural developnent. Gravity 

foundering results from the inherent instability of layered nstzrials of 

different densities. The tendency fs for lighter halite to rise above dsnser 

anhydrite. To explain the presence of d~fomation in some areas (the reef 

front ia the vicinity of WIPP) and the general lack of structure in the 

central portion of t he  :asin, abccrmal concentrations of fluids may have 

faciiita~ed salt flow. In other words, I-rregularly dispersed pockets of 

interstitial fluid nay have controlled the halit2 deformation, the brine 



o c c u r r e n c e s  ~ r o v i d i n g  t h e  ev idence  of t h i s  mechanism. Zevelopment of a  

f a \ i l t ( s )  ?ue  t o  e x t e r n a l  t e c t o n i c  f o r c e s  could  have t n i t i a t e d  g r a v i t y  founder-  

ing.  

Another f a c t o r  which could  have initiated s a l t  zovement i s  d i f f e r e n t i a l  

l i t h o s t a t i c  p r e s s u r e ,  irhich would r z s u l t  i f  s u r f a c e  e r o s i o n  produced lovs  o r  

v a l l e y s  ( J a r o l i c e k ,  1982,  p s r s o c a l  c smnunica t ion) .  L i t h c s t a t i c  p r e s s u r e  on 

b u r i a ?  h a l i t e  would be lsss under  t h e  v a l l e y ,  r e s u l t i n g  i n  a  tendency f o r  

h a l i t e  t o  t h i c k e n  under t h e  v a l l e y .  This m c h a n i s m  however cannot  fzxpla in  t h e  

L o c a l i z a t i o n  of s t r u c t u r e s  i n  t h e  absence of 8 knowledge of palzogeography. 

D i s s o l u t i m  !,!.r-ch.;anis;cs - D i s s o l u t i o n  has  been sugges ted  a s  a  mechanism 

~ h i c h :  (I) d i s s o l v e d  c v z p o r i t e s  near  t h e  cop of t h e  s e c t i o n ,  caus ing  c o l l a p s e  

and reduced l o c a l  d z n s i t y ,  which p2r in i t ted  l o z a l  d e f o r n a t i o n  t o  s t a r t  v i a  

g r a v i t y  a d j u s t n e n t  ( d i a p i r i s m ) ;  o r  ( 2 )  d i s s o l u t i o n  i n  t h e  C a s t i l e  i t s e l f  

removed h a l i t e  and csused de format ion  i n  s u r r o u n d i n g  and o v e r l y i n g  b d s .  

There  i s  no  b e f i n i t e  i n d i c a t i o n  of nea r - su r face  d i s s o l u t i o n  of t h e  r e q u i r e d  

s c a l e  o v s r l y i n g  t h e  deformed a r e a .  I n  WIT?-12, t h e r e  i s  no ev idence  i n  t h e  

C a s t i l e  Formation c a r e  of any d i s s o l u t i o n  o r  d i s s o l i l t i o n  r e s i d u e s .  -5 .1~0 ,  

g e o c h e 3 i c a l  ev idence  f o r  t h e  o r i g i n  of C a s t i l e  b r i n e s  does  no t  suppor t  t h e  

i d e a  t h a t  t h e  f l u i d  i s  i n t r o d u c e d  z e t e o r i c  wa te r  which has  d i s s o l v e d  q u a n t i -  

t i e s  of h a l i t e .  

G r a v i t y  S l i d i n g  - This  aechanism i ,?volves  novement of t h e  h a l i t e  due t o  

b a s i n a l  t i l ~ i n g ;  t h e  ' h a l i t e  flowed clown a  s l i g h t  g r a d i e n t  b u t t r e s s e d  by t h e  

C a p i t a n  r e e f .  However, v h e t h e r  t h e  s l o p e  c r e a t e d  by b a s i n a l  t i l t i n g  was 

s u f f i c i e n t  t o  i n i t i a t e  s a l t  sovernent i s  i n d e t s m i n a b l e  Secause  t h e  e x a c t  

movement mechanism i s  unkno-wn. 

Gypsum Dehydrat ion - Heard and Rubey (1966)  have sugges ted  t h a t  t h e  c o n v e r s i o n  

of gypsum t o  a n h y d r i t e  x i t h  a s s o c i a t e d  r e l e a s e  of  w a t e r  under  a p p l i e d  h e a t  and 

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

novement. The anhydr i t s -p lus -wa te r  sys tem i s  t e n  p e r c e n t  g r e a t e r  i n  volume 



than the gypsum system (Sraitsch, 1971); if the fluid cannot escape because of 

an impermeable rock sequence, 5igh pore pressures result which rduce rock 

strength. Fossible anhydrite pseudonorphs after gypsun sere o5served locally 

in thin sections of !JIFP-12 sore, and the geoc>emistry of the brines does not 

rule out dehydration of gypsun as a minor source of fluids. Zowever, several 

:nconsistencies aust be explained, such as the localizatlcn and irregular 

distributicn of defamation fsatures, which could only 52 explained by 

irregular distribution of pockets of gypsum. 

".* lnus, Sased on review of a report on d?foraation of cvaporites near Lhe WIPP 
site (3orr.s et al., 1983) and orher pcblished si;ilrces, possiSle hypotheses far 

salt tectonics are gravity f;>under!n~, differential Ilzhostatic Icad, dis- 

so1ut:;n zzchanisxs, gravity s l i d j . n g ,  arid gypsum ds2hydrstio~. $election of a 

favored hypothesis is Seyond t k e  scope of this report, altkough zrivity 

c.., L!-~L.dering &nd gravity sliding appear to be tl;e most ~.!suslt;le theories. 

h . 3 . 2  Timing of Structural Cevelopment 

The timing of halite defomaticn is sabject to discussicn and cannot be 

definitively determined. Several investigators have aade estixates of the age 

of defornation based on various assu~ptions and available evidence. n e s e  

estimates are discussed below. 

J ~ n e s  (1931a) Sziizves that t5e structura penetrated by E E A - h  offers evidence 

of the age of defornation. 9e bas observed that pre-Trisssic strata &re 

uplifted 2nd arched as a result of salt thickening, but that the overlying 

Ogallala Formation of Pliocene a2e is undeforned. This -auld zppear to 

indicate that the Eouement is pra-Pliocene in age. Rowever, con-involvement 

of overlying strata m y  not be a reliable indicator of movement in an 

evaporite sequence, since strain can be accommodated by the halite units and 

not trznsmittsd to overlying beds. 

From examination of ERBA-6 core, Anderson and Towers (1978) believe the 

structural deformation due to salt thickening probably post-dated the 



forzation of small microf13lds in Castile ankydrite laninae. Since the 

orieatation of anhydrite microfo1ding.i~ believed to 5e consistent with 

st rl~ctural trends developed during the Tertiary in the Delaware Rasin 

(Kirkland and Anderson, 1970), Anderson (1378) has inferred that the salt 

thickening and subsequent deforzation is mid-ta-late Tertiary. Anderson 

( 1 9 7 8 )  assunes that tk2 salt structures d~veloped in response to the latest 

stage of basinal tilting in late Pliocene to early Pleistocene tFme. 

Thus the age of the defsraation cannot 5e detsrmined within narrgw limits. 

T5e dfscussfon  resented above can be suanarized by concluding that the 
deforzation is probably C&nozoic, and could kave occurred Sztueen 12 to 1 

million years ago, although definitive evidence does not exist. The relation- 

ship L ? ~ e e n  the agss of t h e  structures at XI??-12 and E2.3.4-6 is also not 

kncvn.  

4.3.3  Zrine R2servoir F~rnation 
"!L 
L ~ l e  ~echanisms which could tiave initf ated or created salt deformat ional 

thickening have h e n  discussed above. This section discusses the effects of 

the salt deformation on the interbedded and overlyTng anhydrits layers. 

The ~ o d e l  employed to explain the development and location of fractures 

przsi?mes that the anhydrita layers acted 2s brittle Ssans or plates pushed 

upward 5y the cpward aovement of c5e underlying salt. 

Elsngation/extension of the anhydrite layers due to thickening of underlying 

halite is believed to be the predominant mechanism resulting in fracturing of 

the brittle anhydrite. 4 secondary mechanism is the bending of anhydrite 

associated with the defomation. A s  shown in Figure G-13, the regional 

tilting had apparantly negligible effect on the intggrity of the anhydrite 

layers in comparison vith the later effects due to the deformations producing 

the present structures. 



T h e  s t r a i n  due  t o  e x t z n s i c n  of  t h e  i ? n h y d r i t e  can  Se q~ :hn t l : s t i ve ly  e v a l u a t e d ,  

a s  i l l u s t r a t e d  i n  F i g u r e  G-13. E l o n g a t i o n  of  t 5 e  ~ a h y d r i t e  can  52 c a l c u l a t e d  

f r cm 3 c r o s s  s e c t i o n  tzkrough t 3 e  s t r u c t u r e  a s  t h e  d i f f e r e n c e  i n  l e c g t h  of t h e  

member b e f o r e  snd a f t 2 r  d e f o r a a t f o n ,  assuming t h a t  t h e  ends !A and 3 i n  F i g u r e  

G-13) of t h e  n e n 5 e r  have r e a a i n e d  h o r i z o n t a l l y  f i x e d .  Z e  a n h y d r i t e  l a y e r  can 

be  b r c k e n  i n t o  s s z r i e s  of  c i r c u l a r  a r c  and s t r ~ i g h t  1:;s segmen t s .  The 

e l o n g a t i s n s  o f  t h e  s e g c s n t s  r e s u l t i n g  from v e r t i c a l  d i s p l a c e n e n t s  may t h e n  be 

c a l c u l a t e d  and summed, ~ n d  t h e  o v e r a l l  e l o n g a t i o n ,  a s  a  p e r c e n t a g e  of t h e  

o r i g i n a l  I s n g t h ,  can  be c a l c u l a t e d .  T y p i c a l  a re rage  e l o n g a t i o n s  f o r  t h e  

s t r u c t u r e s  a round  VIP?-12 2nd ZXDh-6 a r e  0 .4  t o  0 .7 ,  arid 0 .7  t o  1.1 p e r c e n t ,  

r e s p e c t i v e l y .  L o c a l l y ,  s u c h  as i n  t h e  a a t i c l t n a l  c r e s t s ,  ?he  e l o n g a t i o n  could  

r e a c h  2 .2  p e r c e n t  z round YIP?-12, and 1 . 5  p 2 r c e n t  a r ~ u n d  E3D.A-6 s t r u c t u r e s .  

Such . e x t e n s i o n s  a r e  l i k e l y  t o  e x c ~ e d  t k e  t 2 z z s L 1 ~  s t r ~ n g t h  of  t k z  a n h y d r i t e ,  

and thus f r a c t c r i n g  fr.1~9 e l o n g a t i c q  ~ a ! ~ l d  o c c u r .  

Q u a n t i t a t i v e  c o n s i d e r a t i o n  can  a l s o  be g i v e n  t o  t h e  s t r e s s  and s t r a i n s  

a s s o c i a t e d  with tl-12 obse rved  t e n d i n g  of t b e  a n h y d r i t e .  S t r e s s e s  due t o  

Send ing  o f  a beam unde r  e l a s t i c  c o n d i t i o n s  czn  5 e  d i r e c t l y  r e l a t e d  t o  t h e  

r a d i u s  o f  c u r v a t u r e  of t h e  beam 5y t h e  fo l l cwi i i g  e x p r e s s i o n :  

- - (d'2) [Eq. 6 ] ( l )  ( H e r r i t t ,  1376) 
anax f.R 

v h e r e  gXax ? s  t h 2  X X ~ Z U P  s t r e s s  ( t e n s i l e  o r  compres s ive )  i n  t h e  E?am, E i s  

Young's  inodulus,  d  i s  t h e  Seam t h i c k n e s s ,  and R i s  t h e  r a d i u s  o f  c u r v a t u r e  of 

t h e  c e n t e r l i n e  of th2 Seam. Thus ,  for  a g iven  beam, the stresses are in-  

v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a d i u s  o f  c u r v a t u r e .  Equa t ion  6 c a n  be used  t o  

c a l c u l a t e  t e n s i l e  s t r e s s e s  due t o  bend ing  f o r  v a r i o u s  r a d i i  o f  c u r v a t u r e  a s  

shown by t h e  s t r u c t u r e s  i n  F i g u r e  G-13. Young's modulus f o r  a n h y d r i t e  is 

( l ) ~ n  r e a l i t y ,  t h e  a o h y d r i t e  would f r a c t u r e  due  i n  i t s  low t e n s i l e  s t r e n g t h  
l o n g  b e f o r e  t h e  f u l l  s t r e s s e s  p r e d i c t e d  by E q .  6 were r e a c h e d ,  and Eq.  6 
c o u l d  n o t  be f u l l y  a p p l i c a b l e .  It is  used  h e r e  f a r  F l l u s t r a t i v e  pu rposes  
o n l y .  



7  e p p r o x i z a t e l y  10 p s i ,  agd the  compress ive  s t r e n g t h  a t  a c o n f i n t n g  p r 2 s s u r e  of 

2300 p s i  (20  N T a )  1s a5ou t  2:?,0rj0 p s i  ( P f i e f l e  aild Sesseny,  ; % e l ;  T e u f e l ,  

1381) .  The t e n s i l e  s t r e n g t h  zay be s p p r c x i n a t e d  a s  t s n  pe rcen t  of t h e  

compress ive  s t r e n g t h  ( J a z g e r  a n d  Cook, 1976) ,  o r  n h u r  XV3O psi. C a l c u l a t i o n s  

a t  p o i n t s  of  naxiaum c u r v a t u r e  i n  c r o s s  s e c t i o n s  through the  ST??-12 and ERDA- 

6 s t r u c t u r e s  ( a s  d e f i n e d  i n  F igure  G-11) i n d i c a t e  t h a t  t 5 e  maxinun t e n s i l e  

s t r e s s e s  i n  t h e  WIPP-12 and EX%-6 z n h y d r i t e s  uould !:ave ranged f r o s  aLout  

28,000 t o  172 ,000  p s i ,  zind f r o =  48,000 t o  111,000 p s i  r3spect i - ;e ly ,  i f  no 

f r a c t u r i n g  had occur r2d .  

T5ese c a l c u i a t i o n s  i n d i c a t e  t h a t  bending a l o n e  vould  cause  h i ~ h  t e n s i l e  

stresses w h i c i ~  worrld ;-:ic~ei? tk.e t e n s i l e  s t r e n g t h ,  o f  t 5 e  a n h y d r i t e  f o r  most 

s r e a s  w i t h  s i g n i f i c a n t  s t r u c t u r e .  I n  o t h e r  v o r b s ,  T??ry l i t t l e  Ssnding i s  

r e q u i r e d  t o  produce 5 2 n d i n ~  s t r e s s z s  which sxceed  t h z  s t r e n g t h  of t h e  r o c k ,  

and ty:errfore bendicg i s  a c o n t r i h t i n g  f a c t o r  i n  f r s c t u r e  Czvelopwent i n  t h e  

a n h y d r i t e  due t o  s a l t  coveaen t .  T q u a t i o n  6 a l s o  i n d i c a t e s  t h a t  the  bend ing  

s t r z s s e s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a n h y d r i t e  t h i c k n e s s .  S i n c e  

Anhydr i t e  I1 i s  t h i n n e r  than  Anhydr i te  111, t h i s  i s  a  p o s s i b l e  s x p l a n a t i o n  why 

t b e  Ai ihydr i te  T I  nenher  a p p e a r s  t o  be g e n e r a l l y  l e s s  f r a c t u r e d  t h a n  t h e  

Anhydr i t e  111 nember. 

The f r a c t u r e  d i s t r i b u t i o n ,  s p a c i n g ,  and a p e r t u r e s  a r e  go-~erned  by ex t remely  

s o a p l e x  p r o c e s s e s ;  d e t a i l e d  z o d e l i n g  i s  Seyond t h e  scope of t h i s  s t u d y .  

Xowsver, a  q u a l i t a t i v e  e v a l u a t i o n  of  t h e  d i s t r i b u t i o n  of t h e  e l o n g a t i o n  

th roughout  t h e  s t r u c t u r e  r e s u l t s  i n  t h e  f o l l o w i n g :  

1. The l a r g e s t  e l o n g a t i o n s  a r e  most l i k e l y  t o  occur  
w i t h i n  t h e  c r e s t s  of t h e  a n t f c l i n a l  structures, where 
main f r a c t u r e s  a r e  open a t  t h e  b a s e  of  t 5 e  a n h y d r i t e  
=ember and t h e i r  a p e r t u r s s  i n c r e z s e  upuard.  

2. Y i t h i n  t h e  s y n c l i n a l  s t r u c t u r e s ,  t h e  f r a c t u r e s  a r e  
zest l i k e l y  t o  be c l o s e d  o r  w i t h  m i n i m 9  a p e r t u r e s  a t  
t h e  t o p  of t h e  a n k y d r i t e ,  and widen tovard  t h e  base .  

3. Wi th in  t b e  s t r a i g h t  l imbs of t h e  s t r u c t u r e s ,  t h e  
f r a c t u r e  f a c e s  skou ld  be g a r a l l e l .  The a p e r t u r e s  



w i l l  depend on t h e  l o c a l  e l o n g a t i o n ,  and on the  
s t r a i n  t r a n s f e r  from the  s y n c l i n a l  f l e x u r e s  where t h e  
s a l t  deformat ion is  producing n a i n l y  t a n g e n t i a l  
f o r c e s .  

I f  a l l  of t h e  e x t e n s i o n  v2r2 t o  52 t ake3  up i n  f r a c t l l r e s ,  t!-x!n i h s s e  v s l u e s  of 

e x t e n s i o n  Ray a l s o  b? r i q r e s e n t a t i v e  of f r a c t u r e  p o r o s i t y  of the  a n h y d r i t e ,  a s  

f o l l o w s :  

STRUCTU= APPROXIY!4TE TOTENTIAL F.UCTC!ZE F'O%CSITIES(Z 
.4itC?U?Zl : X I % .  .XT.TIC4GE XAX. X4GE ?<LY. LQCAL - 

Em.?\-6 0.7 1.1 1 .6  

WIPP-12 0.4 0.7 2.2 

These c a l c u l a t i o n s  agree i n  2 r c e r a l  v i t h  t h e  p o r o s i t y  e s t i m a t e s  pres2n:ed Fn 

S e c t i o n s  4 .1 .5  and 4.1.3.  

The model a p p e a r s  t o  e x p l a i n  t h e  l i m i t e d  aaount  a f  geo log ic  d a t a  a v a i l a b l e  f o r  

th2  WIPP-12 and EmX-5  s t r u c t u r e s .  Tbe f a c t  t h a t  b r i n e  was e ~ c o u n t z r e d  nea r  

t h e  base  of  a n h y d r i t e  u n i t s  i n  t h e  i z a j o r i t y  of b r i n e  occurrences  F s  not 

i n c o n s i s t e n t  v i t h  t h e  f r a s t - l r e  model. The c a j o r i t y  of 5rir .e  2roducers  nay 

have been d r i l l e d  i ~ t o  l % a b  a r e a s  where f r a c t u r e  a p e r t u r e ,  and t h e r e f o r e  t h e  

b r i n e  p r o d u c t i o n ,  Fs g r e a t e r  n e a r  t h e  base  of t 5 e  u n i t ,  Secause of t h e  g r e a t e r  

s t a t t s t i c a l  chznce of  i n t e r s e c t i n g  a  l i z b  of a s t r x c t u r e  r a t h e r  t5an a  c r e s t a l  

a r e a .  

S e v e r a l  q u e s t i o n s  remain unresolved however. FDA-6 and VIP?-12 appear t o  be 

l o c a t e d  on t h e  c r e s t s  of s t r u c t u r e s  ( s e e  F i g u r e s  G - 1 1  and G-12, r e s p e c t i v e l y )  

where f r a c t u r e  a p e r t u r e s  should be g r e a t e s t  a t  t h e  top  of the  anhydr i t e  u n i t s ,  

and y e t  b r i n e  was encountsred o n l y  nea r  t h e  bottom of t h e  u n i t s .  (The 

c o n c e n t r a t i o n  of S r i n e  a t  the  base  of t h e  a c h y d r i t e  a t  GiTPP-12 does not  

( ' ) such a s  i n  a n t i c l i n a l  c r e s t s .  



i n d i c a t e  f l u i d  Flow a l o n g  t h e  lower  c o n t a c t  O F  A n h y d r i t e  TTI; no ev idence  of 

such f l o w  was observed i n  t h e  c o r e . )  The d e p t h s  O F  t?ie br t r i e  enco\ :n ters  may 

be due  t o  t h e  two b o r e h o l e s  s imply  ; ? i s s i n g  e x i s t i n g  l a r g e  F r a c t u r e s  +xcep t  

n e a r  t h e  b a s e  of t h e  u n i t s ,  which is always p z s s i b l e  w i t h  v e r t i c a l  Loreho les  

and n e a r - v e r t i c a l  f r a c t u r e s .  Al though p o s s i b l e ,  t h e  above e x p l a n a t i o n  i s  

h a r d l y  c o n c l c s i v e .  . % d d i t i o n a l l y ,  no r a t i o n a l e  h z s  Seen developed e x p l a i n i n g  

t h e  h i t - o r - n i s s  n a t u r e  of t h e  b r i n e  e n c o u n t e r s .  I f  b r i n e  o c c u r r e n c e s  were 

s imply  r e l a t e d  t o  s t r u c t u r a l  b z f o r a a t i o n ,  a number of t h e  d r y  h o l e s  p r e s e n t e d  

on F i g u r e  G - 1 1  vould  have  Seen  e s p e c t 2 d  t o  heve e n c o u n t e r e d  b r i n e .  The f a c t  

t h a t  t h e  h o l e s  a r e  d r y  i n d i c a t e s  t h s  l o c a l f z a t i o n  of S r i n e  w i t h i n  p a r t i c u l a r  

p a r t s  of s t r u c t u r e s  by En unkno~n mechanisn.  

5 . 3 . 4  T r e s a u r i z a t i o n  of 3 r i n e  i e s e r v o i r s  -- 
C r e a t i o n  o f  f r a c t u r 2 s  o r  ;pen v o i d s  by e x t e n s i o n  o r  d i l a t a n c y  (YcYaughton, 

1953; XcXaughton and Garb ,  1975) vould  r e s u l t  i n  a  l a r g e  p r 2 s s u r e  d i f f e r e n t i a l  

be tween t h e  v o i d s  and r o c k  m a t r i x  p o r e s .  . b y  f l u i d s  a v a i l a b l e  i n  t 5 e  a a t r i x  

p o r e s  a d j a c e n t  t o  t h e  v o i d s  would have t h e  tendency t o  n i g r a t e  toward and 

e v e n t u a l l y  f i l l  t h e  v o i d s .  The f l u i d s  i n  t h e  v o i d s  v o u l d  t h u s  5e p r z s s u r i z e d  

a t  some v a l u e  l e s s  t h a n  a n c i e n t  po re  p r e s s u r e .  D i f f e r e n c e s  i n  p r e s s u r i z a t i o n  

3e tween  r e s e r v o i r s  nay b e  e x p l a i n e d  by v a r y i n g  f r a c t u r e  i n t e n s i t y  and 

a p e r t u r e .  

T h ~ r e  a r e  o t h e r  p o s s i b l e  e x p l a n a t i o n s  f o r  abnorrcal p r e s s u r e s  j r i t h i n  i s o l a t e d  

r e s e r v o i r s  (Yrad ley ,  1 9 7 5 ) .  The t h e o r i e s  a p p e a r i n g  p l a u s i b l s  f o r  b r i n e s  

w i t h i n  t h e  C a s t i l e  Format ion  a r e :  

o U p l i f t i n g  of  t h e  r e s e r v o i r  ( r e l a t i v e  t o  i t s  one-t ime 
r e c h a r g e  a r e a )  o r  s u r f a c e  e r o s i o n ,  b o t h  of which  
c o u l d  r e s u l t  i n  t h e  water p r e s s u r e  i n  t h e  r e s e r v o i r  
b e i n g  t o o  h i g h  f o r  i t s  c u r r e n t  d e p t h  of  S u r i a l .  

o I n c r e a s i n g  t e i n p e r a t u r e ,  p s rhaps  a s  t h e  d e p t h  o f  
b u r i a l  i n c r e a s e d ,  caused  t h e  b r i n e  t o  expand,  t h u s  
i n c r e a s i n g  p r e s s u r e .  



e !!ass t r a n s f e r  o f  w a t e r  from zones  of  lc.; s a l i n i t y  t o  
zones  of  h i g h  s a i i n l t y  by o s ~ o t i c  f o r c e s .  Xydrologic  
c o n f i n i n g  beds  can s e r v e  2 s  s e m i - p z r z e a b l e  n e g b r a n r s .  

o ~ , ! o l s s u l a r  r e s t r u c t u r i n g  of o r i g i n a l  o r g a n i c  a a t e r i a l  
t n  s e d i m e n t s  by c k e m i c a l ,  p h y s i c a l ,  and!or b i o l o g i c a l  
a c t f ~ n s .  

No v i a b l e  t h e o r y  i s  r e c o g n i z e d  t 5 a t  can  e x p l a i n  t h e  p r e s e n t  h y d r a u l i c  heads  i n  

t h e  C a s t i l e  F o r z a t i o n  by r e f e r e n c i n g  them t o  t h e  p r e s e n t  ground-water f l o w  

s y s t e ~ .  ??:erefore, t h e  p o r e  f l u i d  p r e s s u r e s  o f  a l l  C a s t i l e  b r i n e s  a r e  

p r o b s b l y  p r o d u c t s  of a n c i e n t  pore T r s s s u r e s  mod i f i ed  by rock dL ia t ancy  and 

p e r k a p s  by i n t e r n a l  p r o c e s s e s .  

The p r e c e d i a g  s e c t i o r i  d;.alt  wi th  t5e f o r z a t i o n  of  t h e  s t r u c t u r e s  i r ,  t h s  WTPP 

v i c i n i t y ,  and haw t h e  d e f o r m a t i o n  l e d  t o  t h e  Ceve lopnen t  of b r i c 2  r s s e r -  

v o i r s .  T h i s  s e c t i o n  v i l l  d i s c u s s  available g e o l o g i c  s v i d s n c e ,  p r i m a r i l y  

n e g a t i v e  i n  n a t u r e ,  which s u p p o r t s  t h e  c ~ n c l u s i o n s  r eached  i n  T a r t  IV, 

Chein is t ry ,  S e c t i o n  5 . 1 ,  r e g a r d i n g  b r i n e  o r i g i n .  

-7 \norm p r e s s u r i z e d - b r i n e  r e s e r v o i r s  a r e  a s s o c i a t e d  w i t h  s a l t - c o r e d  d e f o r n a t i o n  

a t r u s t u r e s  w i t h i n  t h e  C a s t i l e  Format ion .  i n  t h e  c a s e  of WIPP-12 and EXDA-6, 

t h e  f l u i d s  a r e  c o n t a i n e d  i n  h i g h - 3 ~ ~ 1 e  F r a c t u r e s  probtibly fo rneb  by e x t e n s i o n  

o f  s n h y d r i t s  d u r i n g  s a l t  f l o w .  F l u i d s  m y  have  been  p r e s e n t  v i t h i n  t h e  rock  

m a t r i x ,  and d u e  t o  d i f f s r s n t i a l  p r s s s u r e  accumula ted  i n t h e  f r a c t u r e s  a s  t h e y  

deve loped .  Two t y p e s  o f  f l u f d s  c o u l d  be p r e s e n t  i n  t h e  rock ma t r ix :  ( 1 )  

o r i g i n a l  c o n n a t e  w a t e r  t r a p p e d  i n t e r s t i t i a l l y  o r  w i t h i n  g r a i n s  of t h e  

e v a p o r i t e s  a t  t h e  t i n e  o f  d e p o s i t i o n ;  o r  ( 2 )  w a t e r  formed by t h e  d e h y d r a t i o n  

of gypsum t o  a n h y d r i t e .  C a r p e n t e r  (1375) c i tes  p r e v i o u s  work t h a t  i n d i c a t e s  

t h a t  e v a p o r i t e  n i n e r a l  a c c u n u l a t i o n s  u s u a l l y  h a v e  i n i t i a l  p o r o s i t i e s  i n  e x c e s s  

o f  f:fty p e r c e n t .  Al though n e a r l y  a l l  of t h i s  w a t e r  i s  evapora t ed  and 

squeezed  o u t  d u r i n g  s u b s e q u e n t  compaction and d i a g e c e s i s ,  t h e  p o t e n t i a l  e x i s t s  

f o r  s m a l l  q u a n t i t i e s  o f  t h i s  v a t e r  t o  be t r a p p e d  i n t e r s t i t i a l l y  o r  v i t h i n  

g r a i n s .  



D e h y d r a t i o n  o f  gypsum t o  a n h y d r i t e  a s  a g e n e r a l  phenomenon I s  a  c o n c e p t  

s u p p o r t e d  by  numerous i n v e s t i g a t o r s .  A small a n o u n t  of  p r i x a r y  gypsum 

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

f l u i d ,  S e c a u s e  a b o u t  f i f t y  p e r c e n t  o f  t h e  o r i g i a s l  sp s t5m v ~ l u m e  of  gypsum 

c o n v e r t s  t o  w a t e r  (Zea rd  and Ruhey ,  1966) .  E v i d e n c e  o f  c o n v e r s i o n  o f  gypsum 

t o  a n h y d r i t e  is  n o t  r e a d i l y  a p p a r e n t  from m a c r o s c o p i c  i n s p e c t i o n  of KIP?-12 o r  

ZRD.4-6 c o r e .  ? I i c r o f o l d s  i n  a n h y d r i t ?  l a s i i l a e  a r e  ;?ore r s a d i l p  e s p l a i n e d  by 

c o m p r e s s i v e  f o r c e s  t 5 s n  by c o n v e r s i o n  of  gypsum t o  a n h y d r i t e  ( K i r k l a n d  and  

Anderson ,  1970) .  T e t r a g r a p h i c  e x a n i n a t i o n  of t h e  a n h y d r i t e  i n  WIPF-12 r z v e a l s  

t h e  p r e s ? n c e  o f  p o s s i S 1 e  pseudomorphs of a n h y d r i t e  a f t e r  gypsum a s  d i s c u s s e d  

i n  S e c t i o n  s.Z.3. %is  e v i d 2 n c e  f o r  2r : r~ary  gypsum i s  n o t  c s n p e l l i n g ,  

a l thougb Ce1:ydratfon w a t e r s  c a n n o t  52 r u l e d  o u t  as a minor s o u r c e  of  b r i n e  

r e s e r v o i r  f l u i d .  Ground v a t e r  o r  ~ ~ e t e o r i c  w a t e r  d o e s  n o t  a p p e a r  t o  be a  

p l a u s i b l e  f l u i d  s o u r c e  a t  VI?P-12, 5 a s e d  on t h e  l a c k  of  e v i d e n c e  of  

d i s s o l u t i o n  f e a t u r e s  and t h e  t i g h t  c o n t a c t s  o b s e r ~ e d .  
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NOTES: 

I.  CONTOUR I N T E R V A L  10 MILLISECONDS;  
DATUM 3350 FEET ABOVE SEA L E V E L .  

2. CONTOUR INTERVAL IN F E E T  WOULD B E  
A P F R C X l M k T E L Y  75 F E E T  SASED ON A N  
AVERAGE SEISMIC VELOCITY O F  
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ENTIRE STRATICiRAPH!C INTERVAL 
FROM 5ROUND SURFACE TO T H E  
MIDDLE O F  T H E  C A S T I L E  FORMATION. 
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FIGURE G - 1 2  

SEISMIC TIME STRUCTllRE 
MIDDLE CASTILE FOiiMATlON 

PREPARED FOR 

WEST INGHOUSE ELECTRIC CORPORAT. 
ALBUQUERQUE, NEW MEXICO 

REFERENCE:  
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PdRT I1 1 - HYDROLOGY 

1 - 0  INTRODUCTION A N 3  S i i W R Y  

The hydrology s e c t i o n  of t h i s  r e p o r t  p r e s e n t s  the  i n v e s t i g a t i v e  methods, d a t a ,  

analytical nethods ,  r e s u l t s ,  and c o n c l u s i o n s  of t h e  hydro log ic  s tudy  conducted 

d u r i n g  t h i s  p r o j e c t .  Data i n c l u d e  t h o s e  c o l l e c t e d  s p e c i f i c a l l y  f o r  a n a l y s i s  

of t h e  C a s t i l e  b r i n e  r e s e r v o i r s  ( i . e . ,  D'dppolonia,  1552, 1383) and t5ose  

ccinpiled from t h e  d r i l l i n g  r e c o r d s  of  o t h e r  we l l s  i n  t h e  Dslawar* Sasin .  Yuch 

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

of t h e  r e s e r v o i r s  and gas  developed i n  Pact  11, Geology. inc luded  a r e  

Cndica t fcns  of the  q u a l i t y  of t h e  f i e l d  d a t a  and t h e  a p p l i c a b i l i t y  of the  

f i e l d  d a t a  t o  s e v e r a l  a n a l y t i c a l  methods. 

- 
11:s r e s v l t s  of  the  h y d r o l o g i c a l  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  the  EWX-6 and 

WITP-12 b r i n e  r z s e r v o i r s ,  and probably  t h e  o t h e r  C a s t i l e  b r i n e  r z s e r v o i r s ,  a r e  

i s o l a t e d  froin each o t h e r  and From ground-vatsr  systems i n  t h e  o v e r l y i n g  

R u s t l e r  F o r m t i o n  and u n d e r l y i n g  B e l l  Canyon Formation. TSe p e r s i s t e n c e  of 

h i g h  snd d i f f z r e n t  h y d r a u l i c  heads  i n  C a s t i l e  b r i n e  reservoirs over st l e a s t  

t h e  l a s t  m i l l i o n  p e a r s  i s  t h e  p r i n c i p a l  hydro log ic  evidence f o r  t h e i r  

i s o l a t i o n .  Because a l l  known C a s t i l e  b r i n e  occur rences  a r e  a s s o c i a t e d  with 

f r a c t u r e s ,  t h e  r e s e r v o i r s  are shought t o  be coapr i sed  of l o c a l i z e d  systems of 

i n t 2 r c o n n e c t z d  f r a c t u r e s .  The E3-DX-6 f r a c t u r e  system is  es t imated  t o  con ta in  

abou t  630,000 b i r r e l s  oE b r i n e  and t h e  %I??-12 f r a c t u r e  system r a y  con ta in  

abou t  17,000,030 b a r r s l s .  The b r i n e s  a r e  thought t o  r e p r e s e n t  primary pore 

f l u i d s  w i t h i n  a n h y d r i t e  which were i s o l a t e d  by o v e r l y i n g  and under lying 

h a l i t e s .  The b r i n e  migrated t o  t h e  f r a c t u r e s  when t h e  f r a c t u r e s  opened. 

I n  t h e  absence of human i n t e r v e n t i o n ,  no c r e d i b l e  mechanism has  been i d e n t i -  

f i e d  which could a l low C z s t i l e  b r i n e s  t o  f low t o  t h e  waste d i s p o s a l  horizon.  

An i n c r e a s e d  h y d r a u l i c  g r a d i e n t  towards t h e  waste d i s p o s a l  f a c i l i t y  v i l l  e x i s t  

d u r i n g  t h e  hundreds of y e a r s  t h e  f a c i l i t y  excava t ion  is  open, but flow from 

t h e  C a s t i l e  t o  t h e  F a c i l i t y  cannot  o c c u r  i n  such a s h o r t  g e o l o g i c  time. Af te r  

sa l t  c r e e p  s e a l s  t h e  f a c i l i t y ,  h y d r a u l i c  c o n d i t i o n s  w i l l  be s i m i l a r  to  those 
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which have p reven ted  flow from the  C a s t i l e  h r i n e  r e s e r v o i r s  f o r  a m i l l i o n  

y e a r s .  

2.0 PURPOSES AND SCOPE 

2 . 1  S L X t A R Y  OF PAREPTOUS I~TESTIGATIOPI'S 

T5e e x i s t s n c e  of b r i n e  r e s e r v o i r s  in t h e  C a s t i l e  Format ion has  been documented 

by f o r t y  y e a r s  of o b s e r v a t i o n s  made d u r i n g  o i l  and g a s  e x p l o r a t i o n  drilling. 

9 u r i n g  t h i s  p e r i o d ,  l i t t l e  o r  no e f f o r t  u3s  xade t o  o r g a n i z e  t h i  a v a i l a b l e  

rlata o r  c h a r a c t 2 r t z 2  t he  r s s s r v o i r s  q u a n t i t a t i v e l y .  Indeed ,  the  C a s t i l e  
7- r o r m a t i ~ n  i s  c o n s i d e r e d  an aqu ic lude  by a u t h o r s ' s t u d y i n g  r e g i o n a l  kydrogeo- 
7 .  ~ u g y .  I l fss  (1975)  publ is? led t h e  f i r s t  coaprehens ive  grsund-water r e p o r t  on 

the  Dzlat*rara E a s i n  and d e a l t  wi th  t h e  t ~ p i c  on a r 3 g i o n a l  s c a l e ,  documenting 

f2ow p z t t e r c s  and  r 2 g i o n s  of recharge and d i s c h a r g e  For t b e  ~ q u i f c r s  of 

+conomic I n t e r e s t .  ?iss (1975) r 2 l i t d  on e x i s t i n g  d a t a  and,  a s  such ,  t:ould 

say l i t t l e  abou t  t h e  hydrology of t h e  C a s t i l e  b r i n e  r e s e r v o i r s .  I~lercer  and 

Orr (1979) s t u d i e d  t h e  hydrology of t h e  r e g i o n  as  i t  r e l a t e s  t o  t h e  WITP 

p r o j e c t .  T h e i r  r e p o r t  c o n c e n t r a t e d  on t h e  R u s t l e r  and Re11 Canyon f o r m a t i o n s ,  

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

t o  t h e  C a s t i l e  and Sa lad0  fo rmat ions .  ?overs  e t  a l .  (1978) p r e s e n t  t h e s e  d a t a  

i n  a n  e x t e n s i v e  r e p o r t  on t h e  g e o l o g i c a l  c h a r a c t e r i z a t i o n  of t h e  WIPP s i t e .  

They 3 s t a b l i s h e d  t h a t  t h e  Sa lado  and C a s t i l e  f o r m a t i o n s  s e p z r a t e  the  o v e r l y i n g  

and u n d e r l y i n g  f low s y s t s c s  by a  combined t h i c k n e s s  of hundr?ds of f e e t  of 

v e r y  153-permeabi l i ty  m a t e r i a l .  The heads w i t h i n  t h e  f l o w  systems a r e  below 

ground s u r f a c e ,  and t h e  a q u i f e r s  a r e  known t o  c o n t a i n  u c s a t u r a t e d  ( w i t h  NaC1) 

w a t e r s .  F l u i d s  encounte red  w i t h i n  t h e  Sa lado  Formation occur  as smal l  pocke t s  

w i t h  low p r z s s u r e .  3 r i n e  r e s e r v o i r s  i n  t h e  C a s t i l e  Formation a r e  d i s c u s s e d ,  

b u t  l i t t l e  i s  q u a n t i f i e d .  

R e g i s t e r  (1981) compiled e x i s t i n g  d a t a  on t h e  C a s t i l e  b r i n e  r e s e r v o i r s  and 

produced t h e  f i r s t  r e p o r t  c o n c e n t r a t i n g  on t h i s  s u b j e c t .  X i s  r e p o r t  was 

completed p r i o r  t o  t h e  work of t h i s  p r e s e n t  p r o j e c t ,  b u t  remains a  source  of 

background i n f o r m a t i o n  on,  and documentation o f ,  t h e  r e s e r v o i r s  encountered 

d u r i n g  hydrocarbon e x p l o r a t i o n .  Gonzalez (1983) s t u d i e d  f r a c t u r e  f low i n  t h e  



Xustler Porzatfon by pressure analysis and tracer t2chniques. Ye was able to 

d2termine effective porosity, d:spersfvity, and anisotropy values for several 

study locations surrounding the WIPP faci llty. 

The  First WI?P site-charact2rization exploration hole to indlcste the presence 

of Casttie brine r2servoirs was ERDA-6. ERDA-6 was initially drilled to 2775 

Ezet below ground sl~rface in 1975 to evaluate the site for location of the 

V I P P  facility (Jones, 1981a). T2chnical direction for the project was 

pr~vided by Sandfa National Laboratories. Examination of drill cuttings and 

core vas t5e responsibility of the U.S. Gsological Survey, and supervision of 

drtlling operations was provided 37 Prnix and Scisson, Tnc. AEter 

int~rc2ption of the brine reservoir at 2711 f?et Cn anhydrite, drilligg 

c9nrin~ed into the underlying Halite I unit. .4 drill st23 t?st (DST) was 

performed on the brine reservoir, after vhich a cenent plug was enplaced From 

the total depth of 2775 feet to 2562 feet. The vell was then abandoned until 

initiation of the present work. 

2 - 2  TCRPOSES OF STUDY 

7rior to the investigation initiated in October, 1981, inforisation on pressur- 

ized brina reservoirs within the Castile Formation was scarce and of a 

semiqcantitative nature. Interest in a thorough understanding of brine 

ciccurrences within the Delaware Sasin increased with intersection of the 

pressurized brine rsservoir at EPDX-6 in 1975, initiation of Site and 

Trelfminary Design Validation (SPDV) construction at the NIP? site, and Lnter- 

section of a reservoir by KIPP-12, located about one mils from the site cen- 

ter, in 1981. The lack of quantitative infornation proapted izvestfgations at 

EXDA-6 which were later supplenentcd by vork at WIPP-12. Table H.l lists the 

available data on each reported brine occurrence in the Castile Formation. 

E D A - 6  and WIPP-12, drilled specifically for investigation of the WIPP project 

area, are the only %ells in which reservoir characteristics have been quanti- 

tatively assessed. Tables H.2 and H.3 and Figures 3-1 and H-2 present a 

summary of the hydrological tests performed in EWA-6 and WIPT-12 during 

investigation of the brine reservoirs. 



The h y d r o l o g i c  t e s t i n g  program was o r i e n t e d  t cva rd  e s t a b l f s s i n g  tSe  r e l a t l o n -  

s h i p  k t w e e n  b r i n e  r e s e r v o i r s  i n  t h e  C a s t i l e  Forna t ion  a n d  t h e  s c L t a b i l L t y  of 

t h e  Y I P ?  s i t e .  TSe h y d r o l o g i c a l  i s s u e s  whtch de te rmine  t h e  impact of  r e s e r -  

v o i r  o c c u r r e n c e  on s i t e  s u i t a b i l i t y  a r e  summarized helcw. 

2.2.1 C ~ n n e c t i v i t y  of S r i n e  R e s e r v o i r s  With Other Z a t e r  Sources  

The b r i n e  r e s e r v o i r s  i n  t h e  C a s t i l e  F o r n a t i o n  a r e  s t r a t i g r a p h i c a l l y  and 

g e o g r a p h i c a l l y  the  c l o s e s t  s u b s t a n t i a l  volumes of l i q u i d s  t o  t h e  KT?? d i s p o s a l  

h o r i z o n .  T h e  d2gree of i s s l a t i o n  of rhese  b r i n e  r e s e r v o i r s  from o t h e r  wa te r  

s o u r c e s ,  e s p e c i a l l y  those  i n  c l o s e  p r o x i m i t y  t o  t h e  s i t e ,  e n t e r s  i n t o  t h e  

assessment  of  :he I?ydro log ica l  s t a b i l i t y  of the  s i t e .  Tntercommunication of  

v i d e l y  spaced ( s t r a t i g r 3 p h i c 3 l l y  c r  2 e o g r a F h i c a l l y )  r l ? s + r v o i r s  c o a l d  p rov ide  

p t ! ? w a y s  f o r  r a d i o n ) ~ c l i d e  m i g r a t i o n  sway from t 3e  i<lP'? d i s p n s s l  i r e a .  

T n t e r c o n n e c t i o n  of b r i n e  r z s e r v o i r s  w i t h  l o c a l  a q u i f 2 r s  c o n t a i n i n g  u n s a t u r a t e d  

( w i t h  r e s p e c t  t o  XaC1) f l u i d s  cou ld  l e a d  t o  r e s e r v o i r  enl.argement t h a t  could  

p o t e n t i a l l y  a f f e c t  the  WI?? f a c i l i t y .  A d d i t i o c a l l y ,  such i n t e r c o n n e c t i o n  

would a l s o  p rov ide  p o t e n t i a l  pathways f o r  r a d i o n u c l i d e  m i g r a t i o n .  

The r e s u l t s  of h>rdrological  i n v e s t i g a t i o n s  p e r f o m e d  t o  de te rmine  whether 

i n t e r c o n n e c t i o n  e x i s t s  a r e  d i s c u s s e d  i n  S e c t i o n  3.4.1. The c o n c l l ~ s i o n s  a r e  

s u p p o r t e d  by t h e  r e s u l t s  of the geochemical i n v e s t i g a t i o n s  d?scussed i n  Part  

IV, Chemist ry ,  S e c t t o n s  3.3 and 4 .3 .  

2.2.2 Polune of S r i n e  Held by R e s e r v o i r s  

The d r a i n a b l e  volume of b r i n e  ( o r  t h e  volune produceable  a t  t h e  f a c i l i t y  

h o r i z o n )  s t o r e d  w i t h i n  t h e  a n h y d r i t e  members of t h e  C a s t i l e  Formation was 

a n o t h e r  f a c t o r  thought t o  have a b e a r i n g  on t h e  s u i t a b i l i t y  of t h e  WIPP 

s i t e .  Knowledge of d r a i n a b l e  vo lune  is u s e f u l  f o r  assessment  of t h e  

g e o g r a p h i c a l  e x t e n t  of  t h e  r e s e r v o i r s  and t o  provide i n p u t  d a t a  f o r  conse- 

quence modeling.  The on ly  two b r i n e  r e s e r v o i r s  i n  t h e  C a s t i l e  Formation f o r  

which v o l u m e t r i c  a n a l y s e s  were performed a r e  t h c s e  i n t e r c e p t e d  by ERDA-6 and 

WIPP-12. R e s u l t s  of  r e s e r v o i r  volume a n a l y s e s  a r e  p r e s e n t e d  i n  S e c t i o n s  3 . 4 . 3  

and 3.4 .4 .  



2 . 2 . 3  Hydro log ic  Zvidence  of  Rr ine  and R e s e r v o i r  O r i g i n  

I d e n t i f i c a t i o n  of  t h e  mechanism r e s p o n s i b l e  f o r  development o f  t h e  b r i n e  

r e s e r v o i r s ,  t h e  age -da t ing  of  r e s e r v o i r  development ,  and t h e  l e n g t h  of time 

t h e y  have  been  i s o l a t e d  a r e  r e l e v a n t  t o  t h e  a s s e s s n e n t  of  s i t e  s t a b i l i t y .  

These  d a t a  w i l l  h e l p  acswer  q u e s t i o n s  c o n c e r n i n g  x h e t h e r  r e s e r v o i r  development 

is  a n  a c t l v e  p r o c e s s  o r  ended i n  t h e  g e o l o g i c a l  p a s t  and i s  c u r r e n t l y  dorm- 

a n t .  The c o n t r i b u t i o n  t h a t  5 y d r o l o g i c  analyses can  make toward i d e n t i f y i n g  

t h e  b r i n e  o r i g f n  and m i g r a t i o n  h i s t o r y  i s  t o  e x p l a i n :  

e % a t  cou ld  be ( o r  cou ld  n o t  52)  t h e  s o u r c e  of t h e  
b r i n e ?  

4 What ,zas t h e  mechanism of  b r i g s  m i g r a t i o n  and 
accumula t ion  i n  t h e  f r a c t u r e d  a n h y b r i t e s ?  

Xre t h e  p r o c e s s e s  of r e - se rvo i r  development o r  b r i n e  
a i g r a t i o n  s t i l l  a c t i v e ?  

Bypo theses  on b r i n e  o r i g i n ,  m i g r a t i o n ,  and accumula t ion  can  be developed i n  

l i g h t  o f  t h e  r e s e r v o i r s '  u n d i s t u r b e d  (maximum) p r e s s u r e s  and r e s e r v o i r  

r e s p o c s e s  t o  b r i n e  removal .  A d i s c u s s i o n  of t h e  o r i g i n  of  t h e  r ~ s e r v o i r s  and 

b r i n e s  I s  i n  S e c t i o n  4.4 of  t h i s  r e p o r t .  The na j o r i t y  of t h e  e v i d e n c e  

p e r t a i n i n g  t o  t h e  o r i g i n  of t h e  b r i n e ,  however, i s  d e r i v e d  from t h e  geochemi- 

c a l  f n v e s t i g a t i o n s  d i s c c s s e d  P a r t  I V ,  Chem?strp,  S 2 c t i o n  5 .1 .  

2 .2 .4  P o t e n t i a l  f o r  B r i n e  t o  F l i g r a t e  From 2 e s e r v o i r s  t o  V a s t e  F a c i l i t y  

An s s s e s s n e n t  o f  t h e  p o t e n t i a l  f o r  b r i n e  m i g r a t i o n  i n t o  t h e  underground v a s t e  

f a c i l i t y  is i m p o r t a n t  due  t o  the p o s s i b l e  m o b i l i z a t i o n  of  t h e  was te  f o l l o w i n g  

b r i n e  i n t r u s i o n .  Xechanisms t h a t  c o u l d  c a u s e  i n f l o w  o f  b r i n e  t o  t h e  v a s t e  

d i s p o s a l  h o r i z o n  a r e :  

e Upward s e e p a g e  of  b r i n e  th rough  t h e  h a l i t e  of t h e  
S a l a d o  P o r n a t i o n  under  t h e  induced h y d r a u l i c  g r a d i -  
e n t .  

a D i s s o l u t i o n  of e v a p o r i t e s  and a s s o c i a t e d  moveme'nt of 
b r i n e .  



e I-Iovenent of b r i n e  t:?rough unplugged S o r e h o l e s  which 
connect  t h e  d i s p o s a l  h o r i z o n  and S r i n e  r z s e r v o i r s  
e i t h e r  d i r e c t l y  o r  through i n t e r s o n n e c t f i i g  f r a c t u r e s .  

e Flow of b r i n e  through F r a c t u r e s  induced by mining 
a c t i v i t i e s .  

X d i s c u s s i o n  o f  t h e  p o t e n t i a l  f o r  b r i n e  novement i n t o  U I T P  underground open- 

i n g s  v i a  upward seepage  rhrcugh t h e  S a l a d o  F o r n a t i o n  i s  o f f e r e d  i n  S e c t i o n  

3 . 4 . 2  of t h i s  r e p o r t .  The p o t s n t i a l  f o r  d i s s o l u t i o n  of  e v a p o r i t e s  fs add- 

ressed  t n  ? a r t  L V ,  ChemLstry, S e c t i o n  3 . 3 . 5 .  The l a s t  p o s s i b i i i t i s s  a r e  

not  3 ~ i i h i n  t h e  scope  of t h i s  r e p o r t .  The consequsnces  of i n k e r c o n n e c t i n g  t 5 e  

1; .. . . :JT?P underground wi th  2 b r i n ?  r e s e r v o i r  through r i ' ~ - i l l i n , o ,  , - ,*ever,  :.lave 5een 

shown to be i n s i g n i f f c a n t  (Toolfolk, 1382) .  

2 . 3  &OPE OF STUDY 

The i n i t i a l  phase  o f  t h e  c u r r e n t  s t u d y  invo lved  a thorough rev iew of d a t a  on 

b r i n e  o c c u r r e n c e s  i : ~  t h e  Delaware S a s i n .  The d a t a  *rere sxamined t o  d e t e r m i n e  

i f  re1ationsh:ps c o u l d  be d e f i n e d  between b r i n e  o c c u r r s n c e s  and l o c a l  s t r a t i -  

graphy o r  g.eologic s t r u c t u r e s .  S v i d e n c e  of c o n n e c t i o n s  between r e s e r v o i r s  was 

a l s o  s o u g h t .  P a t a  on b r i n e  o c c u r r e n c e s  i n  o t h e r  p a r t s  of t 5 e  world ,  a s  w e l l  

a s  d a t a  on F r a c t u r e d  ~ e s e r v o i r s  i n  g e n e r a l ,  were a l s o  reviewed t o  p r a v i d e  a  

b r o a d e r  Sackground f o r  t h e  study. P o l l o v i n g  t \ e  data review,  a c o n c e p t u a l  

h y d r o g e o l o ~ i c a l  node l  was developed of t h e  a r e a  around t h e  WTPP s i t e .  X s t u d y  

p l a n  was t h e n  developed t o  t e s t ,  r e f i n e ,  and v e r i f y  t h e  model. 

The f i e l d  e f f o r t s  u n d e r t a k e n  t o  c h a r a c t e r i z e  t h e  h y d r a u l i c  p r o p e r t i e s  of  t h e  

b r i n e  r e s e r v o i r s  i n  ERDA-6 and WIPP-12 c o n s i s t e d  oE d r i l l  s tem t e s t s  (DST's) 

and f low t e s t s  w i t h  subsequen t  p r e s s u r e - r e c o v e r y  moni to r ing .  Two d r i l l  s tem 

t e s t s  and t h r e e  f low t e s t s  were performed i n  each  t e s t e d  w e l l .  Vhenever 

p o s s i b l e ,  t e s t s  were des igned  t o  complement o r  supplement g r e v i o u s  t e s t s .  The 

h y d r o l o g i c a l  t e s t i n g  program was developed t o  accomodate geochemical  sampl ing,  

a s  w e l l  a s  g e o p h y s i c a l  logg ing .  



3 .O ZYDROLSGIC CHIL%~CTERIZ.~TION OF 2RINE ZESEZC'OTRS 

Z r i n e  f l o v  r a t e s  from t h e  r z s e r v o i  r s ,  and r z s e r v o i r  ? t z s s u r e s  aeasur?d p r i o r  

t o ,  d u r i n g ,  and a f t e r  f l o v  per iods ,  v e r e  t 5 e  key d a t a  used t o  chs:acter!ze the  

hydrology o f  t h e  r e s e r v o i r s .  Tn p a r t i c u l a r ,  t5ose  d a t z  were used in  

S.? terminat ion o f :  

a Reservoir und is tu rbed  p r e s s u r e .  

o q z s e r v o i r  t r a n s r n i s s i v i t y .  

e R e s e r v o i r  flow-system model. 

3 . I  TESTING 

9 e ~ a i l 2 d  inforzatisn on t52 hydr31ogical  t e s t f n g  procedures and v ~ l u a e s  of 
1. ~ ~ ~ n e  - 4 produced from the  r s s e r v o i r s  was p r e s e n t e d  by D'Appolonia (1982) i n  

"Data F i l e  Report - EWA-6 and :SI?P-12 T s s t i n g "  and "Addendum 1" t o  t h a t  

r e p o r t .  The d i s c u s s i o n  belcw br?ef l y  summarizes t h e  tssts perforaed a t  E D X - 6  

and WIPP-12. F i g u r e s  3-1 and H-2 show the  sequ2nce of t e s t i n g  even t s ,  with 

p e r t i n e n t  d e p t h s .  

3.1.1 D r i l l  Stem T e s t i n g  

-4 d r i l l  s tem t e s t  (DST) is  a s h o r t  d u r a t i o n ,  s i n g l e  borehole f low and bui ldup 

t e s t  conducted through do~il i-101~ ~ a c k e r s  and s t e e l  tubing.  R e  technology was 

dzv2icped by and f o r  t h e  pztroleum i n d u s t r y  t o  t e s t  t 5 e  hydrau l ic  p r o p e r t i e s  

of deep-seated r e s e r v o i r s  a ~ d  a l low the  c o l l e c t i o n  of r z s e r v o i r  f l u i d s  f o r  

a n a l y s i s .  The d r i l l  s tem t e s t s  performed i n  EWA-6 2nd WIPP-12 produced an 

L n f t i a l  s e t  of d a t a  on t h e  b r i n e  r e s e r v o i r s '  h y d r a u l i c  p r o p e r t i e s  including:  

(1) r e s e r v o i r  p r e s s u r e ;  ( 2 )  r e s e r v o i r  temperature ;  and (3)  r e s e r v o i r  transmis- 

s i v i t y .  In a d d i t i o n ,  o b s e r v a t i o n s  of r e s e r v o i r  Sehavior  during d r i l l  stem 

t e s t s  were used t o  develop programs f o r  subsequent flow t e s t s  i n  both wel l s .  

D r i l l  Stem T e s t s  i n  ERDX-6 were performed a t  two i n t e r v a l s .  The f i r s t  t e s t e d  

i n t e r v a l  was l o c a t e d  between 2472 and 2562 f e e t  ( t o p  of cement p lug) .  The 

test ,  d e s i g n a t e d  as " D S T - Z ~ ~ ~ " ,  gas  performed p r i o r  t o  reopening the we l l  t o  

t h e  br ine-producing h o r i z o n ,  and i t s  primary purpose sas t o  t e s t  the  i n - s i t u  

i n t e g r i t y  of t h e  cement p lug emplaced i n  ERDX-6 i n  1975. The second i n t e r v a l  



t e s t e d  by t h e  DST nethod was be tveen  t h e  d e p t h s  of 2676 and 27G8 f e e t  (bo t tom 

o f  t h e  h o l e ) .  Th i s  i i i t e r v a l  s t r a d d l e d  t h e  main b r i n s - p r a d u c i n g  f r a c t u r e  

Located i n  Anhydr i te  I1 a t  2711 f e e t .  T h i s  t e s t ,  d e s f z n a i e d  "3ST-2680", 

produced an i n f t i a l  s e t  o f  d a t a  concern ing  t h e  !?ydrau l i c  p r o p e r t i e s  of t h e  

7XDA-6 b r i n e  r a s e r v o i r .  

Dr i l l  Stem T 2 s t s  i n  XIPT-12 were a l s o  p e r f o r n e d  a t  two i n t e r v a l s .  The f i r s t  

t e s t e d  i n t e r v a l  was Setween 3020 and 3047 f e e t  (bot tom of t h e  h o l e ) .  The 

purpzse  oE t 2 s t t n g  i n  t h i s  i n t e r v a l  was t o  g a t h e r  d a t a  f r o m  below t h e  then- 

'- ~.,,ovn - f r a c t u r s d  zcne I ~ c a t e d  i n  A n h y d r i t ~  I'TI a p p r o x i x a t e l y  $?tween 3'313 and 

3020 f e e t .  During t h i s  t e s t ,  d s s i g n a t e d  "3ST-3020", t h e  packs r  cou ld  n o t  Se 

s e t  below 3020 f e e t  due t o  ? h e  c o n f i g u r a t i o n  of t h e  EST t o o l ;  t h u s ,  t h e  

Frac tu red  zone may n o t  have been t o t a l l y  s e a l e d  oEf from t \ e  t z s t e d  

i n ~ e r v a l .  The sscond t a s t e d  i n t e r v a l  ex tended  from 2986 t o  3047 Fee t .  T h i s  

DST, d e s i g n a t e d  "CST-2386", produced an i n i t i a l  s e t  of d a t a  on t h e  h y d r a u l i c  

p r o p e r t i e s  of t h e  b r i n e  r e s e r v o i r  a t  WITP-12. 

3.1.2 Flow T e s t i n g  

A f low t e s t ,  a s  used i n  t h i s  r e p o r t ,  r e f e r s  t o  a  r e l a t i v e l y  long-term f low and 

p r e s s u r e  b u i l d u p  t e s t .  Flow t e s t s  were conducted t o  p r o v i d e  f u r t h e r  i n f o r n a -  

t i o n  on r e s e r v o i r  h y d r a u l i c s  and t o  a l l o w  f o r  s u b s t a n t i a l  f l u i d  removal f o r  

e s t i m a t i o n  of r e s e r v o i r  volumes and c o l l e c t i o n  of r e p r z s e n r a t i v e  s a n p l e s  For 

chemical  a n a l y s i s .  The l o n g e r  d u r a t i o n  of t h e  f low t e s t s  a l s o  p rov ided  

r e s e r v o i r - h y d r a u l i c s  d a t a  r e p r e s e n t a t i v e  of r e g i o n s  remote from t h e  w e l l .  The 

d a t a  on b r i n e  p roduc t ion  d u r i n g  t h e s e  t e s t s  and t h e  a s s o c i a t e d  r e s e r v o i r  

p r e s s u r e  responses  were used  t o  c a l c u l a t e  r e s e r v o i r  f l u i d  volumes. 

A l l  f l ow tests i n  ERDA-6 and WTPP-12 were d e s i g n e d  t o  be  c o n s t a n t - p r e s s u r e ,  

va r i ab le - f low-ra te  t e s t s .  T h i s  method is  a p p l i c a b l e  t o  s i t u a t i o n s  i n  which a 

w e l l  i n t e r s e c t s  a r e s e r v o i r  w i t h  a  p r e s s u r e  head above ground s u r f a c e .  Such a  

c o n d i t i o n  was encountered i n  ERDA-6 and NIPP-12. However, t e c h n i c a l  d i f E f c u l -  

t i e s  p reven ted  t h e  maintenance o f  c o n s t a n t  p r e s s u r e  d u r i n g  some of t h e  t e s t s .  



Flow a n d  ?.uildup T e s t s  i n  FRDA-6 provided Fur ther  fn forna t ton  on t h e  h y d r a u l i c  

p r o p e r t i e s  o f  the  b r i n e  r e s e r v o i r ,  2 s  wel l  a s  data  For r e s e r v o i r  volume 

c a l s u ? a t i o n s .  Flow Tes t  1 Inmediate ly  followed DST-2680. I t  was performed 

through s t e e l  tuhing wi th  a  DST t o o l  i s o l a t i n g  the t e s t e d  i n t e r v a l  between 

2676 and 2748 f e e t  (bottom o f  ho le )  from t h e  remainder of the  ho le .  Due t o  

the  r i s k  of hydrogen s u l f i d e  embri t t lement  of the  tuhing,  which could r e s u l t  

i n  t h e  l o s s  of the  DST t o o l ,  t h i s  t e s t  was terminated a f t e r  5.6 hours  of f low 

and 3 !lours of h : ~ i l d u p .  T o t a l  b r i n e  p r o d ~ ~ c t i o n  durir:g t h i s  t e s t  was 153 

h a r  r e  1s. 

Plow Tes t  2 and Flow Tes t  3 vere designed t o  provide d a t a  on the  r s sponse  oE 

t h e  r e s e r v o i r  t o  long-term s t r e s s .  S i g n f f f c a n t l y  l a r g e r  ~:ol~~:ir.es of b r i n e  s e r e  

al lowed t o  f l ow  from t h e  w e l l :  1030 b s r r e l s  dur ing Flow Test  2 and 4 4 4  b a r r e l s  

dur ing  Flow l e s t  3 .  The p r e s s u r e  bui ldup fol lowing shut-in %as monitored t o  

p rov ide  a  h a s i s  f o r  t h e  e v a l u a t i o n  of long-term r 2 s e r v o i r  response. 30 th  Flow 

T e s t  2  and Flow T2st 3 were run with an open horehole with a11 ins t ru iaen ta t ion  

above ground s u r f a c e .  C u r r e n t l y ,  ERDA-6 i s  shut- in  and w i l l  soon be cemented 

and plugged t o  t h e  s u r f a c e .  

Flow and Bui ldup T e s t s  i n  VIP?-12 provided f u r t h e r  i n f o r m t i o n  on the  hy- 

d r a u l i c  and geochemical p r o p e r t i e s  of the  b r i n e  r e s e r v o i r ,  a s  we11 as d a t a  f o r  

r z s e r v o i r  volume c a l c u l a t i o n s .  ? r i o r  t o  the  i n i t i a t i o n  of the  f o r a a l  5ydro- 

l o g i c  t e s t i n g  program a t  WIPP-12, ovzr  27,003 b a r r e l s  of b r ine  were unavoid- 

a b l y  produced from t h e  w e l l  during drilling and geophysical  lagging.  

Flow T e s t  1 r a s  designed p r i m a r i l y  t o  a l low t h e  c o l l e c t i o n  of gas  and b r i n e  

samples 2 t  t h e  wellhead and,  us ing a downhole sampler, under i n - s i t u  r e s e r v o i r  

c o n d i t i o n s .  The br ina  f low was r e s t r i c t e d  dur ing  t h i s  t e s t  t o  mainta in  t h e  

Sackpressure  necessa ry  t o  o p e r a t e  t h e  g a s / l i q u i d  s e p a r a t o r  and t o  opt imize  

sa inple-col lect ion c o n d i t i o n s .  The c o l l e c t i o n  of hydrologic  d a t a  was of l e s s e r  

concern,  and i n  f a c t ,  no i n t e r p r e t a b l e  d a t a  a e r e  obta ined.  T o t a l  b r i n e  

product ion d u r i n g  t h i s  t e s t  was 489 b a r r e l s .  3etueen Flow Tes t s  1 and 2 ,  an 

a d d i t i o n a l  25,000 b a r r e l s  of b r i n e  were unavoidably produced dur ing  a d d i t i o n a l  

d r i l l i n g  and logging a c t i v i t i e s .  



Flow T e s t  2 Gas a s 5 o r t - t e r m  t e s t  d e s i g n e d  t o  p r o v i d e  d a t a  on t h e  F r a c t u r e  

r e s p o n s e  t o  s h o r t - t e r m  s t r e s s .  T t  was e x p e c t e d  t h a t  t h e  d a t a  would he  u s e f u l  

l a  a s s e s s i n g  f r a c t u r e  ~ e r n e a b i l i t y  and t h e  r a t i o  o f  f r s c t u r e - t o - t t 2 t a l  s t o r a g e  

volume. T o t a l  b r i n e  p r o d u c t i o n  d u r i n g  t h i s  t e s t  was 2255 b a r r e l s .  

F low T e s t  3 was d e s i g n e d  t o  p r o v i d e  d a t a  on  t h e  r e s p o n s e  o f  t h e  r e s e r v o i r  t o  

l o n g - t o r n  s t r e s s .  T o t a l  b r i n e  p r o d u c t i o n  d u r i n g  t h i s  t e s t  was 24,8Q0 h a r -  

721s. C u r r e n t l y ,  WITP-i2 i s  s h u t - i n  and w i l l  soon  be p l u g g e d  th rough  t h e  

p r o d u c i l ~ g  zone .  F i n a l  p l u g g i n g  t o  t h e  s i l r f a c e  w i l l  Fe a  p a r t  o f  t k e  E o r e h o l e  

p l u g g i n g  program. 

D e t a i l e d  i n f o r m a t i o n  on € 1 0 - ~ z o n i t o r i n g - s y s t e m  c o n f i g u r a t i o n s ,  f l o r - a e t e r  

s p e c i f i c a t t o n s ,  hnd p r e s s u r s - m o n i t o r i n g  d e v i c e s  i s  p r e s e n t e d  by D'Appolonia 

( 1 9 8 2 ) .  The d i s c u s s i o n  below b r i e f l y  summar izes  t h e  me thods  o f  f l o w  and  

p r e s s u r e  d a t a  acquisition, t y p e  of i n s t r u m e n t a t i o n ,  f a c t o r s  a f f e c t i n g  q u a l i t y  

o f  f l o w  and  p r e s s u r e  d a t a ,  and s p e c i a l  c o n c e r n s  r e g a r d i n g  d a t a  a c q u i s i t i o n  

t e c h n i q u e s .  

3 .2 .1  Flow Measurements  

The  f l o w  r a t e s  and volunes o f  b r i n e  produced  f rom t h e  r e s e r v o i r s  were measured  

w i t h  3 v a r i e t y  of  m e t e r i n g  d e v i c e s .  3 u r i n g  p e r i o d s  when d r i l l i n g  o r  a c t i v i -  

t i e s  o t h e r  t h a n  h y d r o l o g i c a l  t e s t i n g  (e .g . ,  g e o p h y s i c a l  l o g g i n g  o r  p a c k e r  

i n s t a l l a t i o n )  were i n  p r o g r e s s ,  f l ow  rates were  a p p r o x i m a t e d  by pump s t r o k e  

c o u n t e r s  a n d  f i l l - u p  r a t e s  of  t h e  mud p i t s .  T h i s  t y p e  o f  f l ow  r a t e  approxima-  

t i o n  was e s p e c i a l l y  i m p o r t a n t  d u r f n g  t h e  d e e p e n i n g  o f  WIPP-12. Dur ing  e f f o r t s  

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

i n s t a l l e d  t o  n o n i t o r  f l o w  r a t e s ,  and d u r i n g  DST's, downhole  t r a n s d u c e r s  

measured  i n f l o w  r a t 2 s  i n t o  t h e  t u b i n g .  T a b l e s  H.2 and  H.3 b r i e f l y  summar ize  

t h e  f l o w  m o n i t o r i n g  i n  ERDA-6 and WIPP-12, r e s p e c t i v e l y .  I n f o r m a t i o n  on  

i n s t r u m e n t a t i o n  and  f a c t o r s  a f f e c t i n g  t h e  q u a l i t y  o f  measu remen t s  is a l s o  

p r o v i d e d .  



During  t e s t i n g  a t  ERDA-6 and WIT?-12 ,  t h e  f low r a t e  r i e a s u r r m n t s  -dere a t  t imes  

a f f e c t e d  by: 

e Cas l i b e r a t e d  from t h e  b r i n e  p a s s i n g  th rough  t h e  f low 
,meters ,  c a u s i n g  them to  r e g i s t e r  e r r o n e o n s l y  h i g h  
f l o w  r a t e s .  

+ S a l t  p r e c i p i t a t i o n  w i t h i n  t h e  f l o w  l i n e s  o r  f low 
m e t e r s  r e s t r i c t i n g  flow and o f t e n  I n c a p a c i t a t i n g  
i n s t r u m e n t s .  

o D e t e r i o r a t i o n  of f l o w  o e t z r s  due  t o  t h e  c o r r o s i v e n e s s  
of t h e  5r:ne and hydrogen s u l f i d e .  

e Choke e f f e c t s  d a r i n g  EST f low p e r i o d s .  

7.F. l n l e  prohlem of  g a s  I f b a r a t i o n  i n  t h e  f low sys tem ups t r eam of t h e  f low n e t e r s  

was n o t i c e d  o n l y  a t  ZXD.4-6 where t h e  gas  b u s b i e s  were  l a r g e  and o f t e n  com- 

p l e t e l y  f i l l e d  t h e  d i s c h a r g e  p i p e .  A t  WIPP-12, no l a r g e  gas bubb le s  were 

no ted  a t  t h e  p o s i t i o n  of  t h e  f low o e t e r s ,  b u t  t h e  p o s s i 3 i l i t y  of  s a a l l  bubbles  

remains .  The a n a l y s e s  p r e s e n t e d  i n  T a r t  I V ,  Chemis t ry ,  S e c t i o n  4.3.2,  

i n d i c a t e  t h a t  even  unde r  f l o w i n g  c o n d i t i o n s  no more t h a n  abou t  two p e r c e n t  of 

r h s  f l u i d  volume a t  t h e  WIPP-12 r e s e r v o i r  l e v e l  is  occup ied  by gas ,  and no g a s  

a t  a l l  s h o u l d  e x i s t  i n  t h e  "ciZDA-6 r e s e r v o i r .  T h e r e f o r e ,  z o s t  of t h e  g a s  

;.robably v a s  l i b e r a t e d  d u r i n g  t r a v e l  up  t h e  w e l l .  T?e n ~ c h  s l o v e r  flow r a t e  

of  E?dA-6 is l i k e l y  r e s p o n s i b l e  f o r  t h e  e x i s t e n c e  o f  more gas i n  t h e  d i s c h a r g e  

l i n e  by allowing l o n g e r  t r a v e l  t t m e s  under reduced p r e s s u r e .  ? r o b l e n s  wi th  

g a s l b r i n e  s e p a r a t i o n  were r e c t i f i e d  when g a s / l i q u i d  s e p a r a t o r s  were used.  

3 r i n e  flow rates were measured downstream from t h e  s e p a r a t o r  a f t e r  most of t h e  

gas had been r m o v e d  from t h e  f low l i n e .  

3 a l t  b u i l d u p  w i t h i n  t h e  f l o w  l i n e s  and me te r s  o c c u r r e d  because  t h e  d rop  i n  

p r e s s u r e  as t h e  b r i n e  f lowed t o  t h e  s u r f a c e  was a p p a r e n t l y  s u f f i c i e n t  t o  c a u s e  

s a l t  precipitation from t h e  h a l i t 2 - s a t u r a t e d  b r i n e  (see P a r t  I V ,  Chemis t ry ,  

S e c t i o n  3 . 3 . 2 ) .  The problem was overcome by u s i n g  s e v e r a l  Flow me te r s  i n  a  

p a r a l l e l  a r r angemen t  and b y p a s s i n g  t h e  b r i n e  f l o w  from a n  o b s t r u c t e d  f low 



m e t e r  t o  a  c l e a r  one .  TSe o b s t r u c t e d  m e t e r  vou ld  t h e n  be  f l u s h e d  w i t h  f r e s h  

w a t e r  t o  p r e p a r e  f o r  i t s  f u t u r e  u s e .  The e x t r e m e l y  h i g h  c o r r o s i v e n e s s  of  t h e  

b r i n e ,  s o u p i e d  w i t h  t h e  p r e s e n c e  o f  hydrogen  s u l f t d ~ ,  a l s o  c a u s e d  f r e q u e n t  

f1o.d m e t e r  f a i l u r e s .  TSs p a r a l l e l  a r r angemen t  o f  f l o w  1 7 e t e r s  a l l o w e d  

s v i t c h i n g  t o  a n  a l t e r n a t z  v h e n e ~ e r  a n e t e r  needed t o  be  r e p a i r e d .  A s  a l a s t  

r e s o r t  o r  a s  a check  on f l o w  m e t e r  a c c u r a c y ,  t h e  b r f n e  c o u l d  be  c h a n n e l e d  

i;hro~.lgh a  c u t t h r o a t  f lume.  

Choke e f f e c t s  ~ 2 r e  no ted  d u r i n g  t h e  f l ow p e r i o d s  o f  t h e  3ST's  c o n d u c t e d  a t  

LJIFP-12 (D1.4ppoLonia, 1982,  v .  11). These  e f f e c t s  a r e  p r e s e n t  when p r e s s u r e  

a t  t h e  i a s t a n t  O F  f low g e r f o d  i 3 i t i a t i o n  i s  n o t  a s  low as would be  e x p e c t e d  

based  on t h e  p r z - t e s t  s t a t i c  p r e s s u r e  e x e r t e d  Ey w a t e r  i n  the t u h i n g .  Choke 

2 f ~ -  L c c t s  a r e  c z u s e d  by t!12 r z s e r v o i r  y i e l d i n g  f l u i d  a t  a s r z n t e r  r a t e  t h a n  c a n  

e a s i l y  pass t 5 rough  t h e  DST c o o l ,  c a u s i n g  b a c k p r e s s u r e  t o  b u i l d  u p  on t h e  

r s s e r v o i r  s i d e  of  t h e  r 2 s t r i c t i o n  o r  "chske ."  S e c a u s e  t h e  DST t r a n s d u c e r  is  

a l s o  l o c a t e d  on t h e  r e s e r v o i r  s i d e  of  t h e  choke ,  t S i s  c5oke  p r e s s u r e  i s  

r e g i s t e r e d  i a s t e a d  o f  t h e  d e s i r e d  p r e s s u r e  of t h e  w a t e r  column i n  t!ie tub-  

l n g .  Tor  t h i s  r e a s o n ,  t h e  DST's conduc ted  i n  WITP-12 v e r e  n o t  u s e d  f o r  

q u a n t i t a t i v e  a n a l y s i s .  

Troblerns e n c o u n t e r e d  d u r i n g  t h e  f l o w  tests were  i d e n t i f i e d  i n  t h e  f i e l d  and  

c o r r e c t i v e  n e a s u r e s  were f m p l e n e n t e d .  T h e i r  bearing on  t h e  o v e r a l l  q u a l i t y  o f  

t h e  t e s t  d a t a  was c o n s i d e r e d  d u r i n g  s e l e c t i o n  o f  d a t a  f o r  q u a n t i t a t i v e  

a n a l y s i s .  

3 .2 .2  P r e s s u r e  Measurements  

R e s e r v o i r  p r e s s u r e s  were measured  d u r i n g  a l l  b u i l d u p  tes ts ,  a l l  p h a s e s  of  

DST's, and d u r i n g  some f l o w  t e s t s .  Depending on t h 2  t y p e  of  t e s t ,  i t s  

d u r a t i o n ,  a n d  o p e r a t i o n a l  c o n c e r n s ,  p r e s s u r e s  were measured  e i t h e r  downhole a t  

t h e  p r o d u c t i o n  h o r i z o n  o r  a t  t h e  w e l l h e a d .  The methods of p r e s s u r e  measure-  

z e n t ,  i n s t r u n e n t a t i o n ,  and  limitations a r e  p r e s e n t e d  b r f e f l y  i n  T a b l e s  9.2 and 

H.3. F o r  d e t a i l e d  i a f o r n a t i o n ,  r e f e r  t o  DIAppolonia  (1982,  1983) .  



Dovnl~ole  P r e s s u r e  Measurements 

E l e c t r o n i c  p r e s s u r e  t r a n s d u c e r s  connected  v i a  w i r e l i n e  wi th  s u r f a c e - l s c a t e d  

computers  were used  t o  a c q u i r e  and record  r e s e r v o i r  p r e s s u r e  and t empera tu re  

d a t a .  The downhole p res su re -moni to r ing  sys tems a l lowed measurzment of t h e s e  

pa ramete r s  a t  r e s e r v o i r  d e p t h .  For  a l l  t e s t s  e x c e p t  Flow T e s t s  2  and 3 i n  

WIPP-12, a  Lynes T r i p l e  Conduct ing  Wire l ine  (TCWL) t r a n s d u c e r  probe was 

coup led  w i t h  an  IIP-9825 d e s k t o p  computer f o r  d a t a  a c q u i s i t i o n  and manipula- 

t i o n .  During Flow T e s t s  2  and 3 i n  WIPP-12, a Johnston-Kacco nownhole P res -  

sure-Temperature T r a n s d u c e r  -- S u r f a c e  P r e s s u r e  Readout (DPTT-SPRO) system was 

used  (D 'kppolonia ,  1982) .  The s e a l s  between t h e  w i r e l i n e  and t h e  wel lhead 

o f t e n  proved t roub lesome ,  c a u s i n g  l e a k s  and a f F e c t i n g  p r e s s u r e  r e a d i n g s .  For 

ex tended  p e r i o d s  of p r e s s u r e  mon i to r ing ,  t h e  downhole moni tor ing  sys tems 

proved i m p r a c t i c a l .  

S u r f a c e  P r e s s u r e  Measurements 

E l e c t r o n i c  p r e s s u r e  t r a n s d u c e r s ,  t h e  same as t h o s e  used For downhole monitor- 

i n g ,  and mechanica l  p r e s s u r e  gages  were u t i l i z e d  f o r  p r e s s u r e  measurements a t  

t h e  s u r f a c e .  By measur ing  t h e  p r e s s u r e  a t  t h e  s u r f a c e ,  no w i r e l i n e  was 

needed,  t h u s  l e a k a g e  of p r e s s u r e  between t h e  c a b l e  and wel lhead was e l i m i -  

n a t e d .  However, m o n i t o r i n g  p r e s s u r e  a t  t h e  s u r f a c e  h a s  some drawbacks 

a f f e c t i n g  d a t a  q u a l i t y .  

To c o r r e l a t e  p r e s s u r e s  r ead  a t  t h e  s u r f a c e  t o  t h o s e  a t  t h e  r e s e r v o i r  l e v e l ,  

t h e  p r e s s u r e  e x e r t e d  ( f l u i d  p r e s s u r e  g r a d i e n t  x t h i c k n e s s )  by t h e  f l u i d  column 

i n  t h e  w e l l b o r e  above t h e  r e s e r v o i r  must be known. One f l u i d  p res su re  

g r a d i e n t  s u r v e y  was performed i n  ERDA-6, which i n d i c a t e d  a p r e s s u r e  g r a d i e n t  

of  0.5326 p s i / f t  of b r i n e .  Four  f l u i d  p r e s s u r e  g r a d i e n t  su rveys  were run i n  

WIPP-12. The s u r v e y s  i n d i c a t e d  f l u i d  p r e s s u r e  g r a d i e n t s  Fn t h e  b r i n e - f i l l e d  

p o r t i o n  of t h e  w e l l b o r e  r a n g i n g  from 0 . 5 3 4 5  t o  0.5433 p s i / f t  of b r i n e ,  wi th  an  

a v e r a g e  of 0 . 5 3 7 8  p s i / f t .  

The p r e s s u r e  g r a d i e n t  s u r v e y  r u n  i n  WIPP-12 a f t e r  f o u r  months of shu t - in  p r i o r  

t o  Flow T e s t  2 a l s o  r e v e a l e d  t h e  p resence  of a  g a s  c a p  i n  t h e  we l lbo re  



ex te f id icg  t o  approx imate ly  seven f e e t  below t h e  ground s u r f a c e .  The p r e s e n c e  

oE a g a s  cap a t  t h e  wel lhead c r e a t e s  a problem i n  c o n v e r t i n g  w3llhead 

( s u r f a c e )  p re s su re  t o  r e s e r v o i r  (Ccvnhole) p r e s s u r e s  &cause Sas i s  much 

l i g h t e r  t h a n  b r i n e  and t!le l o c a t i o n  o f  t h e  gas-br i r ,e  i n t e r f a c e  l i ~  t h e  wsl1bc)re 

.:oulJ n o t  be  : ~ o n i t o r e d  an a  c o n t i n u a l  b a s i s .  Y i t h  an  expanding g a s  c a p ,  

 ellh head p r e s s u r e s  w i l l  r i s e  a t  a  f a s t e r  r a t e  than  r e s e r v o i r  p r e s s u r e s  Secause  

3s a g a s  c a p  e s p a n d s ,  t h e  g a s  p r s s s u r 2  !iiust r i s e  t o  compensate F Q ~  t h e  

2 r e s s u r e  2 x e r t e d  by t h e  d i s ? l a c e d  S r i n e .  Even IE t h e  r e s e r v o i r  p r e s s u r e  is 

s t a t i c ,  the gas  p r e s s u r e  i n  a n  expand5ng ,521s c a p  w i l l  c n n t i n u e  t o  r i s e .  The 

e f f e c t  of g a s  c 2 p  dsve lopnen t  on t h e  s5age o f - a  p r e s s u r e  bu i ldup  c u r v e  p l o t t e d  

From wel lhead  d a t a  w i l l  be v e r y  s m a l l  dtie t o  t h e  s l o w  format ion of t h e  g a s  

cap .  The gas c a p  Eactor  n u s t  be e l i m i n a t e d ,  however, zhen e s t i n a t i n g  

r z s e r v o l r  Fressurs C2ple t ion  For r 2 s e r v o i r  voluae  c a l c u l a t i o n s .  X c c o r d i n g l y ,  

on :.larch 7 and 8 ,  1'183, t h e  gas  caps  on t h e  \JI?P-12 and EREA-6 v s l l b o r e s  were 

r e l e n s e d  t o  o b t a i n  d a t a  needed t o  c a l c u l a t e  t h e  r s s e r v o t r  p r e s s u r e s  a c c u r a t s l y  

( s e e  S e c t i o n s  3 . 4 . 3  and 3 . 4 . 4 ) .  

. \itother drawback t o  s u r f a c e  p r e s s u r e  i r easureeen t s  was chat  ambient t s ~ n p e r a t u r e  

v a r i a t i o n s  caused t h e  p r e s s u r e  r e a d i n g s  t o  f l u c t u a t e .  The t empera tu re  e f E e c t  

was l a r g e l y  e l i m i n a t e d  by i n s u l a t i n g  t h e  wel lhead.  

3.2.3 S p e c i a l  Concerns 

A11 p r e s s u r e  r e c o v e r y  t 2 s t s  i n  ZRDX-6 and WIPP-12, w i t h  t h e  e x c e p t i o n  of  t h e  

b u i l d u p  p e r i o d  f o l l o w i n g  Flow T e s t  1 i n  EmA-6,  were conducted i n  uncased ,  

open 5 o r e h o l e s .  The e n t i r e  1600-foot t h i c k n e s s  of  t h e  S'alado F o r ~ a t i o n ,  

con taLning  nurilerous c l a y  seams of t o t a l  t h i c k n e s s  under  t e n  Feet ,  was exposed 

t o  t h e  p r e s s u r i z e d  b r i n e .  Cross-f low between t h e  C a s t L l e  r e s e r v o i r s  and 

s e c t i o n s  of t h e  Salado wi th  l o c a l l y  e l e v a t e d  p e r m e a b i l i t i e s  was t h e r e f o r e  

p o s s i b l e .  The impact t h a t  i n t e r - r e s e r v o i r  c ross - f low could  have on b u i l d u p  

p r e s s u r e  h a s  Seen zxamined f o r  WIPP-12. The maximum i n f l o w  i n t o  t h e  S a l a d o  

Format ion ,  Lased on shu t - in  c o n d i t i o n s ,  was e s t i m a t e d  t o  be 25 bbl /day and 

t h i s  i n  t u r n  c o u l d  lower t h e  b u i l d u p  p r e s s u r e  by approx imate ly  6 t o  7 p s i  o v e r  

a  l o n g - d u r a t i o n  b u i l d u p  p e r i o d .  T h i s  i n f l o w  r a t e  is l i k e l y  lower t h a n  o u t f l o w  

r a t e s  from t h e  Sa lado  would be under  evacua t sd -boreho le  c o n d i t i o n s .  



3 - 3  EATA itED!rC'rION ANALYSIS - .- ---- 

Data  r e d u c t i o n  and a n a l y s i s  qers gu ided  by a n  e v o l v i n g  working h y p o t h e s i s  f o r  

a  r e s e r v o i r  z o d e l .  q u a l f t a t i v e  e x a m i n a t i o n  of  g e o l o g i c  and h y d r o l o g i c  d a t a  

p rov iEed  a p r e l i m i n a r y  i n d i c a t i o n  of a p p r o p r i a t e  f l o w s y s t c m  rr!oc?els t o  be used 

t o  a n a l y z e  t h e  h y d r o l o g i c  d a t a  q u a n t i t a t i v e l y .  As t h e  a n a l y s e s  p r o g r e s s e d ,  

t h e  z o d e l s  were t e s t e d  and r 2 f i n e d  u n t i l  t h e  n o s t  a p p r o p r i a t e  node1 was 

d e v e l o p e d .  

3 .3 .1  ' ;orking Rypo thes i s  f o r  R e s e r v o i r  Yodel - 
A g e l l e r a l  r e s e r v o i r  model of  t h e  E233A-6 and WTPP-12 b r t n e  r e s e r v o i r s  was 

deve l sped  l a r g 3 l y  from i n f c r n a t t o n  g a i n e d  from drilling r e c o r d s ,  c o r e ,  and 

o t h e r  d a t a  from Zm4-6, FITP-12, aqd o t h e r  w e l l s  i n  tho Gclaware Rzs in .  T h i s  

n o d e l  -;as c s e d  as a working h y p o t h e s i s  d a r i n g  d n a l y s i s  of t h e  ' nyd ro log ic  

d a t a .  Zaf inement  of t h e  working n o d e l  c o n t i n u e d  d u r i n g  h y d r o l o g f c a l  t e s t i n g  

and d a t a  a n a l y s i s .  The f o l l o w i n g  is  a l i s t  o f  p r e l i m i n a r y  L n f o r n a t i o n  from 

which t h e  r e s e r v o i r  2 o d e l  v a s  o r i g i n a l l y  developed:  

e Both t h e  ERDA-6 and WIPP-12 b r i n e  r e s e r v o i r s  were 
s n c o u n t e r e d  i n  t h e  uppermost  a n h y d r i  t e s  i n  t h e  
C a s t i l e  F o r n a t i o n .  F i ~ w  was d e t e c t e d  from t h e  lower 
p o r t i o n  of each a n h y d r i t e  o n l y  ( T e g i s t e r ,  1981; 
D1.4ppolonia, 1982) .  The a n h y d r i t e  beds  a r e  bounded 
o n  t h e  top and  bot tom by ~ a s s i v e  s a l t  h sds .  

a a r i n e  was produced Irom E D A - 6  and WTPP-12 when 
c o r i n g  i n t e r c e p t e d  l a r g e ,  c e a r v e r t i c a l  f r a c t u r e s .  
No b r i n e  f low was n o t e d  From non- f r ac tu red  i n t e r v a l s  
w i t h i n  t h e  b o r e h o l e .  

e X e a r v e r t i c a l  m i c r o f r a c t u r e s  were n o t e d  i n  t h i n  
s e c t i o n s  of  c o r e  samples  from the f r a c t u r e d  zones  i n  
WIPP-12. 

Geophys ica l  l o g s  r u n  i n  ERDA-6 and WIPP-12 i n d i c a t e  
t h a t  i n t a c t  a n h y d r i t e  h a s  a  p o r o s i t y  of abou t  0.01 o r  
less (D 'bppo lon ia ,  1982 ,  v .  I T 1  A ,  6 . 5 ;  TVA,  1 2 . 5 ;  
and Addendum 1, 12 .19 ) .  



o The occur rence  of b r i n e  is  a p p a r e n t l y  a s s o c i a t e d  wi th  
a n t i f o r m  f e z t u r e s  ( F i g u r e  G-11) which may he c o n t r o l -  
l i n g  f a c t o r s  i n  t h e  d e n s i t y ,  d i s t r i b u t i o n ,  and 
o r i e n t a t i o n  of f r a c t u r e s .  

,:.naiysis o f  c o r e  and g e o p h y s i c a l  l o g s  i n d i c a t z s  t h a t  t?,e b r i n e  i z s e r v o i r s  

p robab ly  c o n s i s t  of m u l t i p l e  i n t e r c o n n e c t e d  f c a c t u r c  s e t s  of v a r i o u s  a p e r t u r e s  

2nd z x t e n t s .  T5e l a r g e  f r a c t u r e s  a r e  probably n c s t  Z h i t e d  i n  e x t e n t ,  and a r e  

s x p e c t e d  t o  have h i g h  p e n a e a b i l i t i e s  bu t  r e l a t i v e l y  l i t t l e  b r i n e  s t o r a g e  

c ~ p a c i t y .  D i f f e r e n t  l a r g e - f r a c t u r e  s e t s  may 52 i n t e r c o n n e c t e d  by s s a l l e r  

f r a c t u r e s  ( s e e  F i g u r e  G-13). T!ie s n a l l e r  f r a c t u r e s  probably  have g r e a t e r  

g e o g r a p h i c a l  & ? x t e n t ,  and accoun t  f o r  t h e  rnajoritjr oE b r i n e  s t o r a g e  whi le  

!-,.qvLng r e l a t L v e l y  Icw p z r n e a h i l i t i e s .  The d e n s i t y  of f r a c t v r e s  i s  prohahly  

Z r 2 a t e s t  e l o n g  t he  flanks of t5,e a n t i f o r m  ( A g u l l a r a ,  1350), :4hic!1 m y  e x p l a i n  

rhe d f s t r i b u t i o n  of h i g h l y  p r o d u c t i v e  r e s e r v o i r s  ( c f .  r t s e r v o i r  l o c a t i o n s  on 

F i g u r e  G - 1 1  w i t h  f low r a t e s  i n  T a b l e  8.1). A t  some ? o i n t  i n  every  I z t e r a l  

d i r e c t i o n ,  t h e  f r a c t u r e s ,  b o t h  l a r g e  and s m a l l ,  p robab ly  end i n  massive 

a n h y d r i t e  of  ex t remely  low p e r m e a b i l i t y .  The r z s e r v o i r s  a r e  a l s o  bounded 

above by l o u - p o r n e a b i l i t y  a n h y d r i t e  and massive s a l t ,  and below by massive 

s a l t .  

The c o n d i t f o n s  noted above s u g g e s t  t h a t  t h e  expec ted  p r z s s u r e  and f low 

Ssb.avior i n  t h e  C a s t i l e  r e s e r v o i r s  would $2 d i f f e r e n t  than  t h a t  p r s d i c t e d  by 

hoaogeneous,  i n f i n i t e  r e s e r v o i r  s o d e l s .  For t h i s  r z a s o n ,  i n  s e l e c t i n g  

a n a l y t i c  methods,  s z v e r a l  r e s e r v o i r  models r e r e  c c n s i d 2 r e d  i n  a d d i t t o n  t o  t h e  

s t a n d a r d  homogeneous, i n f i n f t e  model. These inc luded :  homogeneous, f i n i t e  

z o d e l s ;  d o u b l s - p o r o s i t y  models; and s i n g l e  v e r t i c a l  F r a c t u r e  ( b o t h  i n f i n i t e  

and f i n i t e  f r a c t u r e  p e r m e a b i l i t y )  models. 

3 . 3 . 2  A n a l y t i c  ~ e t h o d s  f o r  ~ o n n e c t i v i t y / ~ s o l a t i o n  Assessment 

Three  main c a t e g o r i e s  of  h y d r o l o g i c  in fo rmat fon  can be used t o  a s s e s s  t h e  

d e g r e e  of i s o l a t i o n  of t h e  C a s t i l e  b r i n e s :  ( 1 )  o b s e r v a t i o n s  of h y d r a u l i c  heads  

i n  t h e  b r i n e  r e s e r v o i r s  and o t h e r  ground-water sys tems;  ( 2 )  o b s e r v a t i o n s  of 

b r i n e  o c c u r r e n c e s  ( o r  t h e  l a c k  oE o c c u r r e n c e s )  th roughout  t h e  b a s i n ;  and ( 3 )  
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pressure changes Ln observation wells during hydrological testing in E~3k-6 

and WIT?-12 (interf?rence testing). Section 3.4.1 presents the results of 

this zssessment. 

3.3.3 Analytic >!?thods for Brine Higration Potential 

Four scenarios have h e n  identified that might cause brine stored in the 

Castile Fornation to coatact the waste disposal facility. As outlined in 

Section 2.2.4, t5ese are: (1) upward seepage of brine through halite of the 

Salado Fcrnation; (2) dfssolution of evaporites and associated movenent of 

brine; (3) flow of brine through fractures induced 3y mining activities; and 
I I 
{q) mvement of hrine through unplugged boreholcs. The f i r s t  scenario, upward 

:??Fag2 of brine through halite of the Salado Formtion, Ls the only scenario 

v h i c h  does not rely on hucan influence that can be evaluated solely on the 

basis of hydrologic evidence. This will be the only scenario addressed in 

this section. The second scenario, dissolution of evaporites and associated 

movenent of brine, will 5e treated in Part IV, Chemistry, Section 3.3.5. 

The potential for upward seepage of brine through halite of t5e Salado 

Formation can be evaluated most simply by considering the present-day flow 

regime, end changes that could occur in that regizc as a result of cpening up 

the WIPP facility. Much of the same evidence used to assess the connectiv- 

ity/isolat~on of b r i m  reservoirs can be Srought to Sear on this problem. The 

results of this evaluation are presented in Section 3.4.2. 

3 . 3 . 4  Analytic Methods for Flew System Characterization 

Early examination of the buildup data from the t e s t s  in ERDA-6 and WTPP-12 

indicated that the reservoirs were not rssponding as sisple, textbook examples 

of idealized systems. Preliminary analyses were therefore conducted with the 

extensively used and versatfle Borner (1951) method. Although originally 

devsloped to analyze infinite-acting radial flow in an isotropic, homogeneous 

medium, the Borner method allows the recognition and interpretation of non- 

ideal behavior caused by such factors as wellbore storage, skin (near-well 

radial heterogeneities), Soundary effects, double porcsity, fractures, and 



o t h e r  r e s e r v o i r  h e t e r s g e n e i t i e s .  O t h e r ,  iiiorr s 2 e c i a l i z e d  methods of a n a l y s i s  

may then  be s e l e c t e d  a c c o r d i n g l y  and a p p l i e d  t o  t h e  d a t a  t o  q u a n t i f y  o r  

characterize t h e  non-i .?eal  c o r : d i t i ~ n s .  

T n  t h e  Zorner  n e t h o d ,  b u i l d u p  p r e s s u r e  (Ap)  i s  p l o t t e d  v3rsus  l o g  [ ( t  + 
P  

A t ) / G t ]  t o  produce a Horner p l o t  ( s e e  Yomenclature a t  end of FIydrology t 2 x t  

f o r  d e f i n i t i o n  of s , p h o l s ) .  I f  t h e  c o n d i t i o n s  of i n f i n i t e - a c t i n g  r a d i a l  f low 

? r e  z e t ,  a s t r a i g h t  l:ze w i l l  be p r e s e n t  on t h e  % r n e r  p l o t .  3swiat:ons Erom 

t h e  s t r a i g h t  l i n e  d u r i n g  e a r l y  and l a t e  b u i l d u p  t i a e s  a r e  i n d t c a t i v e  of  

d e v i a t i o ~ s  from t h e s e  c o n d i t i o n s .  

F i g u r e  K-3 p r e s e n t s  a  h y p o t h e t i c a l  Xorner p l o t  shcwing t h e  signatures of zany 

d s v i a t i o n s  and t h e i r  c a u s e s ;  Ln g e n e r a l ,  x s l l b o r ?  c o n d i t i o n s  w i l l  a f f e c t  t h e  

e a r l y  d a t a  ( f a r  r i g h t )  a n d  boundary e f f e c t s  w i l l  i n f l u e n c e  t h e  l a t e  d a t a  ( f a r  

l e f t ) .  F i g u r e s  3-4 and :I-5 show S o r n e r  p l o t s  Erom r e s s r v o i r  t e s t s  i n  ERDA-6 

and WIT?-12, r e s p e c t i v e l y .  Comparison of  t 5 e s e  Bornor p l o t s  v i t h  F i g u r e  R-3 

shows t h a t :  ( 1 )  bo th  wells have l z r g e  n2gative s k i n s  o r  i n t e r s e c t  ma jor  

f r a c t u r e s ;  ( 2 )  bo th  r ? s e r v o i r s  show i n f i n i t e - a c t i n g  r a d i a l  f low d u r i n g  

i n t e r n e d i a t e  t imes ;  ( 3 )  both  r e s e r v o i r s  show boundary e f f e c t s ;  and ( 4 )  bo th  

r e s e r v o i r s  show r e c h a r g e  ( r e p r e s s u r i z a t i o n )  a f t e r  i n t e r c e p t i o n  of t h e  bound- 

a r y ,  a l t h o u g h  t h i s  i s  more pronounced i n  EXDA-6 ( r i g u r s  8-4).  P u r t h e r n o r e ,  

t h e  shapes  of t h e  Borner p l o t s  s u g g e s t  t h a t  t he  e f f e c t s  of a a j o r  v e r t i c a l  

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

t h e  r x h a r g e  e E f e c t s  noted a t  v e r y  l a t e  t imes  nay b e  due t o  non-uniform 

p r e s s u r e  d i s t r i b u t i o n s  i n  t h e  h e t e r o g e n e o u s  r e s e r v o i r s  p r i o r  t o  t e s t i n g .  

I n i t i a l  q u a l i t a t i v e  i n t e r p r e t a t i o n  of  t h e  Xorner p l o t s  sugges ted  t h a t  t h e  

f o l l o w i n g  r e s e r v o i r  models might 3 e  used  t o  g u i d e  i n t e r p r e t a t i o n  of a t  l e a s t  a 

p o r t i o n  of t h e  d a t a ;  under  e a c h  model t y p e  are l i s t e d  some of t h e  a n a l y t i c a l  

methods which c a n  be used f o r  t h a t  p a r t i c u l a r  model. Tncluded a r e  bo th  f low 

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

I n f i n i t e - a c t i n g ,  homogeneous, r a d i a l - f l o w  model 

- T h e i s  method ( T h e i s ,  1935) 



- Jacob-Lshnan method ( J a c o b  and Lohman, 1952) 

- Florner :;ethod (Horner ,  1951) 

3 I n f i n i t e - a c t i n g ,  he te rogeneous ,  r ad ia l - f low mcdel 
(double  p o r o s i t y )  

- Horner nethod (Warren and Root,  1963) 

- Bourdzt and G r i n g a r t e n  method (Zourdet and Gringar- 
t 2 n ,  1980) 

- Xavor and Cinco-Ley method (Yzvor and Cinco-Ley, 
1979) 

o F i n i t ? - a c t i n g ,  r a d i a l - f l o w  model 

- Jacob aethod (Cooper and Jacob ,  1?46)  

- 3s ?:at e t  a l .  (yethod (Da ? r a t  e t  a l . ,  1951) 

- Wuskat zethod (Xuskat ,  L937) 

a Yodel f o r  w e l l  i n t e r s e c t i g g  a  major v e r t i c a l  f r a c t u r e  
( l i n e a r  f low) 

- Locke and Shwyer nethod ( i o c k e  and S a - q e r ,  1975) 

- Rorn2r method ( R u s s e l l  and T r u i t t ,  l 9 6 4 ;  Zaghavan 
et a l . ,  i972)  

- Gringar ten  e t  a l .  ne thod  (Gr ingar ten  e t  a l . ,  1972) 

- Jenk ins  and P r e n t i c e  method ( J e n k i n s  and ? r e n t i c e ,  
1982) 

-4 s y s t e i ~ a t i c  s e r i e s  of analyses xas conductzd us ing  ?any of t h e  technfques  

mantioned above. Ths r e s u l t s  of each  a n a l y s i s  vere csed a s  an i n d i c a t i o n  of 

whether or  n o t  t h e  r e s e r v o i r  a c t u a l l y  conformed t o  t h e  assumptioas i n h e r s n t  i n  

t h e  nethod.  I n  t h i s  way, t h e  r e s u l t s  of a l l  t h e  ana lyses  supp l ied  e i t h e r  

p o s i t i v e  o r  nega t ive  i n f o r n a t i o n  on t h e  r e s e r v o i r  c h a r a c t e r i s t i c s  and helped 

t o  r e f i n e  t h e  working model of t h e  C a s t i l e  b r i n e  r e s e r v o i r s .  I n  t h e  end, the  

Rorner method proved t o  be b e s t  s u i t e d  f o r  a n a l y s i s  of t h e  a v a i l a b l e  d a t a .  

A l l  the other methods e i t h e r  produced a ~ b i g u o u s  o r  q u a l i t a t i v e  r e s u l t s ,  o r  

provided no th ing  t h a t  could n o t  a l s o  be o b t a i n s d  from tSe Horner aethod.  

Over t h e  fo l lowing  pages each of the  major a n a l y t i c a l  methods used a r e  

d i s c u s s e d .  The in fo rmat ion  ga ined  from each a n a l y s i s  i s  noted,  a s  w e l l  a s  t h e  



r e a s o n s  why each  was ul t i i r r a t e ly  d i smissed  i n  f a v o r  of t h e  Horner mt 'nod .  A 

l i s t i n g  of t h e  q u a n t i t a t i v e  rn :sul ts  from many of t h e  ne thods  i s  p r e s e n t e d  i n  

T a b l e  H . 4 .  

Rorner  Semi-Log !4ethod of Analyzing S u i l d u p  P e r i o d  Da ta  

The a p p l i c a b i l i t y  of p r e v i o u s l y  d e r i v s d  h e a t  f l c w  s o l u t i o n s  t o  ground--.gater 

f low p r o h l e ~ s  was f i r s t  d e m o n s t r a ~ 2 d  by C.V. 3 e i s  (1935) .  t'i?$ory and 

EechnTque of h i l d u p  p2r iod  ;?mi-log 3 x a I y s i s  xas s x ~ a n d e d  >y D.K. Xarner  

(1951) ,  who b rough t  t h e  p rocedure  t o  widespread use i n  t h e  pet roleum indus-  

t r y .  

Tho Eorner  w t h o d  i s  bzsed on t \ e  r a d i a l  g round-va te r  €low e q u a t i o n :  

s u b j e c t  t o  t h e  f o l l c w i n g  assumpt ions :  

1. A w e l l  of n e g l i g i b l e  s t o r a g e  c a p a c i t y  f u l l y  pene- 
t r a t e s  a  horocgeneous, i s o t r o p i c ,  h o r i z o n t a l ,  i n -  
f i n i t e ,  conf ined  r e s e r v o i r .  

2 .  Tbe h y d r a u l i c  head everywh2re w i t h i n  t h s  r e s e r v o i r  
i s  e q u a l  a n d  c o n s t a n t  p r i o r  t o  L n i t i a t i o n  of f low.  

3. A t  i n i t i a t f o n  of t h e  f low p e r i o d ,  f l u i d  wi thdrawal  
from t h e  w e l l  beg ins  and i s  m a i n t a i n e d  a t  a 
c o n s t a n t  r a t e .  

4 .  Flow towards  t h e  w e l l  i s  r a d i a l .  

5.  The f l u i d  is homogeneous. 

6 .  A t  t h e  b e g i n n i n g  of t h e  bu i ldup  p e r i o d ,  f low from 
t h e  f o r m a t i o n  i n t o  t h e  w e l l  i n s t a n t a n e o u s l y  c e a s e s .  

Given t h e s e  c o n d i t i o n s ,  t h e  f o l l o w i n g  e q u a t i o n  d e f i n e s  t h e  p r e s s u r e  changes i n  

t h e  pumped w e l l  d u r i n g  t h e  b u i l d u p  per iod:  



Beginning at the start of the buildup period, p r z s s v r e  data are collected as a 

function of elapsed buildup tine. X plot is then ?repared of buildup pressure 
t + At 

versus the log of . During the buildup p?riod when the ~ssumptions of 
the nethod are met, the data rill plot as a stratght line. As can be seen 

From the prevfcus equation, the slope of this line is equal to 

,, 2.3 
&& [Eq. 31 

and thus the kh product (transmfssivity) can be calculated if Q and i r  are 

known. 

Horner (1951) suggested a modification of this nethod for flow periods in 

which the flow rate was not held cmstant. '%is procedure was later theoreti- 

cally veriffed for the case of constant-pressure, non-constant-rate production 

(Ehlig-Economides, 1979). The procedure lnvolves calculating a nodified 
* 

production time, t with the equation: 
P' 

1;ith this nodificatfon, the equation describing pressur? Suildup at the vell 

be comes : 

Secognition of skin eEfects, wellbore storage, double-porosity behavior, 

lateral or radial inhonogeneities, and b~undary effects are possible on the 

Zorner plot, as she-m on Figure H-3. Calculation of pemeability from the 

Horner plot requfrss t h e  identification of data representing radial flow; as 

shown in Figure H-3 these data may not constitute t h e  only straight line 



p r e s e n t  on t h e  Xoroer p l o t .  X e c o g n i t i o n  of t h e  v a r i c u s  f low regimes rzpre-  

s e n t e d  d u r i n g  a  bui ldup pe r iod  can  b? a i d e d  5 y  log- log a n a l y s f s ,  a s  d i s c u s s e d  

be low. 

The Horner p l o t  was t h e  f i r s t  method by which modern d o u b l e - p o r o s i t y  a n a l y s i s  

v a s  conducted (Warren and Root ,  1963; Odeh, 1965; Razemi, 1969).  ,Although 

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

c e r t a i n  i d e a l  c o n d i t i o n s ,  two s t r z i g h t ,  p a r a l l e l  l i n e s  may d e v e l o p  when d a t a  

ar.? p l o t t e d  by  t h e  i-iorner method. The  f i r s t  s t r a i g h t  l i n e  r e p r e s e n t s  f r a c -  

tu re -bon ina ted  p r e s s u r e  Bui ldop and t !~e  second s t r a i g h t  l i n e  r e p r a s e n t s  

f r a c t u r e s  and z a t r i x  b lock r e s p o n s e .  The v e r t i c a l  s e p a r a t i o n  b c t v e e n  t h e  two 

3 I iLneS ? s  p r o p o r t i o n a l  t o  t 5 e  amount of f l u i d  s t o r a g e  i n  t h e  f r a c t u r e s .  An 

~:xan?le of t h i s  type of k h a v i o r  i s  i n c l f ~ d e d  on F i g u r e  3-3. .Y52 d i f f i c u l t y  i n  

u s i n g  t h 2  Horner method f a r  d o u b l e - p o r o s i t y  a n a l y s i s  of a c t u a l  t e s t  d a t a  i s  

t h a t  w e l l b o r e  s t o r a g e  and s k i n  e f f e c t s  o f t e n  obscure  t h e  i n i t i a l  Line ,  w h i l e  

boundary e f f e c t s  nay i n f l u e n c e  t h e  deve lop~nen t  of  t h e  second l i n e .  h e n  under  

I d e a l  u e l l b o r e  and boundary c o n d i t f o n s ,  t h e  t v o  l i n e s  w i l l  not  d2ve lop  f o r  a l l  

combina t ions  of r e s e r v o i r  c h a r a c t e r i s t i c s  ( f r a c t u r e - t o - m a t r i x  p e r n e a b i l i t y  

r a t i o ,  f r a c t u r e - t o - m a t r i x  s t o r a g e  r a t i o ) .  

The i-iorner method zay a l s o  b2 used For a n a l y s i s  of b u i l d u p  d a t a  a f f e c t e d  by 

t \ e  p r e s e n c e  of a m j o r  vertical frzcture in c o n n e c t i o ~  w i t h  the  u e l l h o r e  

( 8 u s s e l l  and T r u i t t ,  1364; Xaghzvan e t  a l . ,  1 9 7 2 ) .  The efEec t  oE such a  

f r a c t u r e  i s  t o  reduce t h e  s l o p e  of t h e  a p p a r z n t  S o r n e r  s t r a i g h t  l f n e ,  c a u s i n g  

a n  o v e r e s t i m a t i o n  of kh, and t o  c r e a t e  a  g e n e r a l  upward concave shape  t o  t h e  

Xorner  p l o t  s i m i l a r  t o  t h e  e f f e c t  of a  l a r g e  n e g a t i v e  s k i n .  .A method of 

c o r r e c t i n g  t h e  r e s u l t s  of a n a l y s e s  based on t h e  maximum s l o p e  of t h i s  p l o t  was 

deve loped  by R u s s e l l  and T r u i t t  (1964) .  The c o r r e c t i o n  f a c t o r  (F) i s  rnult i-  

p l i c a t i v e  and ranges  between a b o u t  0.3 and 1 . 0  f o r  most p r a c t i c a l  p u r p o s e s ,  

depending on t h e  e x t e n t  of t h e  f r a c t u r e .  The d e t e r m i n a t i o n  of t h e  c o r r e c t i o n  

F a c t o r  r e q u i r e s  p rev ious  knowledge of t h e  s i z e  of t h e  w e l l ' s  d r a i n a g e  a r e a .  



The Horner bu i ldup  curves  obtained from t e s t s  performed i n  both ERDA-6 and 

ZTPP-12 show cornbinations of most of the  f e a t u r e s  d i s c u s s e d  above, i . e . ,  

nega t ive  s k i n  a t  ? a r l y  t i n e s  and nega t i ve  and then pos i t i ve  ( recharge)  

5oundar ies  a t  l a t e  t i n e s ,  r e s u l t i n g  I 1 1  curves  wi th  some Eeatilres t h a t  resemble 

those  t y p i c a l  of double-porosi ty  node ls .  These f e a t u r e s ,  i n  con junc t ion  with 

the obse rva t i on  chat  t he  wel l s  i n t e r c e p t  nea r -ve r t i c a l  f r a c t u r e s ,  s t r o n g l y  

Fnf l u m c e d  the  way i n  which the  r e s e r v o i r  s o d e l  ;.as J3velaped and analyzed. 

' 3 e  r e s s r v o i r  t e s t s  conducted i n  E D X - 6  and VIP?-I2  can 5e grouped i n t o  two 

z3 jor ca tegor f  es: 

o ?.zlatLvely s h o r t  t e s t s ,  the r e s u l t s  from which 
r2prcsen t  the  c h a r a c t e r f s t i c s  of t h*  l ~ c a l  Iarae- 
f r a c t n r z  group i 3 t e r c e p t e d  by each r e l l .  

e R e l a t i v e l y  long  t e s t s ,  the  r e s u l t s  from which 
r e p r e s e n t  the  c h a r a c t c r i s t l c s  of each r e se rvo i r  
averaged over an e x t e n s i v e  area.  

The shapes  of t he  Horcgr p l o t s  from the se  t vo  ca t ego r i2 s  a r e  d i s t i n c t l y  

d i f f e r e n t  i n  terms of  e a r l y  l a r g e - f r a c t u r e  response and boundary e f f e c t s ,  and 

indeed,  t h i s  was a  :mjor in f luence  i n  grouping t he  t e s t s  t h i s  way. Figures  

H-4 through 3-7 show Rorner p l o t s  of t e s t s  c l a s s i f i e d  a s  shor t  term, and 

F igures  8-8 and H-9 s:low Horner p l o t s  from t h e  long-term t e s t s .  The l e n g t h  of 

t h e  flos and b l ~ i l d t i p  pe r iods  lind the  r e se rvo i r  t e s t ed  a r e  i i?dicat?d on t he  

f i gures .  

I n t e r p r e t a t i o n  of Respcnszs t o  Short-Term T e s t s  - A l l  the responses shown i n  

F igu re s  R-4 through H-7 show s i m i l a r  c h a r a c t e r i s t i c s .  I n  coc s ide r a t i on  of the  

l a r g e ,  n e a r - v e r t i c a l  f r a c t u r e  i n t e r c e p t i n g  t h e  WTPP-12 borehole,  the  ea r ly -  

and i n t e rmed ia t2 - t i ne  da t a  probably r ep re sen t  t r a n s i t i o n  from some degree of 

l i n e a r  f lew t o  r a d i a l  flow. The data from the  WTPP-12 t e s t  i n d l c s t e  a  l a r g e r  

degree of f r a c t u r e  i n f l uence  by t h e i r  nore pronounced curvature  than do the  

data from E D A - 6 .  I n  t h i s  s i t u a t i o n ,  t he  be s t  approximation of the  Horner 

s t r a i g h t  line i s  t he  s t e e p e s t  p o r t i o n  of the  curve  (Xussell and T r u i t t ,  

2964). The f  r a c t u r e - i  nfluenced Horner s t r a i g h t  l i n e  ends with boundary 



e f f e c t s  on a l l  t h e  s h o r t - t e r m  t e s t s .  Thase boundary e f f e c t s  a r e  due t o  t h e  

l i m i t e d  z a t u r e  of t h e  h i g h - p e r n e a h i l i t y  l o c a l  l a r g e - f r a c t u r e  Sroup.  The 

c l a s s i c a l  bsundary-a f fec ted  r e g i o n s  of t h e  p l o t s  end i~ d a t a  d ~ n i n a t e d  by 

recharge  ( ~ e p r e s s u r i z a t i o n )  of t h e  l o c a l  l a r g e - f r a c t u r e  s r o u p .  T h i s  r e c h a r g e  

m a n a t e s  from lower p e r m s a b i l i t y  r e g i o n s  of t h e  r 2 s e r v o i r s .  Tbe f a c t  t h a t  t h e  

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

s t a r t  3f each  f l c w  t e s t  i n d i c a t e s  t h a t  p r e s s u r e s  v e r e  n o t  uniform throughout  

t 5 e  h i g h - p 2 r z e a b i l i t y  and l o w - p e r z e a b i l i t y  reg:ons of t h e  r e s e r v o i r s  p r i o r  t o  

each t e s t .  The v e r y  l a t e - t l n e  bu i ldup  r 2 p r e s e n t s  a superpos i : ion  of b u i l d u p  

~ 2 s p a n s e s  of t b e  lox-permeabf l i ty  n a t e r i a l  From a l l  p r e v i o u s  t e s t s ,  and 

p o s s i b l y  t 5 e  e f f e c t s  of rock c r e e p  i n  r e s p o n s e  t o  lowered pore p r e s s u r e s .  

I n t e r e r e t a t i o n  of Y e s p ~ n s e s  t o  tong-Yers T 2 s t s  - F i g u r e s  H-e z n d  11-3 show -- -- -- - - 

c u r v a t s r e s  distinctly d i f f s r e n t  from t h e  s h o r t - t e r n  r z s p o n s e s  shown i n  F i g u r e s  

5-4 through 2 - 7 .  These long-tzrm responses  a r e  t y p i c a l  of f r a c t u r e d  o r  

s t i m u l a ~ e d  w e l l s  i n  10%-permeabi l i ty  r e s e r v o i r s  ( P e t e r s ,  1982, p e r s c n a l  

communication).  Over t h e  long d l ~ r a t i o n  of  t h e s e  t e s t s ,  t h e  volume of f n f l u -  

ence migrated w e l l  beyond the l o c a l  l a r g e - F r a c t u r e  group i n t o  t h e  s u r r o u n d i n g  

l o r p e r m e a b i l i t y  m a t e r i a l .  I n  t h i s  way, t h e  l o c a l  l a r g e - E r a c t u r e  group a c t s  

3s a n  ex tended  = e l l  i n  a  r e s e r v o i r  wi th  p e r m e a b i l i t y  e q u a l  t o  t h a t  of t h e  

aedium s u r r o u n d i n g  t h e  major f r a c t u r e s  connec ted  t o  t h e  v e l l .  

Jacob-Lohman Xethod of  Analyzing Cons tan t -Pressure  Flow Data  -- 

C.E. Jacob  and S.V. Lohman (1952) developed a  method f o r  a n a l y z i n g  v s r i a b l e -  

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

ae thods  developed by T h e i s  (1935) and Cooper and J a c o b  (1946)  f o r  a n a l y z i n g  

pressure-drawdown d a t a  g a t h e r e d  d u r i n g  c o n s t a n t - r a t e  p roduc t fon .  The condi-  

t i o n s  which must 5e  n e t  i n  o r d e r  t o  m a i n t a i n  c o n s t a n t  r e s e r v o i r  p r e s s u r e  

a r e :  ( 1 )  c o n s t a n t  f r i c t i o n  head l o s s  i n  t h e  w e l l  c a s i n g  and d i s c h a r g e  l i n e ;  

( 2 )  c o a s t a n t  f l u i d  d e n s i t y ;  and ( 3 )  c o n s t a n t  b a c k p r e s s u r e  o r  u n r e s t r i c t e d  

f low.  Although a l l  f l o v  t e s t s  conducted i n  ERDA-6 and WIPP-12 were Free-flow 

t e s t s ,  on ly  ERilh-6/~low T e s t  3 and W I P P - ~ ~ / F ~ O W  T e s t  2 meet t h e  t h r e e  r e q u i r e -  

:Dents f o r  t r u e  c o n s t a n t - p r e s s u r e  p r o d u c t i o n  (D' A ~ p o l o n i a ,  1982,  V. IITB, 



k!dendum 1) .  These a r e  tile o!ily t e s t s  t h a t  were ana lyzed  by t h e  Jacob-Lohman 

x t h o d .  ERDA-6i~lcw T z s t s  1 and 2 ver2 e l i a f n a t e d  due t o  nun-constant  f l u i d  

d e n s i t y  ( d i s c h a r g e  o f  heavy d r i l i i n g  f l ~ ~ i d s )  (DIAppolonia ,  1382,  V. I I I A ) .  
S1T v ~ L P P - ~ ~ / F L ~ w  T e s t  3 was e l i m i n a t e d  due  t o  changing b a c k p r e s s u r e  caused by s a l t  

c r y s t a l l i z a t i o n  i n  t h e  f low l i n e s  (DIAppolonia ,  1382,  Addendum I ) .  

T S e  Jacob-ioh~narr method was used  t o  t e s t  f u r  t h e  Cegree of conforrsance t o  

a s s u n p t i o n s  of  hoaogene i ty  and i n f i n i t e - a c t i n g  hzhav io r .  Tt wzs c o t  r21i2d  on 

for  q u a n t i f f c a t f o n  of r e s e r v o i r  p r o p e r t i e s  because  t h e  b r i n e  r e s e r v o i r s  were 

found t o  be f i n i t e ,  h e t e r o g e n e o u s ,  and probably  a n i s o t r o p i c ,  and t ' lus iil 

v i o l a t i o n  of assumpt ions  or! whic l~  t h e  a n a l y t t c a l  i e c h n f q u e  i s  based .  The 

f i e l d  d a t a ,  p l o t t e d  as 1 / Q  v e r s u s  l o g  t ,  d i d  n o t  p l o t  a s  t h e  b e s l r ? d  s t r a i g h t  

line u n t i l  n e a r  t h e  end of  t h e  flow t e s t s .  T h i s  i n d i c a t e d  t h a t  t h e  f l c v  r a t e  

2 2 s  d r o p p i n g  n o r s  q e i c k l y  t h a n  t h e  t h e o r y  p r e d i c t e d ,  s u g g e s t i n g  d e p l e t i o n  of 

f r a c t u r e s  ( h e t e r o s e n e i t y )  a n d / o r  boundary e f f e c t s .  For  t h i s  r ea son ,  t h e  

a e t h o d  was nore  u s e f u l  i n  d e f i n i n g  what the r e s e r v o i r s  a r s  - n o t ,  t h a n  what t hey  

are .  The r e s u l t s  of thz Jacob-Lohman a c a l y s e s  were not  used  q u a n t i t a t i v e l y ,  

a l t h o u g h  t h e y  ag reed  r e a s o n a b l y  w e l l  w i t h  t h e  Horner  a n a l y s e s  (sce Tab le  1.4). 

Z9g-Log - Tyqe-Curve - A n a l y s i s  

Xodern typ2-curve a n a l y s i s  is t h e  e o s t  v e r s a t i l e  method o f  r e s e r v o i r  eva lua-  

t i o n  a v a i l a b l e .  T h i s  v t r s a t i l i t y  is due  t o  t h e  f a c t  t h a t  t ype  c u r t e s  can  Se  

deve loped  f o r  any r e s e r v o i r  a o d e l  f o r  which a n a l y t i c a l  ~ q u a t i m s  e x i s t  ( i n  

nore cosplex s i t u a t i o n s ,  n u m e r i c a l  n o d e l s  can  be used ) .  The type  c l ~ r v z s  under 

c o n s i d e r a t i o n  were developed f o r  a n a l y s i s  of pressure-drawdo~m d a t a  d u r i n g  a 

c o n s t a n t - r a t e  f low p e r i o d  i n  a r e s e r v o i r  shoving  doub lz -po ros i ty  r e sponse  

(Bourde t  s n d  G r i n g a r t e n ,  1980).  mey may a l s o  be used  t o  a n a l y z e  b u i l d u p  d a t a  

unde r  c e r t a i n  c o n d i t i o n s .  

The tests ana lyzed  w i t h  t h e  BourJe t -Gr inga r t en  t y p e  c u r v e s  a r e :  ERDA-6/DST- 

2680-2/Sscond Buildup,  E T C D A - ~ / F ~ O W  T e s t  l /Bui lCup,  ExDA-6/~low T e s t  2 /Rui ldup,  

UL?P-~~ /FLOW T e s t  2 / ~ u i l d u p ,  and U l ~ ~ - 1 2 / F l o w  T s s t  ? / ~ u i l d u p .  The d a t a  From 

t h e  ERDA-6 t e s t s  were a n a l y z e d  by DIBppolonia p e r s o n n e l ,  and t h e  d a t a  from t h e  

WIPP-22 t e s t s  were a n a l y z e d  by Johnston-Yacco pe t ro l eum e n g i n e e r s .  



The h ; ~ p o c h e t i c a l  1Torner p l o t  showing d o u b l e - p o r o s i t y  r e s p o n s e  i n  F i g u r e  2-3 

and t h e  Zourdet -Gringar ten  t y p e  curves  a r e  based on t h e  same t h e o r y  w i t h  t h e  

e x c e p t t o i l  of w e l l b o r e  c o n d i t i o n s  Se ing  included i n  t h e  t y p e  c u r v e s .  Secause  

t h e  Horner  p l o t s  of t h e  a c t u a l  f j . e l d  d a t a  do no t  show two p a r a l l e l  s t r a i g h t  

l i n e s ,  t h e  argument f o r  a n a l y z i n g  t h e  d a t a  w i t h  t h e  d o u b l e - p o r o s i t y  t y p e  

c u r v e s  is q u e s t i o n a b l e .  T h i s  is e s p e c i a l l y  t r u e  c o n s i d e r i n g  t h e  a p p a r e n t  

i n f l u e 2 c e  of houndarfss  on t h e  d a t a ;  Soundar ios  v e r e  n o t  incl.uded i n  develop- 

:Tent of t h e  t y s e  curves. The h a s i c  d i f f a r e n c e  Setwren t h e  a c t u a l  r e s s r v o i r  

~ : ~ i ~ d l i l o n s  and t h e  assumpt ions  used t o  develop t h e  d o u b l e - p o r o s i t y  model is  

t h a t  of t % e  nnffor in i ty  of h e t e r o g e n e i t y  d i s t r i h t i o n .  The C a s t i l e  b r i n e  

r e s e r v o i r s  do not Sehave a s  i n f i n i t e ,  un i f . ? r%ly-d i s t r i ' 2u ted  h e t e r o g ~ n e o u s  

r e s ~ r v o i r s ,  a s  evidt2nced by t h e  shape of t h 2  Xorner ? L o t s .  For  t h i s  r e a s o n ,  

and ia s p i t e  of t52  f a c t  t h a t  d a t a  can be matched t o  a  d o u b l e - p o r o s i t y  type  

c u r v e ,  t h e  pa rams te r s  r e s u l t i n g  from such an a n a l y s i s  canno t  be t r u s t e d .  

Al though log- log type-curve a n a l y s e s  v e r e  not  used q u a n t i t a t i v e l y ,  log- log  

p l o t s  of t e s t  Cata were used t o  i n d i c a t e  t!le p roper  p o r t i o n s  of t h e  c u r v e s  t o  

Se used  f o r  Eorner  a n a l y s e s .  For  example, a  u n i t  s l o p e  i n  t h e  d a t a  on a  log- 

l o g  p l o t  i n d i c a t e s  s e l l b o r e  s to rage-aEfec ted  d a t a ,  and t h e s e  d a t a  s h o u l d  n o t  

be used f o r  r e s e r v o i r  c h a r a c t e r i z a t i o n .  

Zitten2ed Mxskat Method of Ana lyz ing  L a t e  Bui ldup Data 

A method of e s t i m a t i n g  p e r m e a b i l i t y ,  a v e r a g s  r e s e r v o i r  p r e s s u r e ,  and r e s e r v o i r  

volume was developed by Xuskat  (1937) .  The method i s  based on r a d i a l  f low i n  

a Sounded, c y l i n d r i c a l  r e s e r v o i r ,  and u s e s  d a t a  t h a t  a r e  c l e a r l y  i n f l u e n c e d  by 

t h e  boundar ies .  Becsuse of t h e  boundary e f f e c t s  v i s i b l e  on Horner p l o t s ,  t h f s  

ne thod  w a s  thought t o  ho ld  promise  f o r  a n a l y z i n g  t h e  boundary-a f fec ted  d a t a  

from EiClk-6 and NIT?-12. S i n c e  ? f u s k a t f s  o r i g i n a l  work, o t h e r  r e s e a r c h e r s  have 

found t h a t  t h e  method is  v e r y  s e n s i t i v e  t o  r e s e r v o i r  s h a p e  (e .g . ,  E a r l o u g h e r ,  

1977) .  Fur thermore ,  whether  t h e  f low and b u i l d u p  p e r i o d s  were m a i n t a i n e d  long  

enough t o  e l i c i t  t h e  b e h a v i o r  p r e d i c t e d  by t h e  Muskat ne thod  i s  d i f f i c u l t  t o  

d e t e r m i n e .  Probably  because  of a l a c k  of d a t a  on t h e  shape  of t h e  ERDA-6 



r e s e r v o i r ,  t h e  a n a l y s i s  of the bui ldup d a t a  f rom Flow Test  1  by t h i s  method 

y i e l d e d  perneabi1it :es so2ewhat Lnconsis tent  wi th  those  ca lcu la ted  by t h e  
T. ,:orner method. Xlthcugh chz r e s e r v o i r  ::oluxes v e r e  I n  g e w r a l  dgr??nznt r i t h  

th3se  c a l s o l a t s d  i n  S e c t i o n  3.4.3, without d a f f n i t e  i n f o r n a t i o n  on the  shape 

of t h e  r z s e r v o i r ,  l i t t l e  confidence can be p laced  i n  t h e  results of t 5 e  

;nethod. For t h i s  reason,  tha r e s u l t s  of t h e  Maskat iwlunietric a n a l y s i s  a r e  

not r e p o r t e d .  3ouadary  e f f e c t s  vere  not s u f f i c i e n t l y  v e l l  de l inea ted  i n  d a t a  

from WZPP-12 t o  warrant  a p p l i c a t i o n  of t h z  Xuska t  zethod t o  those d a t a .  

Lfnrar-Flow Analys i s  Yethod f o r  Flow Per iod Data 

The m j o r i t y  of a n a l y t i c  zethods f o r  r e s e r v o i r  t e s t i n g  a r e  based on t h e  

assunpt ioi l  t h a t  f ? u i d  flows radLally tovards  th2 p.~od t :~L :~g  ' r 'ell.  ? ~ v e ~ e r ,  if 

a w e l l  i n t e r s e c t s  a h i g h l y  conducttve f r a c t u r e ,  t h e  L iqu id-~roduc t fon  s u r f a c e  

nay no longer  be l i m i t e d  t o  the wel lbore ,  bu t  nay t n c l u d e  the f r a c t u r e .  Tn 

t h i s  s i t u a t i o n ,  t h e  flow p a t t e r n  r a y  become l i n e a r  wi th  e q u i p o t e n t i a l  s u r f a c e s  

p a r a l l e l  t o  t h e  p l a n s  of  the  f r a c t u r e .  I n  l i g h t  of t h e  observat ions  of b r i n e  

f low from f r a c t u r e s  i n  t h e  E;IDX-6 and WIPP-12 b o r e h o l e s ,  l i n e a r - f l ~ w  a n a l y s i s  

t echn iques  appeared a p p r o p r i a t e .  

Xuskat (1937) f i r s t  recognized aad developed s o l u t i o n s  f o r  l i 2 e a r  flow. 

Ear luugher  (1977) przsented a  review of a n a l y t i c a l  methods f ~ r  naoy types  of 

f r a c t u r e - a f f e c t e d  t2st data. T;?e aethod used h e r e  is a f t e r  Je2k:as and 

7 r e n c i c e  (1982). This  nethod i s  r e s t r i c t ~ d  Lo a b s o l u t e l y  l r aea r  flow, whereas 

t h e  modi f i ca t ion  of t h e  Homer nethod f o r  c o r r e c t i o n  of t h e  e f f e c t s  of a  major 

v e r t i c a l  f r a c t u r e  is  a p p l i c a b l e  t o  a l l  degrees  of r a d i a l  and l l n e a r  flow. The 

method was developed f o r  analyzing dravdowns g iven  a cons tan t  d ischarge 

r a t s .  Secause  t h e  EKDA-6 and WIPP-12 flow p e r i o d s  v e r e  conducted a s  v a r i a b l e -  

d i s c h a r g e - r a t e ,  constant-pressure  t e s t s ,  t h e  f i e l d  d a t a  rsquired conversion t o  

t h e  cor respondicg  c o n s t a n t - r a t e  d a t a .  Th i s  c o n v e r s i o n  was conducted based on 

a p rocess  developed by Jacob and Lohaan (1952) who noted tha t  the  d i f f e r e n c e  

betueen t h e  r 3 t i a  of  d i scharge  t o  drzwdown f o r  t h e  Cwo t e s t i n g  procedures 

q u i c k l y  becones saall dur ing a flow per iod.  



T h i s  method v n s  u s e d  t o  a n a l y z e  t h e  f l o w  p e r i o d  d a t a  from EXDk-5/~low T e s t  3 

and !4iP?-l2/Flow T e s t  2 .  The r e m a i n i n g  f l o w  t e s t s  d i d  n o t  z e e t  t h e  r c q u i r e -  

n e n t s  o f  c c n s t a n t - p r e s s u r e  p r o d u c t i o n  a s  d e t a i l e d  i n  t h e  d i s c u s s i o n  on t h e  

Jacob-Lohrcan a e t h o d .  f o r  t h i s  r e a s o n ,  t h e  c o n v e r s i o n  of f l o w - r a t e - d e c l i n e  

d a t a  t o  p r z s s u r e - d e c l i 7 e  d a t a  c o u l d  n o t  he  per formed f o r  u t i l i z a t i o n  of  t h i s  

t e c h n i q u e .  

mr i n e  o n l y  f a c t o r  t h a t  i n t r o d u c e d  u n c e r t a i n t y  i n t o  t h i s  ~ f i a l y s i s  v a s  t h e  u s e  of 

c a l c u l a t e d  drzwdo-m d a t a  i n s t e a d  of  t r u e  f f e l d  n e z s a r e m e n t s .  The e r r o r  i n  

t h i s  c o n v e r s i o n  i s  a  f x n c t i o n  of e l a p s e d  Flow t i m e ,  S e i n g  g r z a t e s t  a t  t h e  

l e g i n n i n g  of  t h e  t e s t  i n d  q u i c k l y  %coming s x a l l  a s  f l o w  tiae i a c r c a s e s .  

%cause t h e  p l o t s  of  6 .;ersi.ls c . z l c u l a t e d  drawdown f o r  E.?D,S-~/FIQW T e s t  3 and 

V I P ? - 1 2 / ~ l c w  ' r e s t  2 show l i ~ e a r i t y  o n l y  I n  mid- t o  1 s t ~ - t i a e  d a t a ,  no a z a l y s i s  

i _ r r o r  d u e  t~ t h e  d a t a  m a n i p u l a t i o n  i s  z x p e c t e d .  

Under  common f r a c t u r e  c o n d i t i o n s ,  l i n e a r  f l o w  p r e d o m i n a t e s  i n  e a r l y  time, 

f o l l o w e d  by e l l i p t i c a l  f l o w ,  and e v e n t u a l l y  r a d i a l  f l o w  a t  l a t e  times ( J e n k i n s  

and  ? r 2 n t i c e ,  1 9 8 2 ) .  L f n e a r i t y  of  t h e  E F t D ~ - 5 / ~ l c w  T e s t  3 p l o t  b e g i n s  a t  1440  

m i n u t e s  o f  f l o w  t i n e ,  and t h a t  of t h e  wIPT-12/Flow T e s t  2 p l o t  b e g i n s  a t  100  

m i n u t e s  o f  f l o w  time; i n  b o t h  c a s e s  t h e  l i n z a r i t y  e x t e n d s  t o  t h e  end  o f  t h e  

t e s t ,  p o s s i b l y  i n d i c a t i n g  a v e r y  l o n g  p e r i o d  o f  l i n e a r  f l o v .  .A majo r  p r o b l e m  

v i t h  t h i s  : n t e r ? r e t a t i . s n  i s  t h a t  For i n f i n i t e - a c t i n g  l c n e a r  f l o w  t o  o c c u r  a t  

l a t e  t ices,  t h e  f r a c t u r e  c o n n e c t i n g  w i t h  th2 u a l l b o r e  mist e x t e n d  n e a r l y  t h e  

e n t i r e  w i d t h  o f  t h e  r e s e r v o i r ,  snd  t h e  r e s e r v o i r  x u s t  S e  e f f e c t i v e l y  i n f i n i t e  

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

a n i s o t r o p i c  medium, w i t h  t h e  m j o r  p r i n c i p a l  d i r e c t i o n  of p e r m a b i l i t y  

p e r p e n d f c u l a r  t o  t h e  p l a n e  of t h e  f r a c t u r e ,  c o u l d  a l s o  p r o l o n g  l i n e a r - f l o w  

time. 

A l t h o u g h  t h i s  t e c h n i q u e  i n d i c a t e d  t h e  p o s s - L b i l i t y  of  l i n e a r  f l o w  t o  m a j o r  

v e r t i c a l  f r a c t u r e s  connec t ed  t o  b o t h  t h e  ERDX-6 and WIPP-12 w e l l s ,  t h i s  t y p e  

o f  a n a l y s i s  c a n n o t  e x p l a i n  t h e  d a t a  as f u l l y  a s  t h e  m o d i f i e d  r a d i a l - f l o w  

method.  Due t o  t h e  c o n c e r n s  s t a t e d  above  and  t h e  a v a i l a h i l l t y  of  a n  a l t e r n a t e  



i n t e r p r e t a t L o n  ( r a d i a l  f l o w ) ,  t h e  a b s o l u t e l y  l i n e a r  f low model is n o t  con- 

s i d e r e d  t z n a b l e .  f u r t h e r x o r e ,  w i t h o u t  d a t a  f r o a  a n  o b s e r v a t i o n  w e l l ,  t h i s  

a e t h o d  c a n  o n l y  p rov ide  t h e  v a l u e  of a  luaped pa rame te r  i n v o l v i n g  F r a c t u r e  

l z n g t h ,  t r a n s m i s s i v i t y ,  and s t o r z t i v i t y .  As such ,  i t s  u t i l i t y  i n  q u a n t i f y i n g  

r 2 s e r v o i r  p r o p e r t i e s  is l i a i t e d .  T h i s  ne thod  was t h e r e f o r e  no t  u sed  quan t  i t a -  

t i v e l y .  

C a n c l u s i o n s  

As e x p l z i n e d  ove r  t h e  p r e c e e d i n g  p a g e s ,  t h e  Hornet  method v a s  i n i t i a l l y  used 

i n  q u a l i t i t a t i v p  i n t e r p r e t a r i o n  of t h e  b u i l d u p  d a t a .  75ese  i n t e r p r e t a t i o n s  

2 2 r e  used  t o  s e l e c t  s p e c i f l c  a n a l y t i c a l  methods which vould t e s t  t h e  v a l i d i t y  

of t h e  q u a l i t a t i v e  F n t e r p r s t a t i c n s .  The r e s u l t s  of t::ese v a r i o u s  l n a l y t i c a l  

z e t h o d s ,  znd t h e i r  i m p l i c a t i o n s  r e l a t i v e  t o  t h e  p r o p e r  r 2 s e r v o i r  z o d e l  c h o i c e ,  

a re  a l s o  d i s c u s s e d .  Tlte r e s u l t  of t h i s  e l i m i n a t i o n  p r o c e s s  was t h a t  t h e  

Xorner  n e t h o d ,  a o d i f i e d  For t h e  e f f e c t s  o f  f r a c t u r i n g ,  was s e l e c t e d  a s  t h e  

most a p p r o p r i a t e  a n a l y t i c a l  n s t h o d .  A l l  p m e a b i l i t i e s  r e p o r t e d  i n  S e c t i o n s  

3.4.3 and 3.4.4 are t h e  r e s u l t s  of  Yorne r  a n a l y s e s .  

3.3.5 A n a l y t i c  Hethods f o r  Z e s e r v o i r  Volume De te rmina t ion  

T h e  volume o f  b r i n g  r e s e r v o i r s  i n  t h e  C a s t i l e  F o r m t i o n  was though t  t o  have a  

p o t e o t i a l  b e a r i n g  on t h e  s u i t a b i l i t y  of t h e  WIPP s i t e .  Knowledge of r e s e r v o i r  

i~o lumes  is o f  i 2 t e r e s t  Secause  i t  c o n t r i b u t e s  t o  t h e  a s ses smea t  o f  t h e  

g e o g r a p h i c a l  e x t a n t  of t h e  r e s e r v o i r s ,  t o  a  d e t e r m i n a t i o n  of  t h e  o r i g i n  of  

t 5 e s e  f e a t u r e s ,  and t o  n o d e l i n g  t h e  conssquences  of  i n t e r c o n n e c t i n g  b r i n e  

r e s e r v o i r s  and t h e  WIP? f a c i l i t y .  

R e f o r e  t h e  vclurne of a  r e s e r v o i r  c a n  be de te rmined ,  t h e  r e s e r v o i r  x u s t  be 

d e f i n e d .  The s i m p l e s t  r e s e r v o i r s  c o n s i s t  of homogeneous medla w i t h  s i n g l e  

t y p e s  o f  p o r o s i t y  and d i s t i n c t  impermeable bounda r i e s .  With such  a  r e s e r v o i r ,  

;he p o r e  v o l u n e  nay be de te rmined  by measurtng t h e  permanent p r e s s u r e  dep le -  

t i o n  c a u s e d  by removing a a e a s u r e d  volume o f  f l u i d .  The b r i n e  r e s e r v o i r s  i n  

t h e  Gelaware  Bas in ,  however, a r e  more complex. They are  t y p i c a l l y  a s s o c i a t e d  

w i t h  a n t i f o r m  f e a t u r e s  w i t h i n  t h e  a n h y d r i t e  members o f  t h e  C a s t t l e  Format ion ,  



snd c o n s i s t  o f  ' n e t e r c g e n e o u s  n e d i a  w i t h  n u l t t p l e  f r a c t u r e  s e t s  and  p o o r l y -  

d e f i n e d  S c ~ n d a r i e s .  >.s d e s c r i b e d  i n  S e c t i o n  3.3.1,  t h e  working  h y p o t h e s i s  is  

t h a t  t h e  EXD.4-6 and WIPP-12 b r i n e  r e s e r v o i r s  c o n s i s t  of n u i t i g l ?  i i - t tercon- 

n e c t e d  f r a c t u r e  s e t s  of v a r i o u s  s i z e s .  The l a r g e  f r a c t u r e s  i n t e r s 2 c t e d  by t h e  

v e l l s ,  d e s i g 2 a t e d  t h e  " L o c a l  l a r g e - f r a c t u r e  group" ,  have  h i g h  p e r n e a b i l i t i e s  

5 u t  l i t t l e  b r i n e  s t o r a g e  c z p a c i t y  b e c a u s e  of  t h e i r  low d e n s i t y .  The 

r n i c r o f r a c t u r e s  have  r z l a t i v e l y  low p e r w a b i l i t f e s ,  5 u t  a c c o u n t  f o r  t h e  

m a j o r i t y  of t h e  b r i n e  s t o r a g e  S e c a u s e  of  t h e i r  g r e a t a r  E e n s i t y  a n d / o r  5 e c a u s e  

r h e y  may a c t  a s  lo -w-pe rmeab i l i t y  c o n d u i t s  c o n n e c t t n g  o t h e r  l a r g e - f r a c t u r e  

g r o u p s  t o  tSe w e l l 5 o r e .  

Tn a smse ,  t h e  l a r g e  f r a c t s r z s  hdve c r e a t e d  t h e  r z s e r v o i r s  ! 4 g u i l + r a ,  

1930) .  The 1 3 r g e  f r a c t u r a s  p r o v i d e  a  c o l l e c t i o n  sys t em s i i c i l a r  t o  a n  i n f i l -  

t r a t i o n  g a l l e r y  f o r  t 3 e  b r i n e  i n  t h e  n i c r o f r a c t u r e s .  Y\ey pro-gide p r o d u c t i o n  

s u r f a c e s  which c o i x e n t r a t e  d i f f u s e  f l o w  from Large  volu-res  i n t o  d i s c r e t e  

c h a n n e l s .  J e n k i n s  and 7 r 2 n t i c e  (1382)  h a v e  t e r a e d  s u c h  a p r o d u c t i o n  s u r f a c e  

i n t e r c e p t e d  by a v e l l  a n  " e x t e n d e d  w e l l . "  Wi thou t  t h e  large f r a c t u r e s ,  t h e  

I s w - p e r a e a h i l i  t y  n i c r c f r a c ~ u r e s  g o u l d  be u n a b l e  t a  s : ~ p p l y  s i g n i f i c a n t  

q u a n t i t i e s  of  b r i n e  t o  a n y  d i s c r e t e  l o c a t i o n .  The f l o w  tests a t  E3DA-6 and  

:dT?P-12 d s n o n s t r a t e  t h a t  a f t e r  i n i t i a l  h i g h  f l o w  r a t e s ,  p r e s s u r e s  i n  t h e  l a r g e  

f r a c t u r e s  d e c r e a s e  and f low r a t e s  d e c r e a s e .  Tf t h e  w e l l  i s  t h 2 n  s h u t  i n  a n d  

b r i n e  i n  the nicrofractures Fs al l .s t ied t o  r e c h a r g e  t h e  l a r g e  f r a c t u r e s ,  t h e  

c y c l e  may 52 r s p e a t e d ,  a l h e i t  a t  s l i g h t l y  l ower  f l ow  r a t 2 s  and  p ; e s s u r e s .  I f  

long- te rm c o n s t a n t - p r e s s u r e  p r o d u c t i o n  i s  s o u g h t  however,  f l ow  r a t e s  w i l l  d r o p  

o f f  a s  t h e  low p e r m e a b i l i t y  o f  t h e  m i c r o f r a c t u r e s  comes t o  domina t e  t h e  f l o w  

reg ime .  F low nay c o n t i n u e  i n d e f i n i t e l y ,  b u t  a t  n i n i s c u l e  rates. A l o w e r  

l i m i t  f o r  t h a  volume of  t h e  r e s e r v o i r  may t h e n  be d e f i n e d  zs t h e  maximum 

volume which  c a n  52 produced  (by  a r t e s i a n  f l o w  a n d / o r  pumping) d u r i n g  t h e  

p e r i o d  whzn t h e  h i g h  pz!rrneabii i ty  o f  t h e  l a r g e  f r a c t u r e s  d o m i n a t e s  t h e  f l o w  

s y s t e m .  T 5 i s  volume i s  t h e  v o l u a e  o f  t h 2  l o c a l  l a r g e - f r a c t u r e  g r o u p  p l u s  

w h a t e v e r  s m a l l  c o n t r i b u t i o n  t h e  n i c r o f r a c t u r e s  can  make d u r i n g  t h e  s h o r t  t i m e  

r e q u i r e d  t o  d r a i n  t h e  l a r g e  f r a c t u r e s .  
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The EXDA-6 and WIPP-12 b r i n e  r s s e r v o i r s  a r e  i n t e r p r e t e d  t o  be f r a c t u r e d  

heterogeneous  r e s e r v o i r s .  I n  3 f r g c t u r e d  heterogeneous  r e s e r v o i r ,  the  f l u i d  

p r e s s u r e  i n  t h e  l a r g e  f r a c t u r e s  cay r e s c t  q u i c k l y  uhsn f l u i d  is removed, whi le  

the  f l u i d  p r e s s u r e  i n  t h e  m i c r o f r a c t u r e s  zay z x h i b i t  a  d e l a y e d  response due t o  

low p e r m e a b i l i t y .  The e f f e c t  of t h e  n i c r o f r a c t u r e  r s sponse  is t o  c o u n t e r a c t  

the  p r e s s u r e  d e p l e t i o n  i n  t h e  l a r g e  Erac tu res  as the  e n t i r e  syste:n s t r i v e s  t o  

r ? ~ a i n  equ i l ib r ium.  Th is  c r e a t e s  difficulties i n  neasuf ing  the  p ressure  

Eep le t fon  i n  the  l a r g e  f r a c t a r e s  which bas r l s u i t e d  from the  r e s a v a l  of f l u i d ,  

Sscause  t h a t  d z p l e t i o n  is no t  p 2 r m n e n t .  To q u a n t i f y  l a r g e - f r a c t u r e  volume, 

the  response of the  f l u i d  p r e s e n t  i n  t h e  l a r g e  f r a c t g r e s  n l ~ s t  50 separa ted  

from the r e s p u n s e  of  t h e  f l u i d  i n  t h e  m i c r o f r a c t u r e s .  

A s z a i - l o g  R ~ r n e r  p l o t  o f  p ressurs -bu i ldup  d a t a  c o l l e c t e d  a f t e r  a shor t - term 

flow t?st  o f f e r s  the  o p p o r t u n i t y  t o  s e p a r a t e  l a r g e - f r a c t u r e  r2sponse from 

m i c r o f r a c t a r s  response.  Tf a f low per iod  i s  very  s h o r t ,  the  f l u i d  produced 

w i l l  come predominantly from the  i a r g e  F r a c t u r e s  because the  n fc rof  r a c t u r e s  

w i l l  n o t  have time t o  respond s i g n i f i c a n t l y .  The bui ldup from such a  flow 

per iod  should l i k s w i s e  show an i n i t i a l  response due predominantly t o  l a r g e  

F r a c t u r e s  be fore  the  m i c r o f r a c t u r e s  have a  chance t~  respond. ( I n  the  hui ldup 

from a  long flow t e s t ,  the  Large- f rac tu re  response w i l l  comprise a s m a l l e r  

pe rcen tage  of t h e  t o t a l  p r e s s u r e  recovery. )  F igure  8-4 provides  an example of 

this. T5e segment o f  t h e  bu i ldup  c u r v e  l a b e l e d  "A" r e p r e s e n t s  the  l a rge-  

f r a c t u r e  response a lone.  The s2gnent l abe led  "B" r e p r e s e n t s  the e f f e c t s  of 

t h e  l a r g e - f r a c t u r z  boundar ies .  T n  segment "C", product ion comes p rsdon inan t ly  

from t h e  m i c r o f r a c t u r e s .  I f  the  "C" segment is  e x t r a p o l a t e d  t o  i n f i n i t e  t ime, 

t h e  cor responding  p r e s s u r e  approaches f u l l  recovery,  r e p r e s e n t i n g  the  

i n f i n i t e - a c t i n g  n a t u r e  of t h e  m i c r o f r a c t u r e s .  Some p o r t i o n  of the  bui ldup i n  

segment "C" nay be caused by rock c r e e p  p h y s i c a l l y  d e c r e a s i n g  t h e  s i z e  of t h e  

r e s e r v o i r ,  which would r a i s e  t h e  p r e s s u r e  i n  the  r e s e r v o i r .  

In  t h e  bu i ldup  from a  ve ry  s h o r t  f low t e s t ,  t h e  l o c a l  l a r g e - f r a c t u r e  group may 

respond a s  a  bounded system before  t h e  leu--permeabil i ty rnicroEractures have 



t h e  t ime t o  r e a c t  s i g n i f i c a n t l y .  T5e p r e s s u r e  d e p l e t i o n  measured by ex t rapo-  

l a t i n g  t h e  "3" segnen t  t o  i n f f n i t e  t l a e  may t h e r e f o r e  be used t o  c a l c u l a t e  t h e  

l a r g e - f r a c t u r e  volume, v i  t h  a  s m a l l  .al lowance For flow from c!~e microf rac -  

t u r e s .  

Xese rvof r  f l u i d  volume can 5e c a l c u l a t e d  u s i n g  t h e  e q u a t f o n :  

where V I s  t h e  r 2 s r r v o i r  f l u i d  ~ ~ o l u m e ,  LV t s  t h e  volume produced from t h e  

r e s e r v o i r ,  Lp i s  t h e  change fn  p r e s s u r e  of t 3e  r 2 s e r v o I r ,  and c t  is t h e  t o t a l  

sys tem c c a p r e s s i b i l i t y .  

T o t a l  sys tem c o m p r e s s i b i l i t y  ( c t )  i s  e q u a l  t o  p o r e  c o m p r e s s i b i l i t y  ( c  ) p l u s  
P  

f l u i d  c o m p r e s s i b i l i t y  ( c f ) .  ? o r e  c o a p r e s s i b i l i t y  was d i s c u s s e d  i n  P a r t  I T ,  

Geology,  S s c t i o n s  4.2.5 and 4.1.8. F l u i d  c o n p r a s s i 5 i l i t y  i s  a combinat ion of 

b r i n e  and g a s  c o m p r e s s i b i l i t y ,  and is d e f i n e d  a s :  

where c b  is t h e  b r i a e  c o m p r e s s i b i l i t y ,  c  is  t h e  g a s  c o i n p r e s s i b i l i t y ,  and x is 
2 

the v o l u n e t r f c  p r o p o r t i o n  of u n d i s s o l v a d  g a s  p c 2 s e n t  i n  t h e  r s s r r v o f r .  

E s t i z a t e s  of t h e  v o l u a e t r i c  p r o p o r t i o n  ( x )  of u n d i s s o l v e d  gas under s t a t i c  

r s s e r v o i r  c o n d i t f o n s  h a v e  Seen r a d e  f o r  WIPP-12 and ERDA-6 ( s e e  ? a r t  IV, 

Chemist ry ,  S e c t i o n  4 .3 .2) .  At EilDA-6, a l l  of  t h e  g a s  is  e s t f a a t e d  t o  be 

d i s s o l v e d  and x i s  z e r o .  A t  WIPP-12, s m a l l  amounts of  methane and n i t r o g e n  

a r e  n o t  d i s s o l v e d ,  and x is e s t i i z a t e d  t o  be  a p p r o x i m a t e l y  0.7 p e r c e n t .  The 

c o m p r e s s i b i l i t y  of t h e  u n d i s s o l v e d  g a s  i s  a p p r o x i a a t e l y  6 0 0  x psi-f. Due 

t o  t h e  s m a l l  p e r c e n t a g e  of gas p r e s e n t ,  t h e  e f f e c t  on f l u i d  c o m p r e s s i b i l i t y  is 

s m a l l .  1;siilg t h e  above f i g u r e s ,  f l u i d  c o n p r e s s i b i l f t l e s  of t h e  ERDA-6 and 

WIPP-12 r e s e r v o i r s  a r c  approx imate ly  2 x psi-1 and 6 x lom6 psi- f ,  

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

t h a n  t h e  u n c e r t a i n t i e s  i n  t h e  pore  c o r n p r e s s i b i l i t y  e s t i m a t e s ,  t o t a l  sys tem 



c o r n p r e s s i b i l i t i e s  w i l l  be approximated s imply by t h e  e s t i m a t e s  of pore 

c o m p r e s s i b i l i t i e s .  

Equat ion 5 may be used t o  e s t i t c a t s  3 mininurn v a l u e  f o r  the  t o t a l  r e s e r v o i r  

volume, u s i n g  t h e  t o t a l  volume produced from t h e  r e s e r v o i r  and t h e  d i f f e r e n c e  

between t h e  i n i t i a l  shuk-in p r e s s u r e  p r i o r  t o  a l l  f low and the  most r e c e n t  

2 r e s s u r e  measurment .  Th i s  volume v i l l  5e much Q r s a t e r  than the  volume 

c a l c u l a t e d  f o r  t h e  l o c a l  l a r g e - f r a c t u r e  group due t o  c o n t r i h t i o n s  from micro- 

f r a c t u r e s ,  but  w i l l  only r e p r e s e n t  t h e  p o r t i o n  of t h e  r e s e r v o i r  a f f e c t e d  up t o  

t h e  t i a e  of t 5 e  aeasurement.  IF t h e  p r e s s u r e  t r a n s i a n t  con t inues  t o  expand i n  

t h e  r z s e r v o i r ,  the  shu t - in  p r t s s u r e  sill c o n t i n u e  t o  Fccrease ,  L i~creas ing  t k e  

r e s e r ~ o i r  xrolune e s t i s a t e .  A l t e r n a t i v e l y ,  i f  a n y  p o r t i o n  of t 5 e  l a t e - t i a e  

bui ldup :s due t o  rock c r e e p ,  t$e  r e s e r v o i r  volume e s t i n a t e  w i l l  52 too i a r g e .  

See  S e c t i o n s  3 . 4 . 3  and 3 . 4 . 4  f o r  t h e  volume e s t i m a t e s  of the  ERDA-6 and WIPP- 

12 t r i n e  reservof  rs,  r e s p e c t i v e l y .  

L i m i t a t i o n s  of A n a l y t i c  Hethods f o r  R e s e r v o i r  Volume S e t e r n i n a t i o n  

The l a r g e s t  degree  of u n c e r t a i n t y  i n  u s i n g  t h e  E r a c t u r e  volume equa t ion  

p resen ted  aSove (Equat ion 5 )  i s  a s s o c i a t e d  w i t h  t h e  pore c o m p r e s s i b i l i t y ,  

c The wide range of es t imated  pore  c o m p r e s s i b i l i t i e s  presented i n  P a r t  11, P ' 
Geology, S e c t i o n s  4 . 1 . 5  and 4.1.8, r e f l e c t s  t h i s  degree  of u n c e r t a i n t y .  

E s t i ~ a t e s  of r e s e r v o i r  volune which f o l l o v  show a range of values  correspond- 

i n g  t o  the range of c o m p r e s s i b i l i t i e s .  U n c e r t a i n t i s s  r egard ing  rock c r e e p  

a l s o  s e r v e  t o  render  t o t a l  r e s e r v o i r  volume e s t i n a t e s  t e n t a t i v e .  

3 . 3 . 6  A n a l y t i c  Nethods f o r  T r e d i c t i o n  of F u t u r e  Brine  Production 

I n  node l ing  t h e  p o s s i b l e  consequences of i n t e r c o n n e c t i n g  a b r i n e  r e s e r v o i r  

w i t h  t h e  WIPP f a c i l i t i e s ,  t h e  volumes of b r i n e  which could conceivably  flow 

Erom t h e  C a s t i l e  b r i n e  r e s e r v o i r s  might be of i n t e r e s t .  Xowever, t h e  

magnitudes of  t h e s e  volumes i n  no way a f f e c t  t h e  extreme unl ikel ihood of such 

a n  i n t e r c o n n e c t i o n  o c c u r r i n g  i n  a  t ime frame of i n t e r e s t  wi thout  human 

i n t e r v e n t i o n .  



The volume o f  b r i n e  which can 52 produced from a  r e s e r v o i r  is  a lways  l e s s  t3an 

the  volurne i n  s t o r a g e .  A r t e s i a n  f low c e a s e s  a s  t h e  p r e s s u r e  head i s  d e p l e t e d ,  

and pumping s t o p s  when t h e  f o r m a t i o n  can  no l o n g e r  supp ly  enough f l u i d  t o  keep 

t h e  pullip o p e r a t f n g ,  even though i n  b o t h  c a s e s  t h e r e  reinains s u b s t a n t i a l  f l u i d  

i n  s t o r a g e .  For  any s i n g l e  f low p e r i o d ,  t h e  maximum v o l u a e  of b r i n e  which can 

flow a t  a  g iven  e l e v a t i o n  i s  gove rned  by t h e  head i n  t h e  r e s e r v o i r  which is  i n  

2 x c e s s  of t h a t  2 l e v a t i o n .  3y rea r rangement  of E q u a t f o n  5 ,  t h i s  may be 

e x p r e s s e d  a s :  

7- i rom t h e  s t a n d p o i n t  of r a d i o n u c l i 2 e  m o b f l l z ~ t i o n ,  which nay iL?vo lve  t i n e -  

Jependen t  r e % c t i o n s ,  t h e  r a t e  of fl9w i s ,  in some r z s p e c t s ,  more impor tan t  

t h a n  t h e  t o t a l  q u a n t i t y  of flsw. An e f f o r t  was cade, L h s r e f o r e ,  t o  q u a n t i f y  

t h e  f low r a t e s  which n i g h t  be  expec ted  were t h e  r e s e r v o i r s  a l lowed  t o  f low 

unh indered .  I n  t h e  pe!tro?euin i n d u s t r y ,  t h i s  g r o c e d l ~ r e  i s  kno-wn a s  d e c l i n e  

c u r v e  a n a l y s i s .  I n  a v e r y  g e n s r a ?  s e n s e ,  i t  i n v o l v e s  t h e  e x t r a p o l a t i o n  of 

obsz rved  flo-w-rate d e c l i n e s  d u r i n g  l o n g  f low p e r i o d s  t o  l o n g e r  p e r i o d s  of 

t ime.  S x t r a p o l a t i o n  t s c h n i q u e s  c a y  be e i t h e r  t h e o r e t i c a l l y  o r  ~ n p i r i c a l l y  

based.  Fe tkov ich  (1980) p r e s e n t e d  e m p i r i c a l l y  d e r i v z d  n s t h o d s  of ~ r e d i c t i n g  

d e c l i n e s  i n  f low r a t e s  w i t h  t tme f o r  5onogea2ous s y s t z n s .  J a c o b  and tohman 

(1952) - p r e s e n t e d  a  t h e o r e t i c a l l y  d ~ r i v e d  t y p e  c u r v e  f o r  f l e w - r a t e  d e c l i n e s  i n  

i n f i n i t s ,  homogeneous sys tems ( s e e  F i g u r e  X-10). !3a F r a t  e t  a l .  (1981) 

p r e s e n t e d  a  type-curve  mzthod For p r e d i c t i n g  p r o d u c t i o n  d e c l i n e s  i n  f i n i t e  

homogeneous and doub le -poros i ty  sys tems  ( s e e  F i g u r e  H-10). 3ecause  of t h e  

d u a l  r s s p o n s e  conmon t o  bo th  c l a s s i c a l  doub le -poros i ty  and f r a c t u r e d  

h e t e r o g e n e o u s  sytems,  d o u b l e - p o r o s i t y  d e c l i n e  c u r v e s  m y  be used q u a l i t a t i v e l y  

t o  p r e d i c t  g e n e r a l  f e a t u r e s  of f l o w - r a t e  d e c l i n e s  i n  f r a c t u r e d  he te rogeneous  

sys tems .  For Gouble-porosi ty  s y s t e m s ,  Da P r a t  e t  a l e  fouad t h a t  a f t e r  a s h a r p  

i n i t i a l  d e c l i n e  i n  f low r a t e ,  r s p r e s e n t i n g  f r a c t u r e  d e p l e t i o n ,  t h e r e  is  a  long 

p e r i o d  of r e l a t i v e l y  c o n s t a n t  f l o w ,  r e p r e s e n t i n g  combined n a t r i x  and f r a c t u r e  

f low,  b e f o r e  t h e  f i n a l  d e c l i n e  i n  f low r a t e  r e p r e s e n t i n g  t o t a l  sys tem 



d e p l e t i o n .  A similar r e s p o n s e  nay be expec ted  from a f r a c t u r e d  hz t e rcgeneous  

s y s t e n ,  a s  F i r s t  t h e  l o c a l  l a r g e - f r a c t u r e  group i s  d e p l e t e d ,  F a l l ~ w e d  5y t h e  

more p ro longed  d e p l e t i o n  of  t h e  n i c r o f r a c i u r e  sys tem.  

3 . 4  RESULTS OF TESTING 

3 s t a  from t h e  h y d r o l o g i c  t e s t i n g  program were a n a l y z e d  u s i n g  t h e  methods 

d i s c u s s e d  above .  A l l  d a t a  a c q u i r e d  duri:?g the  p r e s e n t  5 e s t i n g  prcgram were 

t h o r o u g h l y  examined.  Zr. m n y  c a s e s ,  >awever,  th?  d a t a  t o  be r e j e c t e d  a s  

u n r e l f a b i e  Because  o f  t e c h n i c a l  l i m i t a t i s > a s  of t h e  F a s t r u ~ e n t a t i o n  used (e.g., 

t h e  chcke e f  f e e t  i n  DST t o o l  e n t r y  p o r t s )  o r  o ~ e r a t i c n a l / ~ e c h a n i c a l  baf i c i a n -  

c f e s  ( e . g . ,  ;-;32vy mgd i n  t h e  h o l e  a f f e c t i n g  f l o w  r a t e s ;  l e a k y  blowout prs- 

. - en t3 r  o r  l u b r i c a t o r ) .  In some c a s e s ,  :he d i s c r s p a n c i e s  betveen t h e  essump- 

yi .2ns of c e r t a i n  a r1a ly i i c ,31  r e t h o d s  and > x i s t i n g  c o n d i t i 3 s s  yere too  l a r g e  t o  

c o n s i d e r  s n a l y s i s  r e s u i t s  r e i t a b l e .  Only t h e  n o s t  r 2 i i a b l e  d a t a  and on ly  t h e  

a n a l y t i c a l  methods b e s t  s u i t e d  t o  t h e  a c t ~ a l  r s s s r v o i r  c o n d i t i o n s  were used t o  

q u a n t i f y  r e s e r v o i r  p r c p e r t i g s  i n  t h i s  r e p o r t .  tsss r e l i a b l z  r e s u l t s  were csed  

as  q u a l i t a t i v e  backup. A 1 1  d a t a  no t  e x p l i c i t l y  i n t e r p r e t e d  i n  t h i s  r e p o r t  a r e  

c o n t a i n e d  i n  D 'Appolonia  (1982). 

3.4.1 H y d r a u l i c  ~ o n n e c t i v i t ~ / ~ s o l a t i o n  Assessment 

T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  o f  a n a l y s e s  p e r f o r z e d  t o  a s s e s s  t h e  deg ree  

of h y d r a u l i c  c a n n e c t i o n  bz tween the Cast ils r e s e r v a f r s  of E.Wd-6 and IZI??-12, 

and between t h ~ s e  r z s e r v o i r s  and o t h e r  ground va ters .  Thrae  types  cE ap- 

p roaches  were  o u t l i n e d  i n  S e c t i o n  3.3.2 for  u s e  i n  t h i s  a n a l y s i s :  ( 1 )  

i m p l i c a t i o n s  of h i g h  (and d i f f e r e n t )  h y d r a u l i c  heads  obse rved  f o r  va r ious  

b r i n e  r e s e r v o i r s  and g r o u n t - u a t s r  systems; (2 )  a n a l y s i s  o f  t h e  d i s t r i b u t i o n  of 

b r i n e  o c c u r r e n c e s  i n  t h e  Delaware Bas in ;  and ( 3 )  i n t e r f e r e n c e  t e s t i n g  (moni- 

t a r i n g  o f  p r e s s u r e  i n  o b s e r v a t i o n  w e l l s  d u r i n g  floa and b u i l d u p  t e s t s ) .  

% l i c a t i o n s  o f  t h e  High (and D i f f e r e n t )  R y d r a u l i c  Fieads Observed i n  t h e  
C a s t i l e  F o r n a t i o n  

A l l  kncwn C a s t i l e  b r i n e  r e s e r v o i r s  f l ow a t  ground s u r f a c e  and have h y d r a u l i c  

heads  h i g h e r  than any o t h e r  wa te r -bea r ing  Eormation known i n  t h e  Delaware 

Bas in .  F i g u r e s  H-11 and H-12 p r e s e n t  t h e  h y d r a u l i c  heads  of  t h e  r e s e r v o i r s  



and f o r ~ a t i o n s  o f  i n t e r e s t  i n  t h i s  d i s c u s s t a n .  F igu r s  3-11 p r e s e n t s  t h e s e  

da t a  a s  a p l o t  of p r e s sv re  versus  dep th ,  a n d  Ffgure  E-12 ? r e s e n t s  t o t a l  

h y d r a d l i c  head va lues  r e f e r enced  t o  mean s e a  l e v e l  and c a l c u l a t e d  f o r  t h e  

s p e c i f i c  g r a v i t y  of pure wate r .  F i g u r e  H-13 p r c s e n t s  the  s p a t i a l  1 3 i s t r i h u t i o n  

of known r e s e r v o i r  hzads .  

Secause t h e  h y d r a u l i c  heads of t 5e  C a s t i l e  r e s e r v o i r s  a r e  h ighe r  than t h s e  of 

t h e  f l u id -bea r l ng  Foricaticns both aSave and helow t h e  C a s t i l z  Fo rna t i on ,  t h e  

on ly  p o t e n t i a l  flcw d i r e c t i o n  bs tveen  f o r ~ a t i o n s  i s  from t h e  C a s t i l s  bo th  

spwards  and dcwnwards. P u r t h ~ r m o r e ,  hecause t h e  C a s t i l e  heads ,  uhfc5  range  

from L530 fee t  i n  'GI??-12 t o  5551 f 2 e t  I n  ERDh-6, a r e  hLgher t5an heads  a t  t he  

h i s h e s t  :-.xawn p o t e n t i a l  r echarge  zone f o r  3e l sva r2  Sas in  ground v a t r r s  (3900  

f e e t  a t  t he  c u t c r o p  of t h e  Cayit.3n r e e f )  (?ewers e t  a l . ,  ! 9 7 8 ) ,  t !~e C a s t i l e  

r e s e r v o i r s  czznot  r z ce ive  recharge through i n f  1.1 t r a  t i o n  from t 5 e  s d r f a c e .  

Given t h a t  t h e  most r z cen t  t e c t o n i c  even t  which could have c o n t r i b u t e d  t o  t h e  

fo rmat ion  of t h e  C a s t i l e  domal s t r u c t u r e s  (and by i n f e r e n c e ,  t h e  r e s e r v o i r s )  

occurr3d over  one m i l l i o n  yea r s  ago ( T a r t  11, Geology, S e c t i o n  4 .3 .2) ,  a l o n g  

with  t h e  f a c t  t h a t  C a s t i l e  b r i n e  r e s e r v o i r s  can r ece ive  no recharge  Srom an  

o u t s i d e  sou rce ,  t he  z a in t enance  of t h z s e  h igh  h y d r a u l i c  heads can on ly  be due 

t o  t h e  e x t r e a e l y  low p ~ r n e a h i l i t ? e s  of t h e  C a s t i l e  and Salado F a r n a t i o n s  and 

t h e  r e s u l t i n g  isolation of t > e  C ~ s t f l s  brtnes. .% s i m i l a r  a rzunent  can 5e 

appl i?d  i n  ccrtcludfng t h a t  t h e  $ITP-12, E3DX-6, Relco, a n d  Gulf Coviagton 

r e s e r v o i r s  shown i n  FFgure H-13 a r e  i s ~ l a t e d  from one ano the r  due t o  t h e  

p resence  of non-co~munica t ive  mat r ix .  The p e r s i s t e n c e  of h igh ,  and d i f f e r e n t ,  

h y d r a u l i c  heads w i t h i n  t h e  C a s t i l e  F o r m t i o n  i s  ev idence  of t h e  l a c k  of 

c o n n e c t i v i t y  h3tween t h e  C a s t i l e  b r i n e  r e s e r v o i r s  and between t h e  C a s t i l e  

Formation a s  a whole and o t h e r  ground wa t e r s  i n  t h e  bas in .  

The above argument e x p l a i n s  t h e  maintenance of t h e  h lgh  h y d r a u l i c  heads  I n  t h e  

C a s t i l e  Formation but does no t  e x p l a i n  t h e i r  o r i g l n .  T a r t  11, Geology, 

S e c t i o n  4.3.3 p rov ides  a  d i s c u s s i o n  of p o s s i b l e  o r i g i n s  of high h y d r a u l i c  

heads .  



Z b s e r v a t i o n  of B r i n e  O c c u r r e n c e s  

T a b l e  H.l p r e s e n t s  2 a t a  cn t h e  docgsented b r i n e  occlJrrences i.? the  C a s t i l e  

F o r n a t i o n  i n  the v i c i n i t y  of  t h e  WIP? s i t e .  .is i n d i c a t e d  i n  T.351e H.1, a l l  

these w e l l s  flowed a t  grcund s u r f a c e  wi th  i n i t i a l  flow r a t e s  ranging from 

about  700 t o  20,000 b a r r e l s  per d z p ,  i n d f c a t i n g  s l ~ b s t a n t i a t  e l e v a t e d  l o c a l  

p e r w a b i l i t y .  C r i l l i n g  d a t a  from t 5 e  nor the rn  Delaware Basin i n  g e n e r a l  

s u g g e s t  t h a t  su5star1t ia . l  volunes o f  b r i n e  a r e  encountered ~ n l y  i n  d i s c r e t e  

l o c a t i o n s  I n  F r a c t ~ ~ r e s  vh ich  appear  t o  be a s s o c i a t e d  wi th  & n t i f c r m a l  

s t r u c t u r e s ;  no ev id2nce e x i s t s  t o  sl lggest  a r e s i c n a l ,  honogeneous a q u i f e r  i n  

t h e  C a s t i l e  F o r m t i o n .  

Tn s:lmrzzry, o5sery;ations of t1;2 O C C U ~ ; T ~ ~ ? C S S  of b r ine  i n  tt72 C a s t i l e  F ~ r z s t i o n  

sugges r  tAe e x i s t s n c e  of s z p a r a t e  r z u 2 r v o i r s .  This  c o ~ c l u r i o n  i s  supported by 

t h e  Following p o i n t s :  ( I )  n e a s u r a b l e  anounts  of b r i n e  only  Qccur i n  

a s s o c i a t i o n  with f r a c t u r e s ;  ( 2 )  f r a c t u r i n g  of the t inhydrite aeinbers of t h e  

C a s t i l e  Forna t ion  sppears  t o  be a s s o c i a t e d  wi th  a n t i  form s t r u c t u r a l  f e a t u r e s  

(?art  11, Geology, S e c t i o n  4 .2 ) ;  and ( 3 )  t h e s e  ant i form s t r u c t u r a l  Features  

are non-continuous. The number of r e s e r v o i r s  r epresen ted  by t h e  t h i r t e e n  

docuaented b r i n e  occur rences  cannot  be determined wi th  the  a v a i l a b l e  d a t a .  

Civen t h e  h y d r a u l i c  head d i f f e r e n c e s  which e x i s t  between the  YITF-12, ZR3.4-6, 

S e l c o ,  and Gulf C3vington w e l l s ,  and chemical  d i f f s r e n c c s  In t h e  b r ines  from 

t h e  EX3A-6 and Union % e l l s  (see  P a r t  IV, C h @ ~ d s t r y ,  S e c t i o n  3 . 3 ) ,  z minimum of 

f i v e  r e s e r v o i r s  is sugges ted .  

I n t e r f e r e n c e  T e s t i n g  

During t e s t i n g  of t h e  EEIA-6 b r i n e  r e s e r v o i r ,  p ressures  were monitored i n  

o b s e r v a t i o n  w e l l  AZC-7 a t  t h e  r e q u e s t  of t h e  New Hexico Environnenta l  Eval- 

u a t i o n  Group. (MC-7 encountered s m a l l  q u a n t i t i e s  of  f l u i d  a t  su5-ar tes ian 

p r e s s u r e . )  ' u p o n  i n t e r c e p t i o n  of t h e  b r i n e  r e s e r v o i r  and t e s t i n g  i n  WIPP-12, 

EUA-6, a t  t h a t  tlme under shut-13 c o n d i t i o n s ,  uas  u t i l i z e d  a s  a primary 

o b s e r v a t i o n  w e l l .  Observa t ions  con t inued  a t  AEC-7 u n t i l  Ceceaber 16, 1981. 

No p r e s s u r e  changes i n  any of t h e s e  w e l l s  which could i n d i c a t e  any degree  of 

h y d r a u l i c  connect ion between f lowing and observa t ion  v e l l s  v e r e  observed.  



-  he p r e s s u r ?  d a t a  o b t a i n e d  from ERDA-6 d u r i n g  fiow t e s t i n g  ( d e p r e s s u r i z a t i o n )  

of  t h e  NIP?-12 r e s e r v o i r  shcw c o n t i n u o u s l y  r i s i c g  p r e s s u r e  ( F t g u r e  2-14,  

t a b u l a t e d  d a t a  i n  D ' h p p o l o n i a ,  1982,  Addendum 1, 1 2 . 1 9 ) .  T h i s  r i s i n g  t r e n d  

r z f l e c t s  p r e s s u r e  r e c o v s r y  i n  r e s p o n s e  t o  t b e  l a s t  f l : > v  tes t  p e r f o r n e d  i n  

ZRDX-6  i n  November, 1951.  T h e r e  is  no i n d i c a t i o n  t h a t  t h i s  p r e s s u r a  t r e n d  was 

a f f e c t e d  by t e s t i n g  a t  VIP?-12. T h i s  was t h e  e x p e c t e d  r e s u l t ;  t h e  ERDX-6 and 

::I??-12 r e s e r v o i r s  wers i n t e r c e p t e d  i n  what a r e  i n t e r p r e t e d  t o  be d i f f e r e n t  

a n h y d r i t e  nemlrers of  t h e  C a s t i l e  F o r m a t i o n  which a r e  t h c u g h t  t o  Se  c o n t i n u -  

o u s l y  s e p a r a t e d  Eroiil e a c h  o t S e r  5y h a l i t e  ( F i g u r e  2-15). F u r t h e r m o r e ,  ' t h e  

~ s s e r v o i r  t 2 s t s  a t  5 0 t h  s i t e s  i n d i c a t e  l i m i t e d  z o n e s  o f  l a r g e - f r a c t u r e -  

e n h e n c e d  p e r n e a b i l i t y .  ??us, t h e  r e s e r v o i r s  a r e  l i m i t ? d  i n  a r e a l  e x t e n t  even  

wi t h t n  t h e i r  r e s p e c t i v e  a n h y d r i  t e  n s n b e r s .  

T f  t h e  r e s e r v o i r s  v s r e  c o n n e c t e d  by a  F r a c t u r e  s y s t e m ,  t 5 e  f r a c t u r e  d i s t r i b u -  

t i o n  would S e  s x p e c t e d  t o  c o i n c i d e  w i t h  t h e  d i s t r i b u t i o n  o f  t h e  a n t i f o r m s .  

T h i s  d i s t r i b u t i o n  vould  n o t  be  u n i f o r m .  C o n n e c t i o n  ( i f  any )  OF h i g h l y  

fractured zones  i n  t h e  f l a n k s  o r  crests of d i f f e r e n t  a n t i f o r m s  c o u l d  b e  

t h r o u g h  i n t e r c o n n e c t i n g  f o l d  arms bounded by l a r g e  z o n e s  of  u n f f a c t u r e d  

rock .  The s t o r a g e  c a p a c i t y  of s u c h  a  F r a c t u r e d  r e s e r v o i r  s y s t e m  would be  v e r y  

s aa l l  comparzd t o  a u n t f o r m  f r a c t u r z - d i s t r i b u t i o n  a r r a n g e m e n t  f o r  t h e  e n t i r e  

a n h y d r i t e  l a y e r .  Fo r  this r e z s o n ,  F n t z r f e r e n c e  t e s t  e q u a t i o n s  b a s a d  on radial 

f l o w  ( u n i f o r m  f r a c t u r e  d i s t r i b u t i o n )  c o u l d  g r e a t l y  u n d e r e s t i m a t e  t h e  propaga-  

t i o n  of p r e s s u r s  drawdoun i n  t h e  r e s e r v o i r .  T h i s  f a c t  made q u a n t i t a t i v e  

p r e d i c t i o n s  of  t h e  p r e s s u r e  r e s p o n s e  which  migh t  have b e e n  e x p e c t e d  d u r i n g  t h e  

i n t e r f e r e n c e  t e s t s  i m p r a c t i c a l .  

P r e s s u r e  d a t a  r e c o r d e d  i n  E C - 7  d u r i n g  d e p r e s s u r i z a t i o n  and t e s t i n g  of  t h e  

ER3A-6 b r i n e  r e s e r v o i r  showed c o n t i n u o u s l y  f a l l i n g  p r e s s u r e  ( F i g u r e  H-16, 

t a b u l a t e d  d a t a  i n  D t A p p o l o n i a ,  1982 ,  12 .19 ) .  T h i s  t r e n d ,  however ,  began  p r i o r  

t o  d e p r e s s u r i z a t i o n  of t h e  EiZDA-6 b r i n e  r e s e r v o i r ,  and d i d  n o t  a p p e a r  t o  b e  

i n f l u e n c e d  by  f l o w  tests and  p r e s s u r e  b u i l d u p s  e i t h e r  i n  ERDA-5 o r  WTPP-12. 



T h i s  i n f o r m a t i o n  hov?ve r ,  s h o u l d  be t r e a t e d  w i t h  c a u t i o n  because  t h e  s t r a t i -  

g r a p h i c  u n i t s  from which b r i n e  :*as produced i n  EXDA-6 (Xnhydr i t e  IT) and WIPP- 

1 2  ( A n h y d r i t e  111 )  were  not  i s o l a t e d  (packed  o f f )  i n  AEC-7. The open b o r e h o l e  

sys t em is v e r y  i n s e n s i t i v e  t o  s m ~ l l  p r e s s u r e  changes .  A c o n t r i b u t i n g  F a c t o r  

t o  t h s  p r e s s u r e  d e c l i n e  oE 2 .1  p s i  o v e r  t x o  months i n  AEC-7 m y  have been t h e  

enp lacemen t  of  t h e  t r d n s d u c e r  i n  t h e  w e l l b o r e ,  which vou ld  have d i s p l a c e d  t h e  

v a t e r  l z v e l  by a b o u t  one  f o o t ,  f o l l owed  by a s low decay  t o  i t s  o r i g i n a l  l e v e l .  

I n  suinmary, t h e  r e s u l t s  of  i n t e r f s r e n c e  t e s t t n g  i n d i c a t e  t h a t  h y d r a u l i c  con- 

n e c t l o n s  5 e t v e e n  t h e  533A-6 2nd VIP?-12 r ~ s e r v o i r s ,  2nd t h e  ZRDA-6 o r  YIPF-12 

r e s e r v o i r s  and AZC-7, do n o t  e x i s t ,  o r  t h e  d e g r e e s  of  c s n n e c t f o n  a r e  t o o  low 

t o  b2 s;:asured by th? aec55ds  csp1oye.d i n  t h i s  i n v e s t  i g s t i o n .  . < d d i ~ i o n a l l y ,  

:he f a c t  t h a t  h y d r a u l i c  Sead diffzrences have p e r s i s t e d  : > e t ~ e e n  t 5 e  r e s e r v o i r s  

and t h e  . a - 7  f l u i d  c v e r  a t  l e a s t  a m i l l i o n  y e a r s  i n d i c a t e s  t h a t  any d e g r e e  of 

c o n n e c t i o n  which might  ? x i s t  i s  a£  a n  o r d e r  too low t o  be d e t e c t e d  by any 

a x i s t i n g  i a t z r f e r e n c e  t e s t i n g  t e c h n i q u e s ,  and  i h 2 r e f o r e  i s  of no s i g n i f i c a n c e  

t o  s i t e  s u i t a b i l i t y .  

3 .4 .2  P o t e n t i a l  f o r  B r i n e  Flow ta  WITP F a c i l i t i e s  

Xo a t t e m p t  h z s  b ~ e n  z a d e  t o  a s s e s s  q u a n t i t a t i v e l y  t h e  Flow r a t e  i n t o  t h2  was t e  

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

C a s t i l e  F o r n a t i o n .  Th2 Eol lowing  i s  a d i s c u s s i o n  oE tk:e g e n e r a l  h y d r o l o g i c  

f e a t u r e s  whfch vou ld  c o n t r o l  s u c h  f?ow. 

The f a c t  t h a t  t h e  C a s t i l e  b r i n e  r e s e r v o i r s  have  m i n t a i n e d  h igh  h y d r a u l i c  

h e a d s  o v e r  a t  l e a s t  t h e  l as t  m i l l i o n  y e a r s  i n d i c a t e s  t h a t  v e r y  l i t t l e  v e r t i c a l  

n i g r a t i o n  o f  b r i n e  h a s  o c c u r r z d  under  t h e  e x i s t i n g  h y d r a u l i c  g r a d i z n t .  I n  

z f f e c t ,  t h e  r e s e r v o i r s  a p p e a r  t o  be t o t a l l y  i s o l a t e d .  The e x i s t i n g  head a t  

t h e  v a s t e  d l s p o s a l  h o r i z o n  p r i o r  t o  t h e  c o n s t r u c t i o n  of  underground open ings  

z a y  52 approx ima ted  5y  a column of b r i n e  e x t e n d i n g  from t5e s u r f a c e  t o  t h e  

d i s p o s a l  h o r i z o n .  A t  a  p r e s s u r ?  g r a d i e n t  of  0.5378 psi!f t ,  such  a  column 

would e x e r t  a  p r e s s u r e  o f  a b o u t  1154 p s f g  a t  t h e  d i s p o s a l  h o r i z o n .  By 

compar i son ,  t h e  p r e s s u r e  i n  t h e  WIPP-12 w e l l b o r e  a t  t h e  d i s p o s a l  h o r i z o n  is 



a b o u t  2395 p s i g .  The p r e s s u r e  d i f f e r e n t i a l  he tween  t h e  WIPP-12 r e s e r v o i r  and 

t h e  d i s p o s a l  h o r i z o n  under  p r e s e n t  c o n d i t i x s ,  n h i c h  is d f r e c t l y  p r o p o r t i c n a l  

t o  t h e  h y d r a u l i c  g r s d i e n t ,  Is t h e r e f o r e  1395 - 1154 = 241 p s i .  When t h e  w a s t e  

b l s ~ o s a l  f a c i l i t y  i s  opzned,  t h e  p r e s s u r e  a t  t h e  d i s p o s a l  h o r i z o n  w i l l  d r o p  t o  

a t m c s p h e r i c  (0 p s i g ) .  The p r e s s u r e  d i f f 2 r e n t i a L  w i l l  t h e n  b e  1335 p s i ,  

a p p r o x i m a t e l y  a s i x - f o l d  i n c r e a s e .  The d i s p o s a l  f a c i l i t y  w i l l  o n l y  be open  

f o r  a  f2w t e n s  of  y e a r s ,  a f t e r  which  i t  w i l l  Se s e a l e d  and t h e  p r e s s u r e  w i l l  

r e t u r n  t o  i t s  p r e s e n t  s t a t e  a s  s a l t  c r e e p  cL3ses t 5 e  f a c i l i t y  c p e n i n g s  o v e r  

perhzps  a  t housand  y 2 s r s  (Case  e t  31. (1982)  s u g g e s t  35  p e r c e n t  c l o s u r e  a f t e r  

250  y e a r s ) .  I f  no F I c r  h a s  o c c u r r e d  u n d e r  t h e  r x t s t i n g  h y d r a u l i c  g r a d i e n t  

o v e r  a t  l e a s t  one n i l l i o n  y e a r s ,  :lo f l o w  w i l l  o c c u r  t f  t h e  g r a d i e n t  is 

fncr2ased by a f a c t o r  o f  s i x  f o r  a  t h o u s a n d  y e a r s .  S i m i l a r  c a i c u l a t i o n s  c a n  

5e nzdz vh ich  show t F a t  no flow f rom a n y  C a s t i l e  b r i n e  r e s e r v o i r  w i l l  a f f e c t  

t h e  w a s t e  d i s p o s a l  f a c i l i t y .  

3 .4 .3  < % a n t i f f c a t i o n  of X E A - 6  R e s e r v o i r  Yode l  

T e m e a b i l i t y  D f s t r i h t i o n  

H y d r o l o g i c  t e s t i n g  i n  ERDA-6 y i e l d e d  i n f o r m a t f a n  on t h e  h y d r o l o g i c  p r o p e r t i e s  

o f  t h e  A n h y d r i t s  I1 aember of  t h e  C a s t i l e  F o r m a t i o n .  The r e s u l t s  of t h e s e  

a n a l y s e s  were g rouped  i n t o  t h r e e  c a t e g o r i e s :  t h e  f i r s t  two l i s t e d  be low 

r s p r s s e n t  r e s e r v o i r  c h z r a c t e r i s t i c s ,  t h e  t h i r d  i s  more c h a r a c t e r i s t i c  o f  t h e  

i n t a c t  a n h y d r i t e .  

e R e s u l t s  from r e l a t i v e l y  s h o r t - t e r m  h y d r o l o g i c  t e s t s  
r e p r e s e n t i n g  t h e  p e r m e a b i l i t y  o f  t h e  l o c a l  l a r g e -  
f r a c t u r e  g roup  n e a r  t h e  w e l l b o r e  (DST-2680, Flow T e s t  
1) 

R e s u l t s  of  r e l a t i v e l y  long- tz rm h y d r o l o g i c  tests  
r e p r e s e n t i n g  t h e  a v e r a g e  p e r m e a b i l i t y  o v e r  an  
e x t z n s f v e  r s g i o n  of  t h e  r z s e r v o i r  (Flow T e s t  2 and 
Flow Tzst 3 ) .  These v a l u e s  a r e  s u b s t a n t i a l l y  
i n £  l u e n c e d  by l o ~ w - p e r m e a b i l i t y  r e s e r v o i r  c o n p o n e n t s .  



e R e s u l t s  of r e l a t t w l y  shor t - t e rm t e s t s  conducted a t  
t h e  c o n t a c t  of t h e  H a l i t e  I1 and Anhydrite XI nembers 
of  t h e  C a s t i l e  F o r ~ a t f o n  (DST-2472). T5ere a r e  no 
a a j o r  f r a c t u r e s  i i ; t e r c e p t i n g  t h l s  p o r t i o n  of the  we l l  
and i t  ls not considered a s  p a r t  of the  ERDA-6 
r e s e r v o i r .  

The p e r s e a b i l i t y  o f  a rock mass d o e s  not  u s u a l l y  change over t h e  l eng th  of 

t i n e  necessa ry  t o  run a hydro log ic  t e s t .  ?owever, i n  a  5eterogeneous r e s e r -  

v o i r  ccmposcd of f r a c t u r e s  of d i f f e r e n t  s i z e s  wi th  dLf fe ren t  hydro log ic  

2,oundarizs,  t h s  apparznt  p e r n e a b i l i t y  w i l l  change aver  the  d u r a t i o n  of a  t e s t  

3s d i f f e r e n t  z l e n e n t s  of thc  r e s e r v o i r  a f f e c t  t h e  flow o r  p ressure  Sehavior .  

YodelLng o f  th?  flow or p r e s s u r e  r2sponss  5ased on boundary locations and 

s h a p e s  has not  %en atte:xp:sd 6ue  izo l a c k  of d a t a .  T n s t e s d ,  the  e f f e c t s  of 

:hese h e t e r o g s n e i t f e s  a r e  l u a p e d  i n t o  t h e  epparen t -p i t rne2Si l i ty  term repor ted  

For t h e  long-tera t e s t s .  >.nother p o s s i b l e  Factor  s e r v i n g  t o  reduce the  long- 

term p e r n e a b i l i t y  i s  e v a l u t f o n  of gas  i n  the r e s e r v o i r  and t h e  r e s u l t i n g  

r e d u c t i o n  of  p e r m e a b i l i t y  t o  b r i n e .  The r e s u l t s  of chemical  a a a l y s e s  i n d i c a t e  

t5is may be a minor e f f e c t  i n  WIT?-12, and w i l l  not he a  Factor  i n  E.UA-6 

( P a r t  T V ,  Chemist ry ,  S e c t i o n  4.3.2),  due t o  d i f f e r e n c e s  in gas c o n t e n t s  and 

p r e s s u r e s  i n  t h e  two r s s e r v o i r s .  

Xany terms I n  t h e  p e r n e a h i l i t y  e q u a t i o n s  have va lues  which are c o n s i s t e n t  

zhroughout t h i s  r s p o r t ,  and t h e s e  a r e  l i s t e d  below: 

T h e  pa ramete r  va lues  unique t o  i n d i v i d u a l  a n a l y s e s  a r e  l i s t e d  i n  t h e  s e c t i o n s  

referencing t h o s e  i n d i v i d u a l  t e s t s .  



Short-Term R e s e r v o i r  T e s t s  - During shor t - t e rm h y d r o l o g i c  t e s t s  wi th  r e l a -  

t i v e l y  h igh  f low r a t e s ,  p r e s s u r e  drawdown is  I n i t i a l l y  r e s t r i c t e d  l a r g e l y  t o  

t h e  n a j o r  f r a c t ~ ~ r e s .  Upon s h u t t i n g  t h e  v e i l  i n ,  p r e s s u r e  e q u a l i z a t i o n  o c c u r s  

q u i c k l y  throughout  t h e  w e l l - f r a c t u r e  system, b u t  complete  r ecovery  canno t  

o c c u r  v i t h o u t  c o n t r i b u t i o n  from lo; l -peraeabi l i ty  r e s e r v ~ i r  components. 3e- 

c a u s e  of t h e  h i g h  p r e s s u r e  g r a d i e n t  i n  t h e  major  f r a c t u r e s ,  t'ae i n i t i a l  pr2s-  

s u r s  change d s s v c i a t e d  wi th  p r e s s u r e  e q u a l i z a t f o n  i s  l a r g e .  Ana lys i s  of 

p r e s s u r e  Csta  from t h i s  type  of  t e s t  y l e l d s  p e r m e a b i l i t y  v a l u e r  representative 

o f  t h e  major f r s c t u r e s  near t h e  w e l l .  

T a b l e  2.2 p r s s e n t s  a  list of a l l  h y d r o l o g i c  t e s t s  p r r f o r a e d  i n  ERDA-6; d a t a  

Econ those  t z s t s  n.3rked clrith a n  a s c z r i s k  (") a r e  ana lyzed  i n  t h i s  r e p o r t .  The 

t e s t s  t h a t  F a l l  i n t o  t h e  shor t - t e rm r e s e r v o i r  t 2 s t  c a t e g o r y  a r e  DST-2583-1 and 

- 2 ,  and  Flow T e s t  1. ?lcw T e s t  1 was rlln w i t h  t h e  QST t a o l  Gownhole end was 

det2raii1ed t.o have t h e  h i g h e s t  q u a l i t y  d a t a .  T s i s  t e s t  was t h e r e f o r 2  chosen  

t o  be r e p r e s e n t a t i v e  f o r  t h i s  group ( t a b u l a t e d  d a t a  i n  Df.Ap2010nia, 1982,  v. 

TIIA, 6.7).  F i g u r e  9-6 i s  t h e  Horner p l o t  of t h e  b u i l d u p  d a t a  From Plow T e s t  

1, showing t h e  s t r a i g h t  l i n e  s e l e c t e d  and i t s  s l o p e .  The f o l l o w i n g  a r e  t h e  

i n p u t  r s r i a b l e s  r e q u i r e d  f o r  c a l c a l a t i o n  of p e r m e a b i l i t y  (D'Appolonia,  1982,  

v. 111.4, 6.7): 

AU = 152.6 b b l  

Qf = 528 bb l /day  
* 

t = 4.94 h r s  
P 

h = 56.5 i t  

F ) 0.8 ( e s t i m a t i o n  based on c u r v e  shape)  

As shown i n  Tab le  H . 4 ,  t h e  t r a n s n i s s i v i t y  of t h e  l o c a l  l a r g e - f r a c t u r e  g roup  a t  

EXDA-6 i s  e q u a l  t o  600 a d - f t  a s  c a l c u l a t e d  by t h e  Borner  method. Th i s  v a l u e  

c o r r e s p o n d s  t o  a p e r m e a b i l i t y  of  11 md u s i n g  a p r o d u c t i o n  zone t h i c k n e s s  of  

56.5 f e e t .  Th i s  p r o d u c t i o n  zone t h i c k n e s s  i s  e q u a l  t o  t h e  d i s t a n c e  from t h e  

bot tom of  t h e  packer  e lement  t o  t h e  bottom of t h e  b o r e h o l e  (DfAppolonia ,  1982,  

v. I I I A ) .  The e f f e c t  of t h e  F f a c t o r  is t o  reduce  t h e  e s t l m a t e d  p e r m e a b i l i t y  



( p r e s e n t e d  above) by a t  most t i len ty  p e r c e n t  t o  t a k e  i n t o  accoun t  t h e  i n f l u e n c e  

of  F r ~ i c t u r e s  connected  t o  t h e  we l l b o r e .  

Long-Term Z c s e r v o i r  T 2 s t s  - Dur ing  long-term h y d r ~ l o g i c  t e s t s  when Flow r a t e s  

p r e c e d i n g  s h u t - i n  a r e  low, t h e  p r e s s u r e  g r a d i e n t  t h r o u g h o u t  t h e  major  F r a c t u r e  

sys t em i s  m a l l .  F r e s s u r e  d e p l e t i o n  cay  occu r  t h roughou t  an e x t e n s i v e  r e g i o n  

of t h e  r e s e r v o i r .  Upon s h u t t i n g  t h e  w e l l  i n ,  p r e s s u r e  e q u a l i z a t i o n  s t i l l  

o c c u r s  q u i c k l y  th roughou t  t h e  m j o r  F r a c t u r e  s y s t e m ,  5 u t  since t h e  p r e s s u r e  

g r a d i e n t  w i t h i n  t h e  n a j o r  f r a c t u r e  sys tem i s  s n a l l ,  :5e p r e s s u r e  c5ange nea- 

s u r e d  a t  i h e  x e l l  d u r i n g  t h i s  e q u a l i z a t i o n  w i l l  52 m a l l .  Yn c u n t r a s t  t o  

s h o r t - t e r m  t e s t i n g ,  t h e  a a j o r i t y  of p r e s s u r e  r e c o v e r y  tn t h i s  c a s e  is due t o  

c o o t r f 5 0 t 1 0 c s  F r o m  the I o v - p e r z z a b i l i t y  csmponents o f  t 5 e  r e s e r v o i r .  i.ca1ysi.s 

of 2 r e s s u r e  d a t a  frcm this ; yps  of t e s t  y ? e l d s  peLmeabf l i t ! e s  avsraged 3ve r  a  

l a r g e  volum2 of t h e  r e s e r v o i r .  

T e s t s  conducted  a t  EXD.4-6 t h a t  f a l l  i n t o  t h e  long- t e rn  r e s e r v o i r  t e s t  c a t e g o r y  

a r e  F l ~ w  T e s t  ? and Flow T e s t  3 .  The d a t a  from Flow T e s t  2 v a r e  de tzrmined t o  

b e  of  t h e  h i g h e s t  q u a l i t y  and t h i s  t e s t  was chosen  a s  r e p r e s e n t a t i v e  of t h e  

group.  F i g u r e  8-3 i s  t h e  Xorner  p l o t  used f o r  a n a l y s i s  of t h e  bu i ldup  d a t a  

from Flow T e s t  2 ( t a b u l a t e d  d a t a  i n  DfXppolonia ,  1982,  v. IIIA, 6.8). The 

Z a r n e r  s t r a i g h t  l i n e  and i ts  ~ e a s u r e d  s l o p e  a r e  Lncluded on F i g u r e  3-8. The 

f o l l o v i n g  are  t h e  i n p u t  v a r i a b l e s  n s c e s s a r y  f o r  c a l c u l a t i o n  of  p e r m e a b i l i t y  

from t h e s e  d a t a  (D'Agpolonia,  1982,  v. I I I A ,  0.8):  

.AV = 1030 b b l  

Qf = 120 b b l / d a y  ( l i q u i d  o n l y ,  g a s / l i q u i d  r a t i o  = 0.43) 

t* = 206 h r s  ( t o t a l  l i q u i d  produced + f i n a l  l i q u i d  f low r a t e )  
P  

h  = 55.54 i t  

A s  shown i n  Tab le  H.4, t h e s e  a n a l y s e s  i n d i c a t e  t h a t  t h e  a p p a r e n t  t r ans -  

m i s s i v i t y  o f  t h e  EiOA-6  r e s e r v o i r  i s  - 120 - md-ft . - .. - a s  c a l c u l a t e d  by t h e  Rorner  

a e t h o d  f o r  t e s t s  oE t h i s  d u r a t i o n .  T h i s  v a l u e  c u r r s s p o n d s  t o  a  p e r m e a b i l i t y  

of  2.2 md. T e s t s  of l o n g e r  d u r a t i o n  might i n d i c a t e  l o v s r  p e r m e a b i l i t i e s  t h a n  



r e p o r t a l  h e r e .  Tx is  i s  not d u e  t o  any tirae-dependent rock p rope r ty ,  but  

r a t h e r  t h e  Lncrsasing in f l l j snce  o f  lo . -pemeabi l i ty  h e t e r o g e n e i t i e s  on the  

p r e s s u r e  r e spocse .  :i.s t s s t s  Secome longe r ,  t he  apFarent  r e s e r v o i r  perme- 

a b i l i t y  c o ~ ~ l d  d2srease  u n t i l  i t  apprcached t he  l i m i t i n g  v a l u e  of the  per- 

m e a b i l i t y  f o r  i n t a c t  anhyd r i t e .  

Short-T5rm T z s t s  a t  t he  Cantac t  of t h e  H a l i t e  11 and Anhydri te  I1 Yembers 

T e s t s  conducted in ER9A-6 a t  t h e  E a l i t e  11-Anhydrite 11 c o n t a c t  i nc lude  DST- 

2G72-1 and - 2 .  The s e c t i o n  of t h e  w e l l  t e s t e d  Curing 3ST-2472 is not a  p a r t  

of t h e  b r i n e  rc?sz rvo i r ;  r e s u l t s  of t h i s  t e s t  2ave i n f o r m t i o n  on t he  average 

2roper t : zs  of t he  i i l t a c t  rocks nea r  t!:e c o n t a c t .  The d a t a  from 3 ~ ~ - 2 4 7 ? - i ; ~ ~ ' J  

. - -  * e r e  d e t e r s i a e d  t o  be of t h ~  h i ~ 3 e s t  q u a l i t y  and v r r e  t h e r e f o r e  chcsrn t o  be 

r e p r e s e n t a t i v e  for  t h e  group. F igu re  H-17 t s  the  Horner p l o t  used f o r  

. i n a ? p s i s  of  th?se  da ta  ( t a b u i a t e d  d a t a  I n  D'Appolonia, 1952, V. I I I A ,  6 .3) .  

The f o l l c w t n g  a r e  t he  inpu t  v a r i a 5 l e s  necessary f o r  c a l c u l a t i o n  a f  t h e  

p e r n r a b i l i t y  (DfA?polonia,  1982,  v. I I I A ,  6 .3 ) .  

Q = 0.51 bb l /day  

t = 0.53 h r s  
P 

h  = 98 f t  

Ti72 p roduc t i on  zone th ickness  for t h i s  tpst i s  equa l  t o  t he  d i s t a n c e  from t h e  

bottom of the ~ z c k e r  ~ l s n e n t  t o  t h e  top of t he  ceaen t  plug (3 'Xppolonia ,  1982, 

v.  I I I A ,  6 . 3 )  and Tncludes both h a l i t e  (83  f t )  and aohyd r i t e  (7  f t ) .  . is  ind i -  

c a t e d  i n  TaSle  H.4, t h e  t r a n s n i s s i v i t y  c a l c u l a t e d  from t h i s  Horner a n a l y s i s  i s  

0 .23  md-ft and is r s p r e s e n t a t i v e  o f  average rock p r o p e r t i z s  a t  t h e  c o n t a c t .  

Th i s  cor responds  t o  an  average  p e r e e a b i l i t y  of 2 .5  a 10-~,!d over  t he  t e s t e d  

i n t e r v a l ,  but because anhyd r i t e  t y p i c a l l y  has  a h ighe r  p r m e a b i l i t y  t han  

h a l i t e ,  t h i s  va lue  i s  probably too  low f o r  t h e  a n h y d r i t e  t e s t e d  and too high 

f o r  t h e  h a l i t e .  

Under test cond i t i ons  i n  low-permeabi l i ty  f o r n z t i o n s ,  i t  may take  cons ide r ab l e  

t i m e  f o r  t h e  t r u e  Horner s t r a i g h t  l i n e  t o  develop.  A s  can be seen  i n  F igure  



H-17, sn e x t 2 n s i v e  s t r a i g h t  l i n e  h a s  no t  y e t  f u l l y  developed i n  t h e  d a t a .  

Because of  t h i s ,  t h e  v a l u e  p r e s e n t e d  h 2 r e  shou ld  be c o n s i d e r e d  a s  

a ~ a x f a u m  a v z r a g e  va lue .  

The p e r a e a b i l i t y  o f  t h e  i n t a c t  .?.ahydrite 11 mernber x a s  a l s o  rccasured i n  a c o r e  

ssmple  u s i n g  n i t r o g e n  as t h e  p 2 r n e a t i n g  f l -u fd .  T a b l e  2.4 p r e s e n t s  t h e  r e s u l t s  

of  t h i s  t e s t ,  and a s  shown, rbe  p e r z r a b l l i t y  is  3 x a d .  T3e iouch s m a l l e r  

rock  Z Z S S ~ S  t e s t e d  d g r i n g  c o r e  tes ts  ( c o r e  v ~ l u r a e s  vs. 53 F ~ e t  of b o r e h o l e  

(Gall)  would 32 expec tad  t o  have t h e  e f f e c t  of r e d u c i n g  t52 zeasu red  perme- 

ability doe  t o  tYie s b s e n c e  of eL2va ted -pormeab i l i  t y  h e t e r o g e n e i t i e s  fa  s m a l l  

c o r e  samples .  

= e s s r v o i r  7 r e s s u r e  ------ 
TAe r ~ x i m ~ m  Z r e s s u r e  qeasu red  f o r  t h e  ERDA-6 S r i n e  r 2 s e r v o i r  a t  tlie we l lhead  

i s  - 6'34 psig. F x t r a p o l a t e d  t o  a  r e s e r v o i r  d e p t h  o f  2711 Feet  below ground 

s u r f a c e  w i t h  a  f l u i d  p r e s s u r e  g r a d i e n t  of 0.5326 p s i / f t  of b r i n e ,  t h i s  

c o r r e s p o n d s  t o  a  r e s e z v o f r  p r e s s u r e  of 2348 p s i g .  As shown i n  P l g u r e  H-12, 

t h i s  p r e s s u r e  c o r r s s p o n d s  t o  a p o t e n t i o n e t r L c  s u r f a c e  a t  5551 feet above mean 

sea l e v e l  h e n  c a l c u l a t e d  f o r  t h e  s p e c i f i c  g r a v i t y  of pure  wa te r .  T h i s  i s  t h e  

h i g h e s t  h y d r a u l i c  head of any ground-water  body known i n  t h e  3 e l a v a r e  ' d a s h .  

S e c t i o n  3 .4 .1  c o n t a i n s  a d e t a i l e d  ~ ~ S C I J S S ~ O ~  of  h y d r a u l i c  heads  th roughou t  t h e  

D e l a v a r e  Bas in .  

F o l l a w i n g  t h e  end of t e s t i n g  i n  November 1381 and a  BOP change i n  F s b r u a r y  

1982, t h e  w e l l h e a d  s h u t - i n  p r e s s u r e  a t  ERDA-6 r o s e  s t e a d i l y  a s  a  r e s u l t  of  

both r s s e r v o i r  r e c o v e r y  and gas cap  f o r m a t i o n  i n  t h e  we l lbo re .  X s e r i e s  of 

a p p a r e n t  g a u g e - r e l a t e d  m a l f u n c t i o n s  have  l e f t  t h e  p r e s s u r e  d a t a  c o l l e c t e d  

b e f o r e  and a f t e r  t h e  g a s  cap r e l e a s e  on March 8, 1983 o f  u n c e r t a i n  v a l i d i t y .  

The h i g h e s t  p r e s s u r e  measured b e f o r e  t h e  gas  c a p  r e l e a s e  was 553 p s i g  on March 

5 ,  1983. Because of  a  p o s s i b l e  f l u i d  l e a k  f rom a diaphragm assembly a t t a c h e d  

t o  t h e  gauge ,  t h i s  v a l u e  may be t o o  l o v .  The f i r s t  f u l l y  r e l i a b l e  p r e s s u r e  

xt?asureiaent ~ d e  a f t e r  t h e  gas cap  r e l e a s e  vas 552 p s i g  on March 1 3 ,  1983. 



During t h e  pas cap  r e l e a s e  on Harch 8 ,  1983, approx imate ly  510 f t 3  of  gas  ( a t  

STP) z s r e  vented from the  w e l l  (DIAppolonia ,  1983) .  Gnder t h e  p r e s s u r e  (558 

? s i g ? )  and t e n p e r a t u r e  (72'7) c o n d i t i o n s  then  e x i s t i n g  i n  t!;e we l lhore ,  t h i s  

;as would have occupied a  volume of s b o u t  1 4  f t 3 ,  cor responding  t o  a x i x i n u n  

23s cap t h i c k n e s s  of  about  & O  f e e t .  Some minor f r a c t i o n  of t h e  gas  r e l e a s e d  

probably  came from g a s  E ! X S O ~ ~ J ~ ~ O ~  from t h e  b r i n e  d u r f n g  t h e  r e l e a s e ,  however, 

and i s  no t  r z p r e s e n t a t i v e  of g s s  c s p  volune f n  t h e  v e l l b o r e .  

A f t e r  ::ore than  one y e a r  of r ecovery ,  t h e  ERDA-6 r e s e r v o i r  should  be near  

2 q u i l i 5 r a t i o n .  F l ~ t u r e  i ! ~ c r e a s e s  i n  wel lhead p r e s s u r e  will be pre$ominant ly  

t h e  r e s u l t  of renewed gas  cap fearmation.  

* J ~ l u m  q ~ d  D i s t r i b u t i o n  of S r i n e  S t o r a g e  - 

3 r i n e  reservoir volune Fs e s t h n a t e d  f o r  two p o r t i o n s  of t h e  r z s e r v o l r :  t h e  

t o t a l  r e s e r v o i r  and t h e  volume c o n t a i n e d  wIthLn t h e  l o c a l  l a r g e - f r a c t u r e  

group. Volume is c a l c u l a t e d  u s i n g  Fqua t fon  5  w i t h  v a l u e s  of LV and Ap 

c o n s f d e r s d  a p p r o p r i a t e  f o r  each p o r t i o n  of t h e  r e s e r v o i r .  T o t a l  compress- 

i b i l i t i e s  of bo th  p o r t i o n s  of t h e  r e s e r v o i r  a r s  zssused  t o  be t h e  same. A s  

d i s c u s s e d  i n  P a r t  11, Geology, S e c t i o n  4.1.8, a  r ange  of  pore  c o a p r e s s i b i l i -  

t i e s  h a s  Seen e s t i m a t e d  f o r  ERDA-6. Th i s  range  o f  pore  c a n p r e s s i b i l i t i e s  i s  

5ased on a p o r o s i t y  range  of  0.2 t o  2.0 p e r c e n t ,  and a  bulk  aodu lus  range of 1 

x 10' t o  5 x lo6  p s i .  I n  t h e  f~liaving valume ~.3:cu;at ions,  stngle values of 

p o r o s i t y  and b u l k  zodu lus  have Seen s e l e c t e d  t o  p rov ide  a  " r e p r e s e n t a t i v e "  

v a l u e  of  pore  c z m p r e s s i b i l i t y  which l ies approxi izate ly  i n  the  middle of t h e  

range.  T h i s  r e p r p s e n t a t i v e  ~ o i u ~ r e s s i b i l i t y  v a l u e  i s  50 x psi-1, which 
6 r e p r e s e n t s  a p o r o s i t y  of one p e r c e n t  and a bu lk  modulus of 2 x 10 p s i .  

Data  from t h e  b u i l d u p  per iod  f o l l o v i n g  Flow T e s t  1 ( ~ ' A p p o l o n i a ,  1982, v. 

IIIA, 6 . 7 ) ,  were s e l e c t e d  a s  tSe  most s u i t a b l e  f o r  use  i n  calculating t h e  

volume of t h e  l o c a l  l a r g e - f r a c t u r e  group of t h e  ERDA-6 r e s e r v o i r .  The r e a s o n s  

f o r  t h i s  s e l e c t i o n  i n c l u d e :  



The fIow per iod o f  Flcw T e s t  1 was r 2 l a t i v e l y  s h o r t  
( 5 . 6  !:ours), s t r e s s i n g  t h e  l a r g e  f r a c t u r e s  s o r e  than 
t h e  micro: r a c t u r s s .  

e The huildirp d a t a  exh ib i - t  F a i r l y  wel l -def ined Soundary 
e f f e c t s .  

e Flow T2st  1 occurred e a r l y  i n  t h e  t e s t i n g  h i s t o r y  of 
EWA-6, and the  d a t a  from t h a t  t e s t  a r e  l a r g e l y  
u n a f f e c t e d  by p r e s s u r e  bui ldup stemming f r o n  previous  
t e s t s .  

i[nmediatell; p r i o r  t o  Flcw T e s t  1, t h e  downhole' p r e s s i ~ r e  i n  ERDA-6 v a s  2330 

t ; s i a .  The volune of h r i z e  produced dur ing  Flow Tes t  1 uas abou t  153 b h l .  

FLgi1re H-6 i s  t h e  semi-lag Xorner p l o t  f o r  Flcw Test  1 .  R e  5oundary-affected 

3 a t a  m y  $2 ~ > : t r a p o l a t ? d  t o  a p r e s s u r e  of 1?30 ~ s i a  a t  i 2 f i n i t e  t i z e .  T!-e 

p r e s s u r e  Cep le t ion  a t  t h i s  p i n t  is 2Q30 p s i a  - 1930 psia = 100 p s i .  : 'sing 

t h e  v a l u e s  p resen ted  a5ove, t h e  volume of t h e  l o c a l  l a r g e - f r a c t u r e  group a t  

ERDA-6 is :  

v = 153  b b l  = 30.6'30 bb l  
(100 ps i ) (SO x psi-1) 

This  volume e s t i m a t e  is cor robora ted  by a n a l y s i s  of bu i ldup  d a t a  fo l lowing  a  

n i n o r  f low per iod  a s s o c i a t e d  wi th  a  blow-out p reven te r  (SOP) change. During 

t h e  BOP change, 20 b a r r e l s  of b r i n e  Flowed from EmA-6. 3 2  Horner p l o t  of 

t h e  bu i ldup  d a t a  ( F i g u r e  H-7) shows very d i s t i n c t  boundary e f f e c t s .  The 

2 x t r a p o l a t e d  d e p l e t i o n  from t h e  boundary-affected d a t a  on t h e  Horner p l o t  i s  

about 1 5  p s i .  There fore ,  t h e  l o c a l  l a r g e - f r a c t u r e  group volume is: 

v = 20 b b l  
= 25,000 bb l  

(16 p s i ) ( 5 0  x psi-1) 

T h i s  v a l u e  i s  o n l y  e i g h t e e n  p e r c e n t  lower than t h e  volume c a l c u l a t e d  from the  

Flow T e s t  1 d a t a ,  a  minor d i sc repancy  i n  a mass balance a n a l y s i s  such a s  t h i s .  

The t o t a l  ERDA-6 r e s e r v o i r  volume nay a l s o  be es t imated  us ing  Equation 5 ,  with 

t h e  t o t a l  volune of f low s i n c e  t h e  r e s e r v o i r  was F i r s t  pene t ra ted  and t h e  

t o t a l  p r e s s u r e  d e p l e t i o n  a s s o c i a t e d  wi th  t h a t  flow used a s  i n p u t  parameters.  



A p p r o x i a a t e l y  1 , 6 5 0  b a r r e l s  of b r i n e  have been produced from ERDA-6. The 

!naxinum s u r f a c e  s h u t - i i ~  p r e s s u r e  recorded  a t  EXDX-6 :<AS ahou t  604 p s i g .  As of 

March 1 9 ,  1983,  t h e  s u r f a c e  s h u t - i n  p r e s s u r ?  Gas a5out  552 p s i g .  The t o t a l  

r e s e r v a i r  volume is t h e r e f o r e  a t  l e a s t :  

v = 
1650 b b l  - = 630,000 b b l  

(52 p s i ) ( 5 0  x psi-1' 

T o t a l  r ? s e r v o i r  i~olumes have a l s o  Seen c a l c u l a t e d  f o r  t h e  ranges  of ? o r e  

c o m p r e s s i b i l i t y  d!scussed e a r l i e r .  "gure 3-18 p r z s e n t s  a  p l o t  of t o t a l  

r e s e r v o i r  volune v e r s u s  p o r o s i t y  a n d  b u l k  modulus, inc!ic?ting t h e  p robab le  

range of volumes t o  be from a p p r o x f m a t e l y  03,000 b a r r e l s  t o  3 ,200 ,003  
'.. ; s  - '32% v o l u a e s  c o r r ~ s p o ~ d  t o  gore  c o m p r e s s i 5 i l i t i c s  of 500 x 

psi- '  t o  10 x psi-1, r e s p e c t i v e l y .  T i e  volurue est!:aate Eased on r e p r e -  

s e n t a t i v z  v a l u e s  3f p o r o s i t y  and 5 u l k  n o d u l u s ,  630,000 b a r r z l s ,  i s  also shown 

on t h e  f i g u r e .  

F r a c t u r e s  Fovnd i n  core  from E?3A-6 i n d i c a t e  t h a t  t h e  r z s e r v o i r  ;.ay be 

a p p r o x i a a t e l y  56.5 f e e t  t h i c k .  Given t h a t  t h i c k n e s s  and a t o t a l  e f f e c t i v e  

p o r o s i t y  of one p e r c e n t ,  630,000 b a r r e l s  of b r i n e  cou ld  be s t o r e d  w i t h i n  an 

a r e a  of 0.3 x l o 6  f t 2 .  The a c t u a l  geometry of t h e  r e s e r v o i r  i s  not  >*own, bu t  

t h e  a r e a  mzntioned abcve c o u l d  be r ~ p r e s e n t e d  e i t h e r  by a s q u a r e  2100 f e e t  on 

a s i d e ,  or by a c i r c l e  w i t h  a radius of 1200 Feet .  . < l t e r n a t i v e l y ,  iE t h e  

r e s e r v o i r  zxtends th rough  t 3 e  e n t i r e  177-foot  t h i c k n e s s  of Xnhydr i t e  11 ( w i t h  

o a e  p e r c e n t  p o r o s i t y ) ,  530,003 b a r r e l s  of b r i m  could  be s t o r e d  w i t h i n  an a r e a  

of 2.0 x 106 f t 2 .  

F u t u r e  R r i n e  P r o d u c t i o n  

F o r  any  s i n g l e  f low p e r i o d ,  t h e  volume of S r i n e  which cou ld  f low from EXDA-6 

a t  t h e  s v r f a c e  i s  governed by t h e  s u r f a c e  p r e s s u r e .  The :naxinum s u r f a c e  s h u t -  

i n  p r e s s u r e  recorded a t  ER3A-6 vas abou t  604 p s i g .  n e  t h e o r e t i c a l  maximum 

volune  which could  be  produced from t h e  ER3A-6 r e s e r v o i r  by a r t e s i a n  f l o w  is 

t h e r e f o r e :  



LV = (630,000 bb1)(604 p s i ) ( 5 0  x ps i -1 )  = 19,000 bbl  

L i k e w i s e ,  t h e  z ~ x i n u n  volume o f  b r f n e  from ERDA-6 u h i c h  cou ld  f low a t  t h e  

e l e v a t i o n  of  [ he  w a s t e  d i s p o s a l  f s c i l l t y  I s  o n l y  a f r a c t i o n  of t h e  b r i n e  i n  

s t o r a g e .  For  t h e  pu rpose  of dfscussion, the  assumptLons can he made t h a t  t h e  

x a s t e  d i s p o s a l  f a c i l i t y  d i r e c t l y  o v e r l i e s  t h o  EX3A-5 r s s e r v o i r ,  a n d  t 5 e  two 

a r e  coanec ted  by a n  op?n b o r e h o l e .  Tn t h e  E x p l o r a t o r y  S h a f t  s t a t i o n ,  t h e  

f l o o r  of t h e  d i s p o s a l  f a c i l i t y  is a t  a n  e l e v a t i o n  of  a b o u t  1265 f e e t  (GFDX No. 

5 ,  1983). The p r e s s u r e  head in EXD.4-6 a t  t h a t  e l e v a t i o n  i s  ahout  1514 p s i g ,  

whereas  t h e  p r e s s u r e  i n  t h e  E l s p o s a l  f a c i l i t y  s h 3 u l d  52 a t n o s p h e r i c  (0  

p s i g ) .  The t + e o r e t i c a l  ~ a x i n u m  volume which c o u l d  f low a t  t h a t  e l e v a t i o n  is:  

The volumes of b r i n e  which would f low under  t h e  above s c e n a r i o s  a r e  

i ndependen t  of t h e  t o t a l  sys t em c o m p r e s s i b i l i t y  (hecause  c t  c a n c e l s  w i t h  f t s  

u s a g e  i n  t h e  c a l c u l a t i o n  of t o t a l  r e s e r v o i r  vuiuine) ,  and a r e  Cependent o n l y  on 

t h e  OVICp r a t i o s  from t h e  f low t e s t s  (and t h e  assumpt ion  of l l n e a r i t y ) .  Thus,  

a l t h o u g h  t h e  t o t a l  s y s t e m  c o m p r e s s i b i l i t y  and t h e r e f o r e  t h e  t o t a l  r z s e r v o i r  

volumes a r e  r e l a t i v e l y  u n c e r t a i n ,  t h e  above f l o w  v o l u z e s  a r e  c o n s i d e r a b l y  less 

u n c e r t a i n .  

Kone o f  t h e  f low t e s t s  a t  ERD.4-6 were long  enough t o  p rov ide  s u f f i c i e n t  d a t a  

t o  estirnate t h e  long-term f low r a t e  from t h e  m ~ c r o f r a c t u r e s .  Eased on 

o b s e r v a t i o n s  made d u r i n g  Flow T e s t  2 however, some qualitative c o n c l u s i o n s  can  

Se d r a m  r e g a r d i n g  f u t u r e  f low r a t e  d e c l i z e s .  .:bout 1030 b b l  of b r i n e  were 

produced from EXDX-6 d u r i n g  Flow T e s t  2.  D u r i n g  t h a t  t e s t ,  t h e  f low r a t e  

dropped from a maximum of abou t  473  b b l j d a y  t o  a b o u t  120 b b l j d a y  over  a p e r i o d  

o f  a b o u t  89 h o u r s ,  w i t h  a f low r a t e  h a l f - l i f e  o f  a b o u t  50 hours .  I t  is 

un l i1ce ly  t h e r e f o r e ,  t h a t  more t h a n  a few thousand b a r r e l s  would f low f rom 

ERDA-6 a t  t h e  ground s u r f a c e  b e f o r e  t h e  f l o w  r a t e  dropped to  a  few bbl /day .  

The  f l o w  r a t e  would n o t  d r o p  t o  z e r o  however, b u t  would i n s t e a d  s t a b i l i z e  a t  



the rate at which the microfractures recharge the large Fractures. Consider- 

icg the slow long-term pressure buildup rate and the low perxeability of 

microfractures, that rate would likely be less than one Sbl!day. 

3 . 4 . 4  quantification of WIPP-12 Zeservoir Yodel 

Fermeabflity Distribution 

Eydrolugic testing in VI?P-12 ykelded information on the hydrologic properties 

of the 5rine reservoir in the Anhydrite IT1 nenber of the Castile Fornation. 
-. 
i n 2  results of these analyses gere grouped into similar categories as des- 

cribed for thz ERDX-6 test results. 

a Xesuits from relatively short-term hydrologic tests 
representing the psrneability of the local large- 
fracture group near the wellbore. 

e Results of relatively long-tern hydrologic tests 
representing the average permeability over an 
extensive region of the reservoir. These values are 
substantially influenced by low-permeability reser- 
voir components. 

The difference between the short- and long-term test responses is discussed in 

Sections 3 . 3 . 4  and 3 . 4 . 3 .  

As opposed to ERDA-6,  a0 well-test information on intact anhydrite peraeabil- 

ity was obtained at WI?P-12. lowever, permeab1lit:es vere measured in core 

samples from the Aaydrite XI1 member in VIP?-12. As shown in Table 3 . 4 ,  the 

measured permeabilities are less than 2 x loe4 md. The very small sample 

volilmes tssted in core analyses will always have lower germeabilities than 

would be neasured in well tests, due to the effects of rare, hlgh-permeability 

heterogeneities which cannot be included in core onalysec. For this reason, 

the large-scale, intact anhydrite permeability at WIPP-12 is likely larger 

than 2 x 10'~ md. 

Some input variables, necessary for calculation of permeability, are common to 

all tests in the ERDA-6 and WIPP-12 reservoirs. The variables common to all 



t e s t s  have  been l i s t e d  i n  S e c t i o n  3 . 4 . 3 ,  w h i l e  t h e  i n p u t  v a r i a b l e s  unique  t o  

each  t e s t  a r e  l t s t e d  i n  t h e  Fol lowing s e c t i o n s  where r e f e r e n c e  is  zade  t o  each  

t e s t .  

Short-Tzrm X e s e r v o l r  T e s t s  - T a b l e  H.3 i s  a comple te  l i s t  of t h e  h y d r o l o g i c  

t e s t s  conducted  f n  WIPP-12; d a t a  from t h o s e  t e s t s  marked wi th  an a s t e r i s k  (*) 

a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  3 i e  t e s t s  t h a t  a r e  i nc luded  i n  t h e  sho r t - t e rm 

reservoir t e s t  c a t e g o r y  a r e  EST-3028-1 and -2 ,  DST-2386-1 and -2,  and Flow 

T 2 s t  2 .  Due t o  t:iz v e r y  h igh  p r o d u c t i o n  r a t e s  From t h e  !JI?P-12 r z s e r v o i r  and 

t h e  EST- too l  choke  s f f e c t  n e n t i c a e d  i n  S e c t i ~ ~ n  3 .2 .1 ,  t h e  s t a ~ d a r d  DST's d i d  
.. g o t  p rov idz  d a t a  of good q u a l i t y .  - o r  tl?is r e a s o n ,  TIOW T e s t  2 was chosen a s  

S2ing  represcnt3tive f.,r t he  grollp. F lg i l r e  E-5 is t:le Garner p l o t  used f o r  

a n a l y s i s  of Flow T e s t  2 b u i l d u p  d a t a  ( t a b u l a t e d  d a t a  in D'XppolonLa, 1982,  

.k.dCendum 1,  1 2 . 1 9 ) .  The i n p u t  v a r i a b l e s  t h a t  a r e  u n f q u e  t o  F l o w  T e s t  2 and 

a r e  n e c e s s a r y  f o r  c a l c u l a t i o n  of p z r m e z b i l i t y  a r e  a s  Eo l l cvs  (DfAppolonia ,  

1982,  Addendum 1 ,  12.19):  

" = 8057 b b l l d a y  

t = 6.73 h r s  
P  

h  = 61  f t  

F a 0.55 ( e s t i m a t f o n  based  on c u r v e  shape)  

The Horner s t r a f g h t - l i n e  s l o p e  Cs shown on F i g u r e  2-5. As shown i n  Tab le  H.4, 

t h e  t r a n s m i s s i v i t y  of  t h e  major  F r a c t u r e s  n e a r  t h e  WI?P-12 we l lbo re  is abou t  
5 1.2 x 1 0  ud-ft as c a l c u l a t e d  from t h e  Horner ae thod .  T h i s  v a l u e  co r re sponds  

t o  a p e r m e a b i l i t y  of a p p r o x i m a t e l y  2000 nd f o r  a p r o d u c t i o n  zone thlcicness 

e q u a l  t o  t h e  d i s t a n c e  from t h e  t o p  of  t h e  f i s s u r e d  zone t o  t h e  bottom of 

A n h p d r i t e  111 i n  WIPP-12 (DfBppo lon ia ,  1982,  v. I V B ,  12.16, Addendum 1, 

12 .20 ) .  The e f f e c t  of t h e  F f a c t o r  i s  t o  r educe  t h e  e s t i m a t e d  p e r n e a b i l i t y  

( p r e s e n t e d  above)  by a t  most E o r t y - f i v e  p e r c e n t  t o  t z k e  i n t o  account  t h e  

I n f l u e n c e  of f r a c t u r e s  connec tzd  t o  t h e  we l lbo re .  



Long-Terz R e s e r v o i r  T e s t s  - Tbe o n l y  long-term h y d r o l o g i c  t e s t  conducted on 

t h e  WIPT-12 r e s e r v o i r  t h a t  u a s  c o n t r o l l e d  a d e q u a t e l y  €.>r a n a l y t t c a l  p u r p c s e s  

x a s  F l aw  T e s t  3 ( t a b u l a t e d  d a t a  i n  D'Appolonia ,  1952,  .4ddendnm 1, 1 2 . 2 0 ) .  

T i g n r e  X-9 i s  t h e  Horner p l ~ t  used f o r  a n a l y s i s  of t h e  h u i l d c p  d a t a  f r o n  Flow 

T z s t  3 .  The i n p u t  v a r i a b l e s  n e c e s s a r y  f o r  c a l c u l a t i o n  of p e r m e a b i l i t y  from 

t h i s  ~ n a l y s i s  a r e  as f o l l o w s  (D'Appolonia ,  l 9 5 2 ,  Addendum 1 ,  L2.20): 

AV = 2&,500 b b l  

Qf = 1097 bb l /day  
* 

t = 542.5 h r s  
P  

h = 61 f t  

- i s  shown i n  Table  9 . 4 ,  t S e  a p p a r z n t  t r a n s n i s s i v f  t y  of  t 5 e  ZI?P-12 r e s e r v o i r ,  

F*ar t e s t s  of t h i s  d v r a t i o n ,  i s  1030 ind-ft 3s de te rmined  from Horner  a n a l y -  

s i s .  T h i s  co r responds  t g  a  p e r m z a b i l i t y  v a l u e  of 17 s d .  The r e l a t i v e l y  

h i g h e r  long-term p e r m e a b i l i t y  a t  WIPP-12 2s  compared t o  EZDA-6 i s  p rohab ly  

r e l a t e d  t o  t h e  g r e a t e r  l a r g e - f r a c t u r e  a p e r t u r e  a t  ;JIPY-12. 

q e s e r v o i r  P r e s s u r e  
m L S ~  maxim~rn p r z s s u r e  measured f o r  t h e  XI??-12 r e s e r v o i r  .3t t 5 e  we l l5ead  i s  - 208 

p s i g .  E x t r a p o l a t e d  t o  a  r e s e r v o i r  d 2 p t h  of 3017 f e e t  below ground s u r f a c e  

w i t h  a f l u i d  p r s s s u r e  g r a d i e n t  of 0.5378 psi/ft of b r i n e ,  this ccrresponds t o  

a r z s e r v o i r  p r e s s u r e  of 1831 psig. As shown i n  Ffgure  H-12, t h i s  c o r r e s p o n d s  

t o  a p o t e n t l o m e t r i c  s u r f a c e  a t  4580 f e e t  above mean s e a  l 2 v e l  c a l c u l a t e d  f o r  

t h e  s p e c i f i c  g r a v i t y  of pure  w a t e r .  S e c t i o n  3.4.1 c o n t a i n s  a  d e t a i l e d  

d i s c u s s i o n  of h y d r a u l i c  h2ads  t h r o u g h o u t  t h e  Delaware Basin .  

Fo l lowing  t h e  end of t e s t i n g  i n  J u n e  1982, t h e  we l lhead  s h u t - i n  p r e s s u r e  a t  

WIPP-12 r o s e  s t e a d i l y  a s  a  r e s u l t  of b o t h  r e s e r v o i r  r ecovery  and gas  c a p  

f o r m a t i o n  i n  t h e  w e l l b o r e .  J u s t  p r i o r  t o  r e l e a s i n g  t h e  g a s  cap  on March 7 ,  

1383,  t h e  wellhead p r e s s u r e  w a s  a b o u t  175 p s i g .  On March 7 ,  1383,  

a p p r o x i m a t e l y  173 f t 3  of g a s  ( a t  STP) were r e l e a s e d  from t h e  w e l l  

(D'Appolonia,  1983). Under t h e  p r e s s u r e  (175.2 p s i g )  and t e m p e r a t u r e  ( 5 8 ' ~ )  



c o n d i t i c n s  then  e x i s t t n g  In t h e  w e l l b o r e ,  t h i s  g a s  would have occupied  a  

Wlumt? of a b o u t  14 f t 3 ,  c o r r e s p o n d i n g  t o  nixioum gas  cap  t h i c k a e s s  of ahout  33 

f e e t .  Some minor f r a c t i o n  o f  t h e  g a s  r e l e a s e d  probably came from gas  

e x s o l a t i o n  from t h e  b r i n e  d u r i n g  t h e  r e l e a s e ,  however,  and i s  not  

r e p r e s e n t a t i v e  of gss c a p  vo?ume i n  t h e  w e l l b o r e .  From Xarch 8 th rough a t  

l e a s t  Xarch  20,  1983,  t h e  we l lhead  p r e s s u r e  a t  !41PF-12 remained s t e a d y  a t  

a b o u t  162 p s i g .  A f t e r  more tl-an n i n e  months of r e c o v e r y ,  t h2  iJIPT-12 

r e s e r v o i r  s h o u l d  he n e a r  e q u i l i 3 r a t i o n .  F u t u r e  increases i n  y e l l h e a d  p r e s s u r e  

w i l l  be p redominan t ly  t h e  r e s u l t  o f  r e n e ~ e d  g a s  c a p  f o r ~ a t f o n .  

Volume and D i s t r l % u t i o n  of  I i r i ne  S t o r a g e  

As s i t h  E X D X - 6 ,  b r i n e  vo luzcs  a r e  e s t f n e t e d  f o r  ?he l o c a l  l a r g e - F r q c t u r e  group 

and t h e  t o t a l  TIP?-!2 r e s e y v o i r .  Volume i s  c a l c u l a t e d  u s i n g  Equar ion  5 wi th  

:.al:.lcs o f  G V  aild Ap c o n s i d e r e d  i p p r o p t i a t t ?  f o r  each  portion of t!:e r e s z r -  

v o i r .  T o t a l  c o r n p r e s s i b i l i t i e s  of b o t h  p o r t i o n s  o f  t h e  r e s e r v o i r  ? r e  assumed 

t o  be t h e  same. A s  d i s c u s s e d  i n  P a r t  11, Geology,  S e c t i o n  4 .1 .5 ,  a range  of 

p o r e  c o m p r e s s i b i l i t i e s  has been e s t i n a t e d  f o r  WIPY-12. T h i s  range of pore  

c o m p r e s s i b i l i t i e s  i s  based on a p o r o s i t y  r ange  of 0 . 1  ts 1.3 p e r c e n t ,  and a 
6 h u l k  modulus r a n g e  of 1 x l o6  t o  5  x 10 p s i .  I n  t h e  f o l l o w i n g  volume 

c a l c u l a t i o n s ,  s i n g l e  v a l u e s  of p o r o s i t y  and hu lk  modulus have been s e l e c t e d  t o  

p r o v i d e  a " r e p r e s e n t a t i v e "  v a l u e  o f  p o r e  c o i l p r e s s i b i l i t y  which l i e s  app rox i -  

a a t e l y  i n  t h e  midd le  of t h s  range .  T h i s  r e3 resen ta t :ve  v a l u e  i s  100 x 

psi- ' ,  which  r 2 p r e s e n t s  a  p o r o s i t y  of 0 .5  p e r c e n t  and a  bulk  i i i~du lus  of 2 x 

lo6 psi. 

The d a t a  f rom t h e  b u i l d u p  p e r i o d  f o l l o w i n g  Flow T e s t  2 were s e l e c t e d  2s t h e  

most s u i t a b l e  f o r  u s e  i n  c a l c u l a t i n g  t h e  l o c a l  l a r g e - f r a c t u r e  group volume of 

t h e  WIPP-12 r e s e r v o i r .  The r e a s o n s  f o r  t h i s  s e l e c t i o n  i n c l u d e :  

o The f low p e r i o d  of Flow T e s t  2  was r e l a t i v e l y  s h o r t  
(5.54 h o u r s ) ,  s t r e s s i n g  t h e  l a r g e  f r a c t u r e s  more than  
t h e  microf  r a e t u r e s  . 



The b u i l d u p  d a t a  e x h i b i t  F a i r l y  w e l l - d e f i n e d  boundary 
e f f e c t s .  

a Flow T e s t  2 fo l lcwed s e v e r a l  months of u n d i s t u r b e d  
bu i ldup ,  a n d  t h e  d a t a  from t h a t  t e s t  a r e  l a r g e l y  
u n a f f e c t e d  by p r e s s u r e  b u i l d u p  stemming from p r e v i o u s  
t e s t s .  

Immediate ly  p r i o r  t o  Flow P z s t  2 ,  t h e  d o m h o l s  p r e s s u r e  i n  WIT?-12 was 1808 

~ s i a .  The volume of  b r i n e  produced d u r i n g  Flow T e s t  2 v a s  abou t  2258 b b l  

(D'Appolonia,  1382,  Addendum 1, 12.19).  F i g u r e  Y-5  i s  t h e  semi-log E a r n e r  

p l o t  f o r  t h e  bu i ldup  E r o m  F l o w  T e s t  2 .  The boundary-afE2cted d a t a  xay be 

2 x t r a p o l a t e d  t o  a  p r e s s u r e  of about 1737 p s i a  a t  i n f i n i t e  t i n e .  The p r e s s u r e  

d e p l e t i o n  a t  t h i s  p o i n t  i s  1838 p s i a  - 1787 p s i a  = 21 p s i .  ? s i n g  t h e  v a l u e s  

p r 2 s e n t e d  aSove, t h e  volcxe of t 5 e  l o c a l  l a r g e - f r a c t u r e  zroup a t  !JTPP-12 i s :  

v = 2258 bbl  - 6 = 1.1 x 10 b b l  
( 2 1  p s i ) ( l o O  x  10 bpsi 

The t o t a l  VIP?-12 r s s e r v o i r  volume may a l s o  be  e s t i n a t e d  u s i n g  Equa t ion  5,  

w i t h  t h e  t o t a l  volume of f low s i n c e  t h e  r e s e r v o i r  was f i r s t  ~ e n e t r a t e d  and t h e  

t o t a l  p r e s s u r e  d e p l e t i o n  a s s o c i a t e d  w i t h  t h a t  f low used a s  i n p u t  p a r a a e t e r s .  

Approximately 50,000 b a r r z l s  of b r i n e  have been produced Erom WI?P-12. The 

~ a x i n u m  s u r f a c e  s h u t - i n  p r e s s u r e  recorded a t  WITP-12 v a s  abou t  208 p s i g .  4 s  

of :.',zrch 20,  1383, t h e  s u r f a c e  s h u t - i n  p r e s s u r e  was a b o u t  162 p s i g .  The t o t a l  

reservoir volume is t h e r e f o r e  a t  l e a s t :  

v = 
80,000 bb l  - - 17 ,000 ,000  h b l  

(46 ps i ) ( lOO x psi-') 

T o t a l  r e s e r v o i r  v o l ~ m e s  have a l s o  been c a l c u l a t e d  f o r  t h e  range of pore  

c o m p r e s s i b i l i t y  d i s c u s s e d  e a r l i e r .  F i g u r e  H-19 p r e s e n t s  a  p l o t  of t o t a l  

r e s e r v o i r  volume v e r s u s  p o r o s i t y  and bulk  modulus, i n d i c a t i n g  t h e  p robab le  

range  of volumes t o  be from approximate ly  1 .7  x  lo6 b a r r e l s  t o  8 .7  x 10  7  

b a r r e l s .  These volunes  correspond t o  pore  c o m p r e s s i b i l i t i e s  of 1000 x 

psi-' t o  20 x loe6 psi-L, r e s p e c t i v e l y .  The volume e s t i m a t e  based on r e p r e -  
7  s e n t a t i v e  v a l u e s  of  p o r o s i t y  and bulk  modulus, 1 .7  x 1 0  b a r r e l s ,  i s  a l s o  

shown on t h e  f i g u r e .  



The t h i c k n e s s  of t h e  WIPF-12 r e s e r v o i r  i s  not  d e t e r m i n a b l e  wi th  t h e  a v a i l a b l e  

d a t a .  Assuming t h a t  t h e  r z s e r v o i r  t h i c k n e s s  c o i n c i d e s  w i t h  t h e  61-foot  

t h i c k n e s s  t e s t e d  d u r i n g  t h e  DST's, and t h a t  t h e  t o t a l  e f f e c t i v e  p o r o s i t y  is  
7 0.5  p e r c e n t ,  1.7 x 10 b a r r e l s  of b r i n e  cou ld  be s t o r e d  w i t h i n  an  a r e a  o f  3.1 

x lo8 f t 2 .  

I s  p r z s e n t e d  above ,  t h e  r z s e r v o i r  volume e s t i n a t 2 s  a r e  5ased on a s sumpt ions  of 

t o t a l  e f f e c t i v e  p o r o s i t y  and Su lk  n o d u l u s  w i t h  an z s s o c i a t e d  ~ n c e r t a i n t y  i n  

e x c e s s  of one o r d e r  o f  x a g n i t u d e .  . 4 d d i t i o n a l l i ,  t h e  us2 of t t 2  obse rved  

p r e s s u r e  depletion i n  t h e  e s t i n a t e s  assumes t h a t  r x 2  c r e e p  has not  o c c u r r e d .  

" 
r cr t u r *  "Dri~.e F r o d u c t i o n  --- 
F o r  a n y  s i n g l e  f low p e r i o d ,  t h e  volume o f  b r i n e  which could  f low froic SIPP-12 

a t  t 5 e  s u r f a c e  i s  governed by tAe s u r f a c e  presslJre. The maxinum s u r f a c e  s h u t -  

i n  p r e s s u r e  r eco rded  a t  WI?P-12 was abou t  208 p s l g .  The t h e o r e t i c a l  maxinun 

volume which c o u l d  be produced from t h e  WITP-12 r e s e r v o i r  by a r t e s i a n  f l o w  is 

t h e r e f o r e :  

t h e  ~ s x i r n u a  volume of  b r i n e  from iJZ?P-12 which could  f low a t  t h e  

e l e v a t t o n  of t h e  w a s t e  d i s p o s a l  f a c i l i t y  is o n l y  a f r a c t i o n  of t h e  b r i n e  i n  

s t o r a g e .  % o r  pu rposes  of  d i s c u s s i o n ,  t h e  assumptfons  can. be made t h a t  t h e  

w a s t e  d i s p o s a l  f a c i l i t y  d i r e c t l y  o v e r l i e s  t h e  WIPP-12 b r i n e  r e s e r v o i r ,  and t h e  

two a r e  connec ted  by a n  open b o r e h o l e .  I n  t h e  E x p l o r a t o r y  S h a f t  s t a t i o n ,  t h e  

f l o o r  of  t h e  d i s p o s a l  f a c i l i t y  is a t  a n  e l e v a t i o n  o f  a b o u t  1265 f e e t  (GFDR No. 

5,  1983) .  The p r e s s u r e  head i n  WIPP-12 a t  t h a t  e l e v a t i o n  is about  1395 p s i g ,  

whereas  t h e  p r e s s u r e  i n  t h e  d i s p o s a l  f a c i l i t y  shou ld  be a tmosphe r i c  (0 

p s i g ) .  The t h e o r e t i c a l  m x i a u n  v o l u n e  which collld f low a t  t h a t  e l e v a t i o n  i s :  



As n o t e d  i n  S e c t i o n  3 .4 .3 ,  t h e s e  f low voluine e s t f n a t e s  a r e  independe2t  of 

t :2ta1 c o m p r e s s i b i l i t y ,  and,  t h e r e f o r e ,  a r e  l e s s  u n c z r t a l i l  t h a n  t h e  t o t a l  

r e s e r v o i r  volume e s t i m a t e s .  

T3e o n l y  long-term f l o v  t 3 s t  a t  WIPP-12 was Flow T e s t  3 .  U n f o r t u n a t e l y ,  s a l t  

p r e c i p i t a t i o n  i n  t h e  f l o w  l i n e s  d u r i n g  Flaw Tes t  3 caused s i g n i f i c a n t ,  

! ~ c n e a s u r a b l e  v a r i a t i o n s  i n  b a c k p r e s s u r e ,  tke reby  r e n d e r i n g  t h e  €Low d a t a  

u n s u i t a b l e  f o r  a n a l y s i s  u s i n g  floi*-rate Jec l fn .2  t e c h n i q u e r .  Sased on oSserva- 

t i o c s  s a d e  dur ing  Flow T e s t  3  however, some q u a l i ~ a t i v ?  c o n c l u s i o n s  can  be 

.< ram concern ing  f u t u r e  f low r a t e  d e c l i n e s .  About 24,500 b b l  of b r i n e  were 

produced Erom WIT?-12 d u r i n g  Flsw T e s t  3. The f low r a t e  dropped from abou t  

14,700 bb l /day  a t  t h e  s t a r t  of t h e  t e s t  t o  about l i 0 3  5 h l / d a y  a t  t 5 e  end of 

t h e  t e s t ,  some 210 huurs of f low tirce l a t e r ,  u i t h  a n  i n i t f a l  f l o w  r a t e  h a l f -  

l i f e  of a5ou t  IS h o u r s .  I t  f s  u n l i k e l y  t h e r s f o r e ,  t h a t  c o r e  t h a n  about  

100,000 b a r r e l s  would f low from WIPP-12 b3fore  t h e  f low was reduced t o  a  few 

b b l l b a y .  The flow r a t e  would no t  d rop  t o  z+ro  however, b s t  would i n s t e a d  

s t a b i l i z e  a t  t h e  r a t e  a t  which t h e  m i c r o f r a c t u r e s  r e c h a r g e  t h e  Large f r a c -  

t u r e s .  Consider ing t h e  s low,  long-term p r e s s u r e  b u i l d u p  r a t e  and t h e  low 

p e r m e a b i l i t y  of m i c r o f r a c t u r e s ,  t h a t  r a t e  would l i k e l y  be l e s s  than  one 

bb l /day  . 

h . 0  DISCCSSIOY OF ah-TA AS TO ISSUES 

I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  of  t h e  h y d r o l o g i c a l  i n v e s t i g a t i o n s  are summarized 

from t h e  viewpoint  of t h e i r  i n p o r t a n c e  t o  t h e  i s s u e s .  The i s s u e  most r e l e v a n t  

t o  t h e  s i t e ' s  h y d r o l o g i c a l  i n t e g r i t y ,  i . e . ,  c o n n e c t i v i t y / i s o l a t i o n  of C a s t i l e  

b r i n e s ,  is  p resen ted  f i r s t ,  fo l lowed  by t h e  o t h e r  i s s u e s  o f  r e s e r v o i r  volumes, 

p o t e n t i a l  f o r  f low t o  WIPP f a c i l i t y ,  and o r i g i n  of b r i n e .  

4.1 RESERVOIR CONKECTIVITY 

E x a n i n a t i o n  of d r i l l i n g  r e c o r d s ,  s t u d y  of r e p o r t s  from p r e v i o u s  work, and,  

most i m p o r t a n t l y ,  the r e s u l t s  of t e s t i n g  pe r fo rned  r e c e n t l y  i n  t h e  EWA-6 and 

XIPP-12 wells, have produced t h e  f o l l o w i n g  o b s e r v a t i o n s :  



s Hydrau l ic  heads a r e  d i f f e r e n t  t n  a l l  four  C a s t i l e  
b r i n e  r e s z r v o i r s  f o r  which p r e s s u r e  d a t a  a r e  
a v a i l a b l e .  

e Hydrau l ic  heads i n  the  C a s t i l e  Formation i n  genera l  
a r e  h igher  than heads i n  a l l  o t h e r  ground-water 
bod ies  i n  t h e  9elzware S a s i n ,  i n c l u d i n g  p o t e n t i a l  
r echarge  z ~ n e s  in the  Cap i tan  ree f  ou tc rop  In the  
Guabalupe Xounta i n s .  

3 A 1 1  known b r i n e  r e s e r v o i r s  i n  t h e  n o r t h e a s t e r n  pa r t  
of t h e  DeLa.*a.re Easin appear t o  be s s s o c i a t e d  with 
a n t i f o r m s  which a r e  g e o g r a p h i c a l l y  s e p a r a t e d ,  
a l though  not a l l  i in t i fo rns  ar.2 known t o  be a s s o c i a t e d  
wi th  b r i n e  r 2 s e r v o i r s .  

o Yo changes i r ,  e x i s t i n g  p r e s s u r e  t r e n d s  vere  2e:ected 
i n  o b s e r v a t i o n  c;~Zls di1rir.g f l o v  t e s t s  performed i n  
IdIPP-12 and ERBA-6. 

These o b s e r v a t i o n s  have l e d  t o  two c o n c l u s i o n s  concerning the  c : ~ n n e c t i v i t y  of 

the  C a s t i l e  b r i n e  r e s e r v o i r s :  

1 )  The C a s t i l e  b r ine  r e s e r v o i r s  a t  ERDA-6 and WTPP-12 
a r e  not  cannected t o  each o t h e r ,  2nd o t h e r  C a s t i l e  
b r i n e  r e s e r v o i r s  i n  t h e  n o r t h e a s t e r n  p a r t  oE t h e  
Delaware Easin a r e  probably a l s o  h y d r a u l i c a l l y  
t s o l a t e d  From on2 ano ther .  

2 )  The b r i n e  r e s e r v o i r s  of t h e  C a s t i l e  Forna t ion ,  and 
probably  a l l  pore waters  of t h e  C a s t i l e  Forxat ion,  
a r e  isolaLed from the h y d r a u l i c  systems i n  t h e  
o v e r l y i n g  and under lying R u s t l e r  and B e l l  Canyon 
fo rmat ions .  

Both of  t h e s e  conc lus ions  were der ived l a r g e l y  from c o n s i d e r a t i o n  of t h e  f i r s t  

two o b s e r v a t i o n s  l i s t e d  above. 

Br ine  r e s e r v o i r s  i n  t h e  C a s t i l e  a r e  known t o  have t h e  h i g h e s t  hydrau l ic  heads 

of any ground w a t e r s  i n  the  v i c i n i t y .  I n  t h e  v i c i n i t y  of t h e  WIPP s i t e ,  

C a s t i l e  b r i n e  heads range from 1530 t o  2570 f e e t  (of pure water)  above heads 

i n  t h e  R u s t l e r  Formation.  S imi la r  d i f f e r e n c e s  e x i s t  between C a s t i l e  b r i n e s  

and w a t e r s  i n  t h e  Re11 Canyon Formation. The only  o t h e r  p o t e n t i a l  recharge 



a r e a  is  t h e  o u t c r o p  of t h e  Capi tan  r e e f .  The h i g h e s t  known head i n  t h e  

C a p i t a n  r e e f  a q u i f e r  t n  t h e  v { c i n t t y  of t h e  NTPP s i t e  i s  1680 t o  2950 f e e t  

Selow t h e  h y d r a u l i c  heads  of C a s t i l e  b r i n e s .  Thus,  t h e  C a s t i l e  b r i n e s  c a n n o t  

5 e  r e c e i v i n g  r e c h a r g e  from these  o t h e r  s o u r c e s .  

The g e o l o g i c  e n v i r o n a e n t  wi th  which t h e  b r i n e  r e s e r v o i r s  a r e  a s s o c i a t e d  became 

t e c t o n i c a l l y  s t a b l e  o v e r  one m i l l i o n  y e a r s  ago .  The ~ a i n t e n a n c e  of e x c e s s i v e  

and n c n - e q u i l i b r a t z d  p r z s s u r e s  w i t h i n  t h e  r e s e r v o i r s  over  a  m i l l i o n  y e a r s  i s  

e v i d e n c z  of t h e i r  degree  of i s o l a t i o n .  The o n l y  o t h e r  2echanism f o r  a a i n t e n -  

ance  of t h 2 s e  z x c e ~ s i v 2  p r e s s u r e s ,  i n  t h e  a b s e n c e  of c o n t i ~ u e d  d i a g e n e s i s ,  

xou ld  be r e c h a r g e ,  ' ~ ' n i c h  i n  t h i s  c a s e  h a s  52en shown t o  be imposs ib le .  The 

{ s o l a t i o n  of  t k e  C a s t i l e  r z s e r ~ o i r s  i s  due L O  t h e  v2ry 1 ~ ~ - ~ e r ~ 2 8 h i l i t y  

e n v i r . ? n ~ e n t  i n  which they e x i s t .  T'ii is environment  i n c l u d e s  2000 f e e t  of 

a l m o s t  i z p e r n e a b l e  r a c k s  of the  Zalado Pormat lon (k < 5 x l r 5  a d )  (Powers e t  

a l . ,  1978) s e p a r a t i n g  t h e  C a s t i l e  and R u s t l e r  Format ions ,  and a p p r o x i m a t e l y  

1 O O O  f e e t  of  C a s t i l e  e c a p o r i t e s  (k < 2.5 x loe3 nd) s e p a r a t i a g  b r i n e s  o f  t h e  

C a s t i l e  from t h e  B e l l  Canyon Formation.  

The s a n e  a r g u n e n t ,  c i t i n g  hzad d i f f e r e n c e s ,  l a c k  of  r e c h a r g e ,  and g e o g r a p h i c a l  

s e p a r a t i o n  by l o w - p e r m a b i l i t y  a n h y d r i t e  and h a l i t e ,  can be ussd t o  c o n c l u d e  

t 5 a t  t h e  r e s e r v o i r s  encountered i n  ER3X-6 and WI?P-12 a r e  no t  connec ted .  

4 l though  ftv d a t a  extst on o t h e r  b r i n e  y e s e r v o i t s ,  t h e  c o n c l u s i o n  t h a t  a l l  

o t h e r  r e s e r v o i r s  a r e  i n d i v i d u a l l y  I s o l a t e d  i s  a l s o  sugges ted .  

I n  sunxary ,  t h e  f i i l d i n g s  of t h e  r e c e n t  s t u d y  s t r o n g l y  sugges t  t h a t  no hydrau l -  

i c  c o m m n i c a t i o n  e x i s t s  between b r i n e  r e s e r v o i r s  w i t h i n  t h e  C a s t i l e  Format ion ,  

as w e l l  a s  between t h e  C a s t i l e  Format ion as a whole and ne ighbor ing  h y d r a u l i c  

sys tems .  I n  o t h e r  words,  t h e  r e s e r v o i r s  n e i t h e r  r e c e i v e  r e c h a r g e  from o u t s i d e  

s o u r c e s  n o r  a p p e a r  t o  contribute t o  o t h e r  h y d r a u l i c  sys tems.  

4.2 RESERVOIR VOLUMES 

E n d e r s t a n d i n g  t h e  f r a c t u r e d  he te rogeneous  r e s e r v o i r  model i s  e s s e l l t i a l  t o  t h e  

c a l c u l a t i o n  of b r i n e  volumes s t o r e d  i n  t h e  ERDA-6 and WIPP-12 r e s e r v o i r s .  



Evidence  of  t h e  f r a c t u r e d  n a t u r e  of bo th  t:he VTPP-12 and ZmA-5 r e s e r v o i r s  was 

g a t h e r e d  d u r i n g  examfnat ion  of  c o r e ,  a n a l y s i s  of  geoph;rsfcal l o g s ,  and 

a n a l y s i s  o f  r e s e r v o i r  behav io r  d u r i n g  f l o w  and p r e s s u r e  bu i ldup  t e s t s .  These  

d a t a  have  l e d  t o  t h e  f o l l o w i n g  i n t e r p r e t a t i o n :  

s A l i i c i t s d  sys tem of l a r g e  f r a c t u r e s ,  d e s i g n a t e d  t h e  
l o c a l  l a r g e - f r a c t u r e  g roup ,  v a s  f n t e r c e p t e d  i n  each 
b o r e h o l e .  These la rge  f r a c t u r e s  s e r v e  a s  high- 
p e m e a b f i i t y  b r i n e  c o l l e c t i o n  sys t ems ,  bv~ t  comprise 
o n l y  z s m a l l  p o r t f o n  of t h e  r e s e r v o i r s '  b r i n e  s t o r a g e  
c a p a c i t y .  The l o c a l  l a r g e - f r a c t u r e  g roups  can be 
viewed a s  e x t e n s i o n s  of t h e  w e l l s ,  and a r e  r2spons- 
? S l e  f o r  C32 f n i t i a l l y  v i g o r o u s  p roduc t ion  r a t e s  and 
p r e s s u r z - b u i l d u p  r a t 2 s  obse rved  a t  t h e  beginning of  
each  t e s t .  F r a c t u r e  p 3 r n e a b i l i t y  is  a  f u n c t i o n  of 
f r a c t u r e  a p e r t u r e .  T5e l a t g z - f r a c t u r e  p e m e a b i l i t y  
a t  E?ah-5 is aSout 1 0  nd, and a t  WIPP-12 i s  abou t  
2000 md. 

e The l a r g e  f r a c t u r e s  a r e  i n t e r s e c t e d  by numerous 
m i c r o f r a c t u r e s .  The m i c r o f r a c t u r e s  have  r e l a t i v e l y  
low p e r n e a b i l i t i e s ,  5 u t  p r o v i d e  a c c e s s  t o  t h e  
m j o r i t y  of t h e  b r i n e  s t o r e d  i n  t h e  r e s e r v o i r s .  The 
a a j o r i t y  of  t h e  b r i n e  i n  s t o r a g e  may be  con ta ined  
w i t h i n  th2  m i c r o f r a c t u r e s  a l o n e ,  o r  i n  o t h e r  l a rge -  
f r a c t u r e  g roups  which a r e  o n l y  connected  t o  t h e  
w e l l b o r e s  by n i c r o f r a c t u r e s .  A f t e r  t h e  i n i t i a l l y  
h i g h  r a t e s  of  p r o d u c t i o n  and p r e s s u r e  bu i ldup ,  t he  
major f r a c t u r e s  s e r v e  ma in ly  a s  c o n d u i t s  f o r  t h e  
b r i n e  produced from t h z  m i c r o f r a c t u r e s .  ?reduction 
from t h e  m i c r o f r a c t u r e s  is oSserved a s  a  prolonged 
s low p r o d u c t i o n  o r  s low b u i l d u p  r a t e .  

e The components d e s c r i b e d  above comprise  t h e  b r i n e  
r e s e r v o i r s  as d e f i n e d  f o r  volume d e t e r m i n a t i o n .  
These r e s e r v a i r s  a r e  su r rounded  by i n t a c t  a n h y d r i t e  
w i t h  ex t r emely  low p e r m e a b i l i t y  which c o n t r i b u t e s  
l i t t l e ,  i f  any,  b r i n e  t o  t h e  r e s e r v o i r s .  

I n  summary, t h e  r e s e r v o i r s  c o n s i s t  o f  l a r g e - f r a c t u r e  systems of l i a i t e d  volume 

s u b t e n d i n g  a  sys tem of m a t r i x  b locks  c u t  by m i c r o f r a c t u r e s .  These r e s e r v o i r s  

a r e  su r rounded  by v e r y  low-pe rmeab i l i t y  a n h y d r i t e  fo rma t ions .  3 r i n e  s t o r e d  i n  

t h e  m i c r o f r a c t u r e s  e v e n t u a l l y  r e c h a r g e s  t h e  l a r g e - f r a c t u r e  systems t o  n e a r  

t h e i r  o r i g i n a l  p r e s s u r e s .  T h i s  phenomenon i s  i l l u s t r a t e d  by t h e  l a t e - t i m e  

r e s p o n s e  on t h e  Horner p l o t  i n  F i g u r e  9-4. 
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The t o t a l  b r i n e  s t o r a g e  i n  t h e  IJIPP-12 reservoir was e s t i t - a t e d  t o  be 1 .7  x 10 7 

b s e r e l s ,  wi th  a p p r o x i c a t e l y  one m i l l i o n  b a r r e l s  s t o r e d  i n  l a r g e  f r a c t u r e s .  

The ER3A-6 r e s e r v o i r  i s  s i g n i f i c a n t l y  s m a l l e r .  T t  i s  es t i ! r ;a ted  t o  ho ld  about  

630,000 B a r r e l s ,  30,000 of which a r e  s t o r e d  i n  l a r g e  f r a c t d r e s .  ? a r t  of t h e  

l a r g e  d i f f e r e n c e  i n  r e s e r v o i r  s t o r a g e  can be e x p l a i n e d  by t h e  Fact t h a t  t h e  

l a r g e  E r a c t u r e s  i n  WIPP-12 have  p e r i n e a b i l i t  i e s  about  200 t i n e s  h i g h e r  than t 5 e  

l a r g e  f r a c t u r e s  i n  FRDA-6. Xznce, t h e i r  a p e r t u r e  and s t o r a g e  c a p a c i t y  m s t  he  

c o r r e s p o n d i n g l y  l a r g e r .  G i f f e r e n c e s  i n  s t o r a g e  c a p a c i t y  might also 5e r e l a t e d  

t o  t h e  r e l a t i v e  e x t e n t s  of t h e  two f r a c t u r e  sys tems ,  b u t  no d a t a  a r e  a v a i l a b l e  

on t h a t  s u b j e c t .  

4 . 3  POTENTLAL FOR Y R I N E  FLOW TO WLTP FACILLTLES 

There  a r e  s e v e r a l  2 o s s i b l e  avenues f o r  p r e s s u r i z e d  b r i n e s  of  t h e  C a s t i l e  

Format ion t o  e n t e r  th2  WIPP f a c i l i t y .  These i n c l u d e :  

e Upward seepage of b r i n e  through t h e  h a l i t e  of t h e  
Salado Format ion under  t h e  induced h y d r a u l i c  g r a d i -  
e n t .  

e D i s s o l u t i o n  of e v a p o r i t e s  and a s s o c i a t e d  movement of 
h r i n e .  

e Hovernent of b r i n e  th rough  unplugged b o r e h o l e s .  

e Flow of b r i n e  th rough  f r a c t u r e s  induced by mining 
a c t i v i t i e s .  

The o n l y  p o t e n t i a l  c o n d u i t  which may be e s t a b l i s h e d  w i t h o u t  human i n t e r v e n t i o n  

and which can  be e v a l u a t e d  s o l e l y  on t h e  b a s i s  of h y d r o l o g i c  ev idence  is  

upward seepage  through S a l a d o  h a l i t e  from t h e  upper C a s t i l e .  

The C a s t i l e  b r i n e  r e s e r v o i r s  have remained i s o l a t e d  f o r  a t  l e a s t  a m i l l i o n  

y e a r s  under  t h e  e x i s t i n g  h y d r a u l i c  g r a d i e n t .  The s i x - f o l d  i n c r e a s e  i n  t h e  

h y d r a u l i c  g r a d i e n t  between t h e  WIPP-12 r e s e r v o i r  and t h e  was te  d i s p o s a l  

f a c i l i t y  which w i l l  accompany t h e  open ing  of t h e  f a c i l i t y  w i l l  n o t  be 

s u f f i c i e n t ,  i n  t h e  thousand y e a r s  t h e  f a c i l i t y  open ings  and t h e  g r a d i e n t  



e x i s t ,  t o  a f f e c t  t h e  i s o l a t i o n  of t h e  WIPP-12 r e s e r v o i r .  O the r  r s s e r v o i r s  

v i l l  a l s o  5e u n a f f e c t e d  by t h e  temporary  opening  of t h e  WIPP F a c i l i t i e s .  

4 . 4  O R I G I N  OF RESERVOIRS LYD BRI,% 

The o r i g i n  o f  f l u i d s  which have accumula ted  t o  c r e s t ?  t h e  C a s t i l e  h r i n e  

r e s e r v o i r s  i s  d i s c u s s e d  i n  T a r t  I V ,  Chemistry, S e c t i o n  5 . 1 .  F s p i a n a t i o n  of 

the nechanism f o r  b r i n e  a c c u m u l a t i o n  i n t o  r a s e r v o i r s  is  z o r e  a n  i s s u e  s u b j e c t  

t o  h y d r o l o g i c  a n a l y s t s .  ?a t h i s  end ,  a g e n e r a l  r.svLew of  t h e o r i e s  on t h e  

development  of f r a c t u r e d  r z s e r v o i r s  was conducted .  T\e f i n d i n g s  oE t h i s  

rev: zw were t h a t  many r e s e r v o i r - c r e a  t i o n  mechanisms f i t  w i t h  t h e  h r i n e  o r i g i n  

t h e o r y  and c o u l d  s x p l a i n  t h e  obse rved  p r e s s u r e s .  f o l l o w i n g  i s  t h e  

s i n p l e s t  theory ,  whLch Ln o u r  o ~ i n i o n ,  b e s t  a c c o r d s  w i t h  t h e  d a t a .  

6 The C a s t i l e  e v a p o r i t e s ,  a l o n g  w i t h  c o n n a t e  wa te r ,  
were d e p o s i t e d  i n  a p l a s t i c ,  low-permeabi l i  t y  
s t r a t i g r a p h i c  sequence  d u r i n g  F e m i a n  t ime.  I q c r e a s -  
i n g  t h i c k n e s s  of t b s  ovs rbu rden  i n  combina t ion  w i t h  
h y d r a u l i c  f s o l a t i o n  and h igh  p l a s t i c i t y  caused  tAe 
c o n n a t s  v a t e r  t o  become o v e r - p r e s s u r i z e d  r e l a t i v e  t o  
p r e s e n t  c o n d i t i o n s .  

6 D e n s i t y  c o n t r a s t  between h a l i t e  and a n h y d r i t e  f n  t h e  
C a s t i l e  Fo rma t ion  r e s u l t e d  i n  t h e  f o r m a t i o n  of domal 
s t r u c t u r e s  i n  t h e  h a l i t e ,  p o s s i b l y  t r i g g e r e d  by 
b a s i n a l  t i l t i n g  ( ? a r t  11, Seo logy ,  S e c t i o n  4.3). 
A n h y d r i t e  beds ,  be lng  more r i g i d  t h a n  t h e  d u c t i l e  
h a l i t e ,  Caveloped a sys tem of t e n s i o n a l  c r a c k s  o v e r  
t h 2  dories a s  t h e y  underwent  f o l d i n g  and l e n g t h e n i n g .  

e Upon f r a c t u r i n g  of t h e  b r i t t l e  a n h y d r i t e  by ex ten-  
s i o n a l  f o r c e s ,  t h e  b r i n e  mig ra t ed  From t h e  rock  
m a t r i x  toward  t h e  zone of d i l a t a n c y  due  t o  t h e  
r e l a t i v e  vacuum produced by t h e  f r a c t u r e s .  V e r t i c a l  
con f inemen t  was p rov ided  by o v e r l y i n g  and u n d e r l y i n g  
h a l i t e  beds .  Development of f r a c t u r e s ,  i n  o t h e r  
words,  p rov ided  a d d i t i o n a l  room f o r  b r i n e  s t o r a g e  and 
r e s u l t e d  i n  r e d u c t i o n  of  r e s e r v o i r  p r e s s u r e  t o  below 
a n c i e n t  pare p r e s s u r e .  D i f f e r e n t  h y d r a u l i c  heads  
n o t e d  i n  v a r i o ~ l s  C a s t i l e  b r i n e  r e s e r v o i r s  rnay b e  
e x p l a i n e d  by d i f f e r e n t  d e g r e e s  oE F r a c t u r i n g  i n  
a n h y d r i t e  beds .  



No viable t h e o r y  i s  r e c o g n i z e d  t h a t  can e x p l a i n  t h e  p r e s e n t  h y d r o s t a t i c  f-,ends 

of  t h e  C a s t i l e  Fo rma t ion  by r e f e r e n c i n g  t h e n  t o  p r e s e n t  ground-water  f l o w  

s y s t e m s .  



Formation volune factor, XB/STB 

Wellbore storage constant (coefficient, factor) 
RB/psi 

Brine compressibility, psi-1 

Fluid conpressihility, psi-1 

Gas compressibility, psi - 1 

Pore compr2ssihility, psi -1 

Total system compressibility, psi -1 

Fracture correction factor for Horner plots 

Hydraulic head, ft 

Formation thickness, ft 

Hydraulic conductivity, ft/day, cdsec 

Bulk modulus, psi 

Permeability, ~d 

Fracture permeability, md 

Matrix permeability, md 

Fracture length, ft 

Logarithm, base 10 

Slope of semi-log straight line, psillog cycle 

Pressure, psi 

Pressure change, psi 

Extrapolated pressure, psi 

Well pressure prior to test, p s i  

Initial pressure, psi 

Bottom-hole pressure, psi 

Flow rate, bbl/day 

Final flow rate, bbl/day 

Radius, ft 

Wellbore radius, ft 

Reservoir barrels (volume at reservoir temperature 
and pressure) 



S 

STB 

STP 

T 

Storativity 

Pan Zverdingen-Hurst skin factor 

Stock tank barrels (volurie at 60°F and 1b.65 psi) 

Standard temperature (0°C) and pressure ( I  atm) 
2 2 Transrnissivity, ft /day or cm /sec 

Time, hours 

Dimensionless time 

Elapsed shut-in time 

Final elapsed shut-in time 

Equivalent time sell vas on production or injection 
'~efore shut-in, hours 

Xodified productton tine for pressure buildup 
analysis with v a r i a b l e  rate bef~re shut-in, hours 

Volume, bbl 

Volume produced, hbl 

Volumetric proportion of undissolved gas in brine 
-2 

Block shape parameter, Et 

Specific gravity; referenced to water for liquids, to 
air for gases 

DiEf2rence or change 

Interporosity flow parameter 

Viscosity, cp 

Toros it y , fraction 
Storativity ratio 

Partial derivative 
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TAH1.E H.2 
SUFIHARY OF HYDROLOGIC TESTING IN EHVA-b 

D'APPOLONIA 
(1982 .  1 9 8 3 )  

ACTIVITY 
TEST - DESIGNATION 

D r i l l  S tem T e r c  2172  ERDA-6.3 

P E R I ~ D S  
OF TEST 

VST 2 1 7 ~ - 1 ( ~ )  O c t  2 3 ,  1981  (20 :30)  -- 
PYL t o  

I.ynes TCWL-DST ~ o o l ( ~ )  - n l ~ \ g l e  p a c k e r  
a s s e m h l y .  

T e s t  p e r f o r m e d  ~ n r i o r  Lo d r i l l i n g  
cement  p l u g  I n  EHDA-h. T h i s  L e s t  
wne p e r f o r m e d  ex b r l n e  r e n r r v o l  r .  
T e s t  p r o d u c e d  d e t a  o n  p e r ~ n e n h i l i t y  
o f  H a l i t e  I1 a n d  A n h y d r i t r  I 1  q o n t s c t .  

Pnu* 
S  PL 
SBU* 

O c t  2 5 ,  1981  ( 1 5 : 3 1 )  
TCUL t r l p l e  p r e s s u r e  t r a n s d t r c e r .  

HP-9825 c o m p u t e r .  p r l n t e r .  nnd p l o t t e r .  
n s c  2172-2(2 )  -- 
FYL 
FBU 

l )57  2 6 8 0 - 1 ( ~ )  Oc t  2 8 .  1981  ( 1 6 : 4 5 )  -- 
FFL t o  

D r i l l  S tem T e s t  2680  I.ynen TCWL-DST T o o l  - a l n ~ l e  p a c k e r  
n s e e m h l y .  

TCVL t r i p l e  p r e n e u r e  t r n n f i d u r ~ r .  

tIP-9825 c o m p u t e r ,  p r l n t v r ,  nnd p l o t t e r .  

K t ~ ~ t 1 1 L u  o f  t l i l n  t e s t  w e r e  u s e d  f o r  
p r e l  i m l n a r y  h y d r o l o g l  c  c h n r n c t r r l z a -  
t l o n  o f  r e s e r v o l r .  PBIJ* 

S  FL 
SUU* 

Oct  3 0 ,  1 9 8 1  ( 1 2 : 2 0 )  

us.r 2 6 a o - z ( 2 )  -. P 

PPL 
FHU* 
S  FL 
s n u *  

Flow T e r t  1  F low P e r i o d *  Oc t  30 .  1981  ( 1 2 : 2 0 )  
t o  

O c t  3 0 ,  1981  (17 :54)  
B u i l d u p  P e r l o d *  

O c t  3 0 ,  1981  ( 1 7 : 5 4 )  
t O 

O c t  3 0 ,  1 9 8 1  ( 2 0 : 5 2 )  

R o c k w e l l  2"  c u m u l a t i v e  fln)w m e t e r .  Flow 'Test 1  wfle c o n d u c t e d  t h r o u r l ~  IIST 
t o o l  a n d  2 - l /H"  tuh inp , .  Setnip at]  f o r  
DST LhHO. TesL t e r m i n a t e d  b e c a u s e  o f  
p o r r n t l n l  t o r  l lZS e m h r l t  t l r m e n t .  Flow 
r n c r s  a f f e c t e d  by h e a v y  mud d i n c h n r y r  a n d  
Knn u l t h l n  f l o w l i n e .  Dnra  f r o m  t h l n  t e n t  
w r r e  umed f o r  q u n n t i f l c n t l o n  o f  r e n e r v o l r  
p r o p r r t l e s .  

Lynen TCVI.-DST T o o l  - s l n g l e  p a c k e r  
n s s e m b l y .  

TCM. t r l p l r  p r e n a u r e  t r n n n d u r r r .  

UP-9825 c o m p u t e r ,  p r i n t e r ,  and p l o t t e r .  

Flow T e s t  2  F low P e r l o d *  Oc t  3 1 ,  1981  ( 1 1 : 1 8 )  
t o  

Nov 0 4 .  lVUl ( 1 8 : 3 5 )  
B u i l d u p  P e r i o d *  

Nov 0 0 ,  1981  ( 1 8 : 3 5 )  
t o  

Nov 1 7 ,  1981  ( 2 0 : L I )  

Rockwr.11 2 "  r t r rn t~ la l  l v v  f l o w  m r r r r .  I13lr I;tI i l , ,w r a t e n  a f f , . c t r d  fair 4 hq,,lrr hy 
h e a v y  maid d i c c h n r ~ r  en11 K I I U  w l t l > l n  f l o w  
l l n r .  P r r u n t ~ r e  h ~ ~ i l n l t b p  dnLa n f f e r t e d  hy 
t e n l p e r n t u r e  f l u c t u a t i o n .  D n t a  firm t h l n  
t e n t  u s e d  f o r  q u n n t i f l c n t l o n  o f  r e s e r v o i r  
p r o p e r t  l  e s .  

TCUI. i  r l  lrlc. p r r n s t b r c  I r n ~ ~ n c l t u r r r  
i n  h y d r a t ~ l l c  c o n n e c t 1 0 1 1  w l r h  t h e  
w e l l h m d .  

Ill'-9825 c o m p t l i r r .  11rl11l v r ,  n ~ ~ d  p l n r  i c r .  

F low T e s t  3  F low P e r i o d *  Nov 1 7 ,  1981 ( 2 0 : L I )  
t  0 

Nov 2 0 ,  1 9 8 1  ( 2 0 : 5 3 )  
B u i l d u p  P e r i o d *  

Nov 20 .  19H1 (20 :53)  
t o  

Q e b  1 9 ,  1982  ( 1 2 : 3 3 )  

Rockwrl  1  2" c u n n ~ l n t l v e  f l o w  #net? n .  I ' r - n ~ t ~ r r  d a t a  c o l l r c t r r l  d n w ~ i t , o l v  
a l f r r t e d  by a  l e a k  i n  l u h r l 1 : n r o r .  
P r e s s u r e  d a t n  c o l l r c t e d  a t  t h e  w e l l -  
h e a d  a f  f e c t s d  hy t r m p e r a t u r t .  f  l u c t t ~ a -  
t i o n .  a n d  by g n u  c a p  f o r m n t l o n .  

Nov 20 Hl t o  Nov 2 2  81  - TI:UI. triple 
p r e n s u r r  t  r n n s d u c e r  l o c a t e d  a t  2702 
f r e t  h e l o w  s u r f a c e .  

Nov 22  8 1  t o  F e h  1 9  Hl - TCUI. t r l p l e  
p r e s s u r e  t r n n r d u c r r  l o c a t e d  n t  s u r f n c e .  



TABLE 11.2 
( C o n t i n u e d )  

TEST 
BOP c h a n g e  

Caa Cap R e l e a e e  

D'APPOLONIA 
( l y n z .  1 9 6 3 )  

ACTCV ITY PY.RlOI)S 
DESICNATION -- OF TEST DIIIIA'L'I O N  

ERDA-6.11 Flow Per iod*  P e h  19, igi-(12:33) 
t 0 

Feb  1 9 ,  1982 (13:26)  

B u l l d u p  P e r i o d *  Feb  19 .  19H2 (1 3 :26)  
t o  

h r  0 8 ,  8 3  (11 :17)  

ERDA-6.12 P l w  P e r i o d *  Mar OR. 1983  ( 1 1 : 1 7 )  
t o  

Mar 0 8 ,  1983  (13:25)  

Bul ldup  P e r i o d *  k a r  OR, I s 8 3  (13 :25)  
C o n t l n t ~ i n ~  nn o f  
f lar  21,  1963  

 or d e t a i l e d  i n f o r m a t i o n  on  i n e t r u m e n t a t l o n  r e f e r  t o  DIAppolonia  (1982. 1 9 8 3 ) .  

 rill atem t e n t  t e r a l n o l o g y :  
YFL - f l r e t  f l o w  p e r l o d ;  PRli - C l r n t  h l l d t r p  p e r i o d ;  
SFL - s e c o n d  f l o w  p e r i o d ;  SBU - s e c o n d  b u i l d u p  p e r i o d .  

( 3 ) ~ ~ ~ ~  - T r j  p l e  C o n d u c t i n g  U l r e l i n e  
DST - D r i l l  Stem T e e t  

1  NSTRIIMI:NTA.I .~~~F~(  I ) .- - . 
Envl ro tec l l  f l o w  m e t e r .  Haskl c u t t h r o n t  
f lume. 

Frh  1 9  8 2  t o  Prh  LO H Z  - 1.l:vl. I r i l ' l e  
p r e s u t l r e  t r a n a d ~ r c r r  i n  Iaydraul i c  con- 
n e c t i o n  w l t h  t h e  w e l l h e n d  

F r h  1 9  82  t o  F r h  LO 82  - 111'-9825 com;>ll ter .  
p r i n t e r ,  and  p l o t t e r .  

Feh 2 0  HZ t o  n;tr OH 8 )  - X,.kqlPr 0-hOO 
p a l 8  rnechanl rn l  p r e ~ e u r e  gaKe i n a c a l l e d  
a t  t h e  w e l l h e a d .  

Ihr ror l  202A cl L f  fvr'.nr in 1 pra..#finbrr. r r i  arrdrr  
wltlu 1/L" o r i f i c e  p l ; l t~ . .  t ~ q h e r - P t ~ r t ~ r  
f l o w  r a t e  m e t e r .  W~kq1t.r O-HOO all* (1-6110 
p n i ~  n l e r h ~ n l r n l  p r e s s u r e  ~ s ~ e s  i n a t n l l e d  
n t  t l i e  w e l l h e e d .  

WENARKS 
R e p l a r ~ d  h l # , r - ~ n ~ t  p r e v r n t r r  on w e l l h e ~ ~ d .  
P r r s n ~ ~ r r  h ~ r l  Ldoy d a t a  c o l l r c . t e d  n t  t h e  
w e l l h e a d  a f f e c t e d  by g a s  c a p  f o r m a r l o n .  

( : n s  c a p  rrlr!anrri  f r,tm wo I l t ~ r r .  Nu h r l n r  
f l o w .  P r e s 3 u r r  r latn f rorn O-HOrl I I H I R  KaRe 
lnny h e  n f f e r t t ? d  hy f l u l d  Ir.8k f rom rllnl-hrngm 
a a a e u t h l y  S t n t i c  i r r r s u ~ ~ r ~  f o l  l o u i ~ @  xns 
r e l e a s e  urred i n  t o t a l  r r . se rvc l l r  volume 
c a l c u l a t  i o n s .  

D a t a  u s e d  i n  t h i s  r e p o r t .  



TABLE H . 3  
SLMNAHY OF 1IYDKOI.OCIC TESTING IN WII'P-12 

TEST - 
P r e s s u r e  B u i l d u p  

P r e s s u r e  B u i l d u p  

Flow T e s t  1  

D'AYPOLONIA 
(1902 .  1983)  

ACTIVITY PERIODS 
DESIGNATION OF TEST DURATION I N S T R I ~ E N T A ~ I ? N ( '  ) 

WIPP-12.3 P r e s s u r e  B u i l d u p  Nov 2 3 ,  1981  (20 :25)  t t e c h e n i c a l  p r e a a u r e  p a h e .  0-300 p e l g .  a t  
t o  t h e  w e l l h e a d .  

Nov 2 5 ,  19R1 (06 :45)  

WIPP-12.6 P r e s s u r e  B u i l d u p  Nov 29 .  1981 (14 :00)  Mechnnla:nl I1a-eanlrre g a g e .  0-300 p s i g ,  n t  
t o  t h e  w e l l h e a d .  

Dec 0 3 ,  1 9 8 1  (18 :06)  

WIPP-12.7 Flow P e r i o d *  Dee OD. 19131 ( 1 8 : 0 6 )  Rockwel l  2' c ~ ~ n ~ ~ ~ l n l . l v c  r l o v  mllerer. 
t o  installed u p p t r e n m  o f  ~ n u / l l q r l I d  

Dec 0 4 ,  1 9 8 1  (15:OO) s e p n r u t o r .  F l n r o  f l o w  m e t e r  l h n c ~ l l e d  
downnt renm o f  K n s / l l r l ~ ~ L d  s r p n r a c o r .  
No p r e s s u r e  m e a s u r e m e n t s  were  t a k e n .  

D r i l l  S tem T e s t  3020  WIPP-12.0 DST-3020-1 ('1 Dec 0 4 ,  1 9 8 1  (15:OO) I.ynes TCUl.-UST T o o l  d o v ~ ~ h o l e ( ~ ) .  con-  
FFL t o  n c c t e d  v i e  w i r e l i n e  t o  I l ewle t t - l ' nckard  
FBU Dec Oh, 1 9 8 1  (09 :50)  d a t a  a c q u i e i t i o n  c o m p u t e r  a t  s u r f a c e .  

IIST-3020-3 
FFL ( S l u u  t e s t )  

D r l l l  S tem T e s t  2986  WIPP-12.9 DST-2980-1 (') Oec Ob, 1981 (09:  50) Lynen T(:W.-1)ST To1,1 ~l*rwnltoln,  rnnnlect-  
FFL t o  e d  v i n  w l r e l l n e  t o  I l e w l c t t - P a r k n r d  
PBU* Dec 07 .  1 9 8 1  (02 :52)  d e t n  s c q u i u l t f o n  c o m p u t e r  n t  ~ u r f a r e .  
S PL 

P r e s s u r e  B u i l d u p  

P r e s s ~ ~ r e  B u i l d u p  

DST-2906-3 -- 
FYL ( S l u ~  t e s t )  

WIPP-12.10 P r e u s u r e  B u l l d u p  D r c  0 1 ,  1 9 8 l  ( 0 2 : 5 2 )  Lynrn  TCW.-DS7 Total ~ l ~ ~ w t i l ~ n l t - . ~ . o n n ~ ~ c t -  
t o  r d  v i e  w l r e l l n e  t o  I l e w l r t t - P a r k n r d  

Der 1 2 ,  1981 ((70:30) d r t r  a c q u l s l t l o n  c o m p u t e r  a t  s u r f n c e .  

WIPP-12.12 P r e s s u r e  B f ~ l l d u p  Drc  15 .  l q n l  (20:Oh) H r c l l n n l r n 1  ~ , r r n a t l r o  C n g r .  0 - 3 0 0  p n l y .  
t o  l n m t r l l e d  r e  t h r  w r l  l h c n d .  Swl t c h r d  

Dec 1 7 ,  1 9 8 1  ( 0 6 : 4 5 )  t o  0-50 p s i 8  g r K e  f d r  K r r n t r r  p r c c l n i o n .  

Haxlm!un we1 l h e a d  p r e s s u r e  r e c o r d e d  f o r  
WIPP-12. Da ta  u s e d  i n  s t a t i c  r e a e r v o l r  
p r e s s u r e  c a l c u l a t i o n .  

P rese to re  buildup f o l l n w r d  a n & h * t a n t l r l  
flruw o r  21000 h b l  o f  h r l n e  cl l~rlny,  d r l l l -  
i n 8  t h e  w e l l  t o  7067 f e e t .  No d a t a  f rom 
t h i a  r e s t  w e d  r o r  q ~ ~ a n t l f l c a t l o n  of  
r e s e r v o l  r  p r o p e r t  l e s  

~ ( P Y I I I I H  o f  1 1 ~ 1 ~  t e n t  were  ncJt ufied f o r  
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p r o p e r t i e s .  

( : l~uke e l r e c l u  w e r e  u e r l o , ~ ~  f l ~ r r l n &  f l o w  p c r l o d n .  
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I 'ro<luced I n f n r m a t l o n  o n  t h l c k n e n a  of  f r m c t u r a d  
z o n e .  

H c ~ u l  t a  o f  t h l v  t e a l  w e r e  na8t tired f n r  
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TABLE 8 . 5  

BRINE HYDROLOGY CONVERSION FACTORS 

A .  COhVERSTON TABLE FOR COhlIERTING FROY I N T R I R S I C  ? R O P E R T I E S  TO P R O P E R T I E S  
XPPLICAi3LE TO 3 R I S E  FLOW 

HULTIPLY PROPERTY CZ-ERXINED 
(It 

TO GET I S F R I K S T C  TROPERTY 
FOR BXTNE FLOW BY CF THE XEDIUM 

K*(* )  (crn/sec) 1.503 x lo6 k (rod) 

K * ( ~ )  (ft/min) 7.634 x lo5 - k (md) 

T (ft2/min) 7.634 x lo5 kh (nd-ft) 

?-TTLTIPLY G I V E N  I X T R I N S I C  TO GET P2.OPERTY APPLICABLE 
PROPERTY BY TO E R I ~   FLOW(^) 

k (md) 6.655 x K*(~) (cnlsec) 

k (md) 1.310 x K*(~) (f tlmin) 

kh (md-ft) 1.310 x T (ft2/min) 

B. CONVERSION TABLE FOR HYDRAULIC CONDUCTTVITY U N I T S  

K*(2) 
(Hydraulic 

Conductivity) cm/sec f t/min f t/day gpd/ft 2 

C .  CONVERSION TABLE FOR T R A N S M I S S I V I T Y  U N I T S  

(Transmissivity) ftL/min gpd/ f  t 

(')Fo~ W I P P  brine properties of p = 1.77 cp, and y = 1.217. 
(2)~* is the symbol far hydraulic conductivity in this table. 
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LEGEND: 
a PRESSURES MEASIJRED IN RllSTLER FORMATION 
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r PRESSURES MEASURED IN EIELL CANmN FORMATION, tIPPER SAND 

PRESSURES MEASURED IN BELL CANYON FORMATION, LOWER SAND 

PRESSURE V F R S O S  D E P T H  FOR 
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WIPP-12 TESTING PERIOD --.- 
(INCL.UDING FLOW T E S T  2 AND 
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PART I V  - CHEMISTRY 

1 .0  INTRODUCTION .4?11) SUMMARY 

The c h e m i s t r y  of t h e  C a s t i l e  r e s e r v o i r  b r i n e s  and c o e x i s t i n g  gases  have been 

e v a l u a t e d  t o  r e s o l v e  i s s u e s  r e l a t e d  t o  t h e  s t a b i l i t y  of t h e  proposed WIPP 

s i t e .  The i s s u e s  of conce rn  a r e :  

The d e g r e e  of i s o l a t i o n  of t h e  r e s e r v o i r s .  

The p o t e n t i a l  f o r  the  f l u i d s  t o  degrade  the  hos t  rock 
by cherni c a l  means ( e .  g . ,  d i s s o l u t i o n ,  r e a c t i o n ) .  

The p o t e n t i a l  f o r  t h e  r e s e r v o i r s  t o  i n c r e a s e  e i t h e r  
i n  number, o r  i n  volume of  f l u i d ,  w i t h i n  a  s h o r t  time 
f rame . 

C o n f i d e n t  r e s o l u t i o n  of t h e s e  i s s u e s  depends on i d e n t i f y i n g  t h e  most l i k e l y  

o r i g i n  of t h e  r e s e r v o i r  f l u i d s ,  and on e v a l u a t i n g  t h e  degree  t o  which t h e  

f l u i d s  have  e q u i l i b r a t e d  c h e m i c a l l y  w i t h  t h e  h o s t  rock.  These g o a l s  have been 

accompl ished by a s s e s s i n g  t h e  major and minor e lement  c h e m i s t r i e s  of t h e  

f l u i d s ,  and by c o n s i d e r i n g  t h e i r  i s o t o p i c  compos i t ions .  

P r i o r  t o  a n a l y s i s  of t h e  d a t a ,  s e v e r a l  o r i g i n s  f o r  t h e  h r i n e  water  were cons i -  

de red  p l a u s i b l e .  P o s s i b l e  w a t e r  s o u r c e s  c o n s i d e r e d  were: 

M e t e o r i c  w a t e r .  

. Waters of d e h y d r a t i o n  (from gypsum). 

Anc ien t  s e a w a t e r .  

Major and minor e lement  c h e m i s t r y  and t h e  i s o t o p i c  c h a r a c t e r  of the  b r i n e s  

were used t o  e v a l u a t e  t h e s e  t h r e e  models. Only one model appea r s  t o  be 

i n t e r n a l l y  c o n s i s t e n t  w i t h  a l l  a s p e c t s  of t h e  c h e m i s t r y .  S p e c i f i c a l l y ,  t h e  

b r i n e  c h e m i s t r y  s t r o n g l y  i n d i c a t e s  t h a t  t h e  r e s e r v o i r  w a t e r s  were de r ived  from 

Permian seas. The a n c i e n t  s e a w a t e r  was c o n c e n t r a t e d  by evapora t ion  i n  t h e  

open b a s i n ,  and then  t r a p p e d  as pore  wa te r  d u r i n g  sed imen ta t ion .  The pore  

water was m o b i l i z e d  by s t r u c t u r a l  de fo rma t ions  of t h e  Delaware Ras in ,  and 



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

i n f e r r e d  a n c i e n t  t r a n s p o r t ,  the  h r i n e  r e a c t e d  wi th  s e d i n e n t a r y  c a r b o n a t e  

m i n e r a l s  t o  form t h e  dolomite  observed i n  a l t e r a t i o n  zones.  T h i s  r e a c t f o n  

d e p l e t e d  t h e  b r i n e s  i n  magnesium, and i n c r e a s e d  t h e  i s o t o p i c  zbundance of 

heavy oxygen ( l aO) .  E i t h e r  dur ing  t r a n s p o r t ,  o r  subsequent  t o  t h e  entrapment  

of b r i n e  i n  t h e  r e s e r v o i r  f r a c t u r e s ,  the w a t e r s  of ERDA-6 and WIPP-12 a l s o  

d i s s o l v e d  minor amounts of h a l i t e .  

4 l though bo th  EXDA-6 and WIPP-12 b r i n e s  exper ienced  s i m i l a r  h i s t o r i e s ,  t h e i r  

i n d i v t d u a l  c h e m i s t r i e s  a r e  s e p a r a t e  and d i s t i n c t .  Th i s  d i f f e r e n c e  i s  p robab ly  

a  r e s u l t  of s l i g h t l y  d i f f e r e n t  hos t  env i ronments ,  and d i f f e r e n t  i n i n e r a l o g i c a l  

i n t e r a c t i o n s  dur ing  t r a n s p o r t  t o  c o l l e c t i o n  i n  the  r e s e r v o i r s .  WITP-12 b r i n e  

i s  s a t u r a t e d  with a n h y d r i t e ,  h a l i t e ,  c a l c i t e ,  and dolomite .  These a r e  t h e  

2 r i x a r y  m i n e r a l s  o c c u r r i n g  i n  t h e  r ? s e r v o i r  h o s t  rock.  Accordingly ,  WIPP-12 

b r i n e  i s  i n  chemical e q u i l i b r i u m  w i t h  i t s  environment,  and has  no p o t e n t i a l  

f o r  d i s s o l v i n g  o r  r e a c t i n g  wi th  h o s t  rock under  p r e s e n t  c o n d i t i o n s .  ERDA-6 

b r i n e  i s  s i m i l a r l y  s a t u r a t e d  wi th  a n h y d r i t e ,  c a l c i t e ,  and d o l o m i t e ,  but  i t  

a p p e a r s  t o  be s l i g h t l y  u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  h a l i t e .  The p o t e n t i a l  

f o r  h a l i t e  d i s s o l u t i o n  is s m a l l ,  however. D i s s o l u t i o n  of l e s s  than one c e n t i -  

meter of t h e  over ly ing  s a l t  w i l l  b r i n g  t h e  b r i n e  t o  sodium c h l o r i d e  e q u i l i -  

brium, and cause  d i s s o l u t i o n  t o  s t o p .  

The most d i s t i n c t  compos i t iona l  d i f f e r e n c e  between ERDA-6 and WITP-12 f l u i d s  

is  i n  t h e i r  gas  composi t ions .  Cases i n  WIPP-12 a r e  predominant ly  methane and 

hydrogen s u l f i d e ,  g h i l e  gases  i n  ERDA-6 a r e  predominantly carbon d i o x i d e  and 

hydrogen s u l f i d e .  Both r e s e r v o i r s  c o n t a i n  minor amounts(- 1 9 % )  of n i t r o g e n  

t h a t  i s  n o t  due t o  a i r  con tamina t ion .  Both r e s e r v o i r s  have h i g h l y  reduc ing  

( i . e . ,  oxygen a b s e n t )  environments.  

The s i g n i f i c a n c e  of t h e  b r i n e  o r i g i n  and t h e  chemis t ry  of t h e  r e s e r v o i r  f l u i d s  

i s  : 



e The r e s e r v o i r s  a r e  i s o l a t e d .  They a r e  not  connected 
t o  each o t h e r ,  o r  t o  any ground-aater  s c u r c e .  Ilore- 
o v e r ,  t h e  i s o l a t e d  c o n d i t i o n  of t5.e r e s e r v o f r s  has  
probably  e x i s t e d  s i n c e  t h e i r  format ion a t  l e a s t  a 
m i l l i o n  y e a r s  ago. 

a The r e s e r v o i r s  a r e  chemica l ly  s t a b l e .  A t  t h e  p r s s e n t  
t empera tu re ,  t h e  b r i n e s  do no t  have t h e  p o t e n t i a l  t o  
impair  t h e  s t a b i l i t y  of t h e  r e s e r v o i r  rock. 

e The r e s e r v o i r  r a t e r s  were formed from a n c i e n t  sea- 
wa te r .  Yost of the  b r i n e ,  a t  one t ime,  =as pore 
water  i n  t h e  a n h y d r i t e .  Accordingly ,  t!-ie p o t e n t i a l  
f o r  f o m i n g  new r e s e r v o i r s  ( o r  i a c r e a s i n g  t 5 e  volume 
of e x i s t i n g  r e s e r v o i r s )  is l i m i t e d  t o  t h e  volume of 
pore water  a v a i l a b l e  through f r a c t u r e s .  '*%ether o r  
not  such i n c r e a s e s  w i l l  occur  is a f u n c t i o n  of 
geonechan ica l  p rocesses .  

1 .1 SiWi4RY OF PE.VIOUS INVESTIGATIOYS 

Kock and ground-water c h e m i s t r i e s  have been s t u d i e d  f o r  s e v e r a l  y e a r s ,  begin- 

n ing i n  t h e  e a r l y  1970 's ,  i n  suppor t  of t h e  WIPP p r o j e c t .  The Geo log ica l  

C h a r a c t e r i z a t i o n  Repor t ,  Waste I s o l a t i o n  P i l o t  P l a n t  (WIPP) S i t e  (Powers e t  

a l . ,  1978) summarized t h e  d a t a  r egard ing  t h e  mineralogy of both  z v a p o r i t e  and 

non-evapor i t e  fo rmat ions ,  a s  we l l  as whole rock chemis t ry ,  and minera l  para- 

g e n e s i s .  I n  a d d t t i o n  t o  ground-water composi t ions ,  t h e  v o l a t i l e  phases i n  the  

e v a p o r i t e  sequence were i n v e s t i g a t e d .  S t a b l e  i s o t o p e s  i n  a r e a  ground wa te r s ,  

and 3.b/Sr and U s y s t e m a t i c s  were a l s o  summarized. I n  a d d i t i o n  t o  t h e  compre- 

h e n s i v e  r s p o r t  by Towers s t  a l .  (1978),  t h e  geochemistry of t h e  WIPP s i t e  and 

its e n v i r o n s  a r e  t h e  s u b j e c t  of s e v e r a l  s h o r t e r  papers .  Xdams (1969) r e l a t e d  

t h e  n a t u r e  of t r a c e  e lements  i n  t h e  Salado Formation,  and a a r r  e t  a l .  (1979) 

have u t i l i z e d  uranium d i s e q u i l i b r i u m  r e l a t i o n s  t o  i n f e r  ground-water r e s idence  

times. Ground-water chemis t ry  is d i s c u s s e d  i n  Jones (1973), Hercer and O r r  

(1979) ,  and Lambert (1978) ,  and b r i n e s  i n  t h e  C a s t i l e  Formation a r e  examined 

i n  Anderson (1982) ,  Anderson and Kirkland (1980),  and Lambert ( i n  prepara- 

t i o n ) .  



P r e v i o u s  g e o c h e m i c a l  s t u d i e s  o f  t h e  WIPP s i t e  have  conc luded :  

e It i s  u n c l e a r  w h e t h e r  t h e  h r i n e  o c c u r r e n c e s  a t  o r  
n e a r  t h e  WIPP s i t e  a f f e c t  t h e  s t a b i l i t y  o f  t h e  geo- 
l o g i c  f o r n a t i o n  i n t e n d e d  f o r  n u c l e a r  w a s t e  d i s -  
p o s a l .  S p e c i f i c  i s s u e s  which a r e  u n r e s o l v e d  i n c l u d e  
t h e  p o s s i b i l i t y  of h r i n e  movement, t h e  e x t e n t  o f  
b r i n e  a c c u i n u l a t i o n ,  and t h e  p o t s n t i a l  f o r  d i s s o l u t i o n  
a t  t h e  s i t e  ( c f .  Anderson ,  1982;  Anderson and Ki rk -  
l a n d ,  1980;  Lamber t ,  1978 ,  and i n  p r e p a r a t i o n ) .  

o The n a j o r  mLnera l  p h a s e s  i n  t h e  e v a p o r i t e  s e q u e n c e s  
a r e  a r t h y d r i t e ,  s e v e r a l  c l a y s ,  h a l i t e ,  i o e w e i t e ,  
m a g n e s i t e ,  p o l y h a l i t e ,  q u a r t z ,  and s y l v i t e  (Tove r s  e t  
a l . ,  1 3 7 8 ) .  

o P 5 a s e s  which  o c c u r  i n  l e s s e r  amounts  i n  t h e  evapor-  
i t e s  i t l c l u d e  ! : a l n i t e ,  i r o n  o x i d e ,  f e l d s p a r ,  l ang -  
S e i n i t e ,  c a r n a l i i t e ,  and k i e s e r i t e  (Towers e t  a l . ,  
1 9 7 8 ) .  

r Ground w a t e r s  a r e  c h e m i c a l l y  r e l a t e d  t o  t h e i r  h o s t  
r o c k .  R e a c t i o n s  be tween v a t e r  and  r o c k  h a v e  i n f l u -  
enced  ground-water  c h e m i s t r y .  P r o c e s s e s  which h a v e  
p r o b a b l y  o c c u r r e d  i n c l u d e  d i s s o l u t i o n  of  e v a p o r i t e s ,  
and i s o t o p i c  and  c a t i o n  exchange  be tween w a t e r  and  
r o c k  (Powers  e t  a l . ,  1978;  Lamber t ,  1978) .  

The  o r i g i n  o f  b r i n e s  i n  t h e  uppe r  C a s t i l e  Fo rma t ion  
is u n c e r t a i n .  The me teo r i c -g round  w a t e r ,  r e s i d u a l  
s e a w a t e r ,  and t h e  d e h y d r a t i o n  o f  h y d r o u s  p h a s e s  
o r i g i n s  h a v e  Seen  p roposed  and d e f e n d e d  (Lamker t ,  
1978 ;  Ande r son ,  1982;  Anderson and K i r k l a n d ,  1980). 

1 .2  PURPOSE OF STUDY 

The p u r p o s e s  o f  t h i s  s t u d y  a r e  t o  o b t a i n  c h e m i c a l  d a t a  a b o u t  t h e  b r i n e  r e s e r -  

v o i r s  i n  t h e  Permian  C a s t i l e  Fo rma t ion  and t o  i n t e r p r e t  t h o s e  d a t a  a s  t h e y  

r e l a t e  t o  t h e  s t a b i l i t y  o f  t h e  WIPP s i te .  A m a j o r  p a r t  o f  t h a t  a s s e s s m e n t  

depends  on  a n  u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  t h a t  g a v e  r i s e  t o  t h e  b r i n e  

w a t e r s .  T h e r e f o r e ,  a n  i n t e g r a l  p a r t  of t h e  s t u d y  i s  t o  e s t a h l i s h  t h e  most  

l i k e l y  g e n e t i c  o r i g i n  f o r  t h e  b r i n e s  and a s s o c i a t e d  g a s e s .  O f  e q u a l  i n p o r t -  

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

t h a t  t h e  b r i n e s  may b e  e v a l u a t e d  f o r :  



e Chemical communication between b r i n e  r e s e r v o i r s  o r  
with l o c a l  ground wa te r s .  

a Equi l ib r ium wi th  t h e i r  g e o l o g i c  envtronments.  

e P o t e n t i a l  f o r  degrading t h e  proposed WIPP f a c i l i t y  
formation.  

e P o t e n t i a l  f o r  i n c r e a s i n g  i n  volume ( o r  i n  num5er of 
r e s e r v o i r s )  w i t h i n  a s h o r t  ( e . g . ,  10,000 y e a r )  time 
f rame . 

1.3 SCOPE OF STUDY 

The scope of t h e  p rzsen t  geochemical s t u d y  i n c l u d e s  c o n s i d e r a t i o n  of a l l  a r e a s  

A P c h  ~ z r t a i n  t o  t 5 e  i s s u e s  d2scr iSed b r i e f l y  above and i n  nore d e t a i l  i n  

S e c t i o n  2.0. T\e r ~ i n  e lements  of t h i s  s t u d y ,  ?owever, a r e  t h e  c h e m i s t r i e s  of 

t h e  C a s t i l e  b r i n e s ,  g a s e s ,  and r e s e r v o i r  h o s t  rocks.  Zegional  h o s t  rock and 

ground w a t e r  d a t a  f o r  t h e  s i t e  and i=s  e n v i r o n s  w i l l  be drzwn from D'Appolonia 

(1982) and o t h e r  publ ished r e p o r t s .  The o b j e c t i v e  of t h i s  s tudy  is t o  o h t a i n  

a s  much chemical  da ta  on t h e  b r i n e ,  g a s ,  and r 2 s e r v o i r  rocks  a s  p r a c t i c a l l y  

p o s s i b l e  u s i n g  a wide a r r a y  of t e c h n i q u e s .  Thus, the  scope of t h i s  s tudy 

i n c l u d e s  d a t a  obta ined from: 

e Chemiczl a n a l y s e s  of rock,  g a s ,  and b r i n e  f o r  m j o r ,  
a i n o r ,  and t r a c e  e lements .  

e Pet rograph ic  o b s e r v a t i o n s  of t h e  rocks.  

Scanning e l e c t r o n  microscopy, wi th  energy d i s p e r s i v e  
a n a l y s i s  of t h e  rocks.  

e I s o t o p i c  a n a l y s e s  of rocks ,  g a s e s ,  and b r i n e s .  

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

Data  g e n e r a t e d  dur ing t h i s  s tudy  are  s u f f i c i e n t  t o  r e s o l v e  t h e  p e r t i n e n t  

i s s u e s  w i t h  a high degree  of conf idence ;  i n v e s t i g a t i o n s  t o  determine t h e  

uranium d i s e q u i l i b r i u m  age of t h e  h r i n e  and t h e  o r i g i n  of t h e  e v a p o r i t e  defor-  

ma t i o n  are con t inu ing .  



2.0 C K E M I S T 4 Y  I S S U E S  RELATED TO B R I N E  R E S E R V O I R S  

2.1 EXTENT rJF C'XEMICAL I S O L A T I O N  OX COmNICATION WITH O T H E R  !V'AER S O U R C E S  

The i s s u e  of r e s e r v o i r  i s o l a t i o n  is p a r t i c u l a r l y  c r i t i c a l  t o  s i t e  s u i t a b i l i t y  

because I f  t h e  b r i n e s  communicate w i t h  o t h e r  wa te r  s o u r c e s ,  they  r e p r e s e n t  a  

p o t e n t i a l  medium f o r  t r a n s p o r t i n g  nuc l5des  away from t h e  proposed waste  Fac i l -  

i t y .  Converse ly ,  if the  b r i n e s  do not  communicate wi th  each o t h e r  o r  w i t h  

e x t e r n a l  w a t e r  s o u r c e s ,  they w i l l  have l i t t l e  c a p a c i t y  f o r  d i s p e r s i n g  

n u c l i d e s .  Ana lys i s  of t h e  c h e m i s t r i e s  of t h e  b r i n e s  and c o e x i s t i n g  g a s e s  is  

one means f o r  de te rmin ing  t h e  d e g r e e  of p r e s e n t  o r  p a s t  c o z n u n i c a t i o n  between 

r e s e r v o i r s  o r  among the  b r i n e s  and l o c a l  ground wate r s .  Because of t h e  
2 d i f f u s i v e  m o b i l i t y  of  i o n s  ( n e a r  lov4 to c m  / s e c  i n  standlag u a t e r ;  

2 !;east, 1971; S k e l l a n d ,  1974) and of g a s e s  ( n e a r  10-I cm / s e c ;  S k e l l a n d ,  

1974) ,  chemical  co:nposition is  a  s e n s i t i v e  t e s t  f o r  d e t e r m i n i n g  t h e  e x t e n t  of 

r e s e r v o i r  i s o l a t i o n .  As an i l l u s t r a t i o n ,  tSe  l i n e a r  d i f f u s i v e  d i s t a n c e s  f o r  
1/ a n  a v e r a g e  g a s  molecule have Seen c a l c u l a t e d  from: x = (2Dt) < where x = 

d i s t a n c e ,  D = d i f f u s i o n  c o e f f i c i e n t ,  t = t i n e .  The c a l c u l a t i o n  assumes t h a t  

s t r a i g h t - l i n e  f r a c t u r e s  e x i s t  between FRDA-6 and WIPP-12, and t h a t  t h e  pore 

space of t h e  rock i s  s a t u r a t e d  w i t h  wa te r .  The assumptions  a re  S e l i e v e d  

r e l e v a n t  because  two i s o t o p i c a l l y  d i s t i n c t  methanes and c h e m i c a l l y  d i s t i n c t  

gases  2 x i s t  i n  t h e  two w e l l s .  

T h e  r e s u l t s  compiled I n  T a b l e  C . l  f o r  s e l e c t e d  time p e r i o d s  show t h e  d i s t a n c e s  

over  which n e a r  t o t a l  e q u i l i b r a t i o n  ( i - e . ,  no c o n c e n t r a t i o n  g r a d i e n t )  w i l l  

e x i s t .  From t h e  t a b l e ,  i t  can  be s e e n  t h a t  i f  t h e  WIPP-12 and ERDA-6 

r e s e r v o i r s  were w e l l  connec ted ,  s i g n i f f c a n t  mixing would o c c u r  between them i n  

l e s s  than  80,000 y e a r s ,  and t h a t  no d i f f e r e n c e  between r e s e r v o i r s  would be 

observed a f t e r  4.9 m i l l i o n  y e a r s .  S i n c e  t h e  r e s e r v o i r s  were f o m e d  a t  l e a s t  

one m i l l i o n  y e a r s  ago ( Jones ,  1973, and s e e  P a r t  11, Geology, S e c t i o n  4 .3) ,  

the  r e s e r v o i r  chemis t ry  ( ~ a r t i c u l a r l y  t h e  g a s e s )  can be used t o  i n f e r  t h e  

e x t e n t  of r e s e r v o i r  i s o l a t i o n .  T h i s  d e t e r m i n a t i o n  can be made by d z t a i l e d  

comparisons of major and minor e lement  p r o p o r t i o n s  and by comparing appropr i -  

a t e  i s o t o p i c  abundances. 



2.2 G"cTK4TION OF RRIST .4?m GAS C@HPOSITI@?;S $89 L5LAT'IOY TO 2RI?'E ORIGIN 

The de te rmina t ion  of t h e  o r i g i n  and  composit ion of t h e  ERDA-6 and WIPP-12 

b r i n e s  p e r t a i n s  t o  t h e  p o t e n t i a l  For f u r t h e r  b r i n e  g e n e r a t i o n ,  and the  poten- 

t i a l  For (and e f f e c t s  o f )  b r i n e  migrat ion.  K i t h  r e s p e c t  t o  t h e  WIPP s i t e ,  t h e  

g e n e r a t i o n  of nore  b r i n e ,  o r  i t s  migra t ion  over  t h e  long  term have rami f i ca -  

t i o n s  wi th  r e s p e c t  t o  s i t e  s t a b i l i t y  and was te  i s o l a t i o n .  S s v e r a l  geochemical 

approaches can h e l p  de te rmine  hri i le  o r i g i n s ,  i i l c l u d i n g  major and minor element 

chemis t ry ,  and i s o t o p i c  ccmpositfons of b r i n e s ,  g a s e s ,  and h o s t  rocks.  

2.3 EXTENT OF BRINE /HOST ROCK EQUILIBRIUM 

Eva lua t fng  e q u i l i b r i u m  k t w e e n  t h e  b r i n e s  and r e s e r v o i r  h o s t  rocks is  a  means 

f o r  i n f e r r i n g  t h s  c u r r e n t  and f u t u r e  chemical  s t a b i l i t y  of r e s e r v o f r  forma- 

:ions; i . e . ,  whether t 5 e  b r i n e s  a r e  a t  r e s t  o r  a r e  be ing  rep len i shed  wi th  ( o r  

dep le ted  o f )  wa te r  o r  o t h e r  c o n s t i t u e n t s ,  and whether o r  no t  t h e  b r i n e s  have a  

c a p a c i t y  f o r  chemica l ly  degrading t h e  h o s t  rock.  I n  a d d i t i o n ,  e v a l u a t i o n  of 

e q u i l i b r i u m  may 52 a n  i n p o r t a n t  inpu t  t o  s a f e t y  a n a l y s e s  of the  WIPP s i t e  

because i t  m y  be u s e f u l  t o  know i f  b r i n e  composi t ions  a r e  l i k e l y  t o  change 

should t h e  b r i n e  m o b i l i z e  and gain  access  t o  b u r i e d  waste .  Equ i l ib r ium may be 

i n f e r r e d  by means of  izajor and minor c o n s t i t u e n t  chemis t ry  of t h e  b r i n e s ,  

thermodynamic c a l c u l a t f o n s ,  petrography of t h e  h o s t  rocks ,  and by the  i s o t o p i c  

composi t ions  of t h e  b r i n e s ,  gases ,  and h o s t  rocks .  

2.4 ChTMIC.41. COlr'STR4INTS ON RATE OF BRINE TIWiVSPORTATION 

Any chemical  d a t a  t h a t  r e l a t e  t o  e i t h e r  t h e  r a t e  o f  b r i n e  t r a n s p o r t a t i o n  from 

i t s  p l a c e  of  o r i g i n  t o  i t s  p resen t  r e s e r v o i r ,  o r  t o  i t s  movement ( i f  any) 

subsequent t o  t h e  s i t i n g  of a  nuc lea r  waste  d f s p o s a l  a r e a  w i l l  be c r i t i c a l  t o  

e s t a b l i s h i n g  s i t e  s a f e t y  and s t a b i l i t y  c r i t s r i a .  A s  above,  chemical  informa- 

t i o n  gained by n a j o r  and minor element chemis t ry  of t h e  b r i n e s ,  r e s e r v o i r  rock 

pet rography and m i n e r a l  chemis t ry ,  and t h e  i s o t o p e  s y s t e m a t i c s  of t h e  rock- 

br ine-gas  assemblage nay p e r t a i n  t o  t h e  r e s o l u t i o n  of t h i s  i s s u e .  



2 . 5  RESIDENCE TIYE OF BRINES 1% PESERVOIRS 

Determining t h e  r e s i d e n c e  time of the  b r i n e  i n  t h e  a n h y d r i t e  r 2 s e r v o i r s  could  

p rov ide  i n f o r m a t i o n  on t h e  t ime of r e s e r v o i r  f o r n a t i o n  ( t i m e  of deformat ion)  

and on t h e  o r i g i n  of t h e  f l u i d s .  Simply s t a t e d ,  v e r y  long  r e s i d e n c e  t imes 

could  be ev idence  t h e  b r i n e s  and the  r e s e r v o i r  sys tems  have r rna ined  s t a t i c  

f o r  a  s i g n i f i c a n t  p e r i o d  of t i n e  wi th  no i n t e r c o n n e c t i o n  t o  a c t i v e  ground- 

water  sys tems .  Xesfdence t imes can somet ines  be i n f e r r e d  from b r i n e  o r i g i n  o r  

o t h e r  g e o l o g i c a l  o r  h y d r o l o g i c a l  i n f o r m t i o n ,  o r  t h e y  can  be determined u s i n g  

~ e o c h r o n o l o g i c a l  methods. F2w techn iques  e x i s t  t o  d e t e r m i n e  a b s o l u t e  

r e s i d e n c e  t i n e s  of f l u i d s  i n  r e s e r v o i r s ,  and t h o s e  t h a t  do e x i s t  r 2 q u i r e  t h a t  

s i g n i f i c a n t  assumptions  he uiade to  perform t h e  "age"  c a l c u l a t i o n s .  The 

uranium-isotope d i s e q u i l i b r i u m  method can be used t o  de te rmine  the  t i ~ e  of 

confinement o r  r z s i d 3 n c e  of the  b r i n e s  i n  t h e  a n h y d r i t e  r e s e r v o i r  rock. A s  

wi th  a l l  g e o c h r o n o l o g i c a l  t e c h n i q a e s ,  %owever, de te rmined  "ages"  must 5e  

i n t e r p r e t e d  i n  the  c o n t e x t  of the  g e o l o g i c  s e t t i n g  and h i s t o r y  of an a r e a .  

3.0 CHEMICAL CHARACTERIZATION OF GROUND WATER A ! !  BRIhT 

I n  t h i s  s e c t i o n ,  t h e  c h e m i s t r y  of t h e  b r i n e  r e s e r v o i r s  w i l l  be p resen ted ,  and 

where a p p r o p r i a t e ,  compared t o  l o c a l  o r  o t h e r  r e l a t e d  ground waters .  The 

p r e s e n t a t i o n  of r e s u l t s  w i l l  be preceded by a  b r i e f  d i s c u s s i o n  of the  sampl- 

i n g ,  s t o r a g e ,  and a n a l y t i c a l  procedures  employed. T h i s  d i s c u s s i o n  is  prov ided  

t o  p l a c e  t h e  r e s u l t s  i n  p roper  p e r s p e c t i v e  and t o  a p p r i s e  the rzader  of limi- 

t a t  i o n s  i n  t h e  d a t a .  F u r t h e r  i n f o r m a t i o n  c o n c e r n i n g  t h e  methodology is  a v a i l -  

a b l e  i n  t h e  companion d a t a  f i l e  r e p o r t  (DfAppolonia ,  1382, Appendix A ) .  

3.1  SAMPLES 

Downhole and wel lhead b r i n e  samples were c o l l e c t e d  a t  bo th  ERDA-6 and WIPP-12. 

Downhole b r i n e  samples were c o l l e c t e d  a t  2703 f e e t  a t  ER3A-6 and a t  3003 Feet  

a t  WIPP-12. Most wel lhead b r i n e  samples were c o l l e c t e d  a t  r e g u l a r  i n t e r v a l s  

d u r i n g  f low t e s t i n g .  During flow t e s t s  a t  ERDA-6, samples  were c o l l e c t e d  f o r  

f i e l d  a n a l y s i s  every  one t o  two hours  u n t i l  chemica l  s t a b i l i z a t i o n  was ev i -  

d e n t .  T h e r e a f t e r ,  sampl ing occur red  a t  s ix-hour  i n t e r v a l s .  A t  WIPP-12, 

sampl ing of  b r i n e s  a t  t h e  s u r f a c e  occur red  a t  two- t o  four-hour i n t e r v a l s .  



THE 3153 

Sanp les  f o r  l a b o r a t o r y  z n a l y s e s  were c o l l e c t e d  s imul taneously  wi th  those  For 

f i e l d  a n a l y s i s ,  with a l l  l a b o r a t o r y  s a n p l e s  taken a f t e r  t h e  chemis t ry  of t h e  

f l u i d s  from t h e  w e l l s  had s t a b i l i z e d  ( i . e . ,  contaminants were b e l i e v e d  t o  have 

been f l u s h e d  from the  w e l l s ) .  The sampl ing program is suiumarized hslow and 

d e s c r i b e d  f u l l y  i n  D'.4ppolonia (1982, Appendix A ) .  Samples f r . m  t h e  Union 

w e l l  u e r e  c o l l e c t e d  a t  t h e  wel lhead under  f lowing c o n d i t i o n s .  

3.1.1 Loca t ion  and R a t i o n a l e  

The downhole b r i n e  (2nd g a s )  samples were c o l l e c t e d  i n  EmA-6 n e a r  a  presumed 

br inz-producing f r a c t u r e  i n  Anhydr i t e  11 a t  a  depth  of 2711 Fee t .  The c o n t a c t  

wi th  R a l i t e  I is l o c z t e d  a t  about  2735 f e e t .  Tn WIPP-12, t h e  downhole samples 

g e r e  c o l l e c t e d  j u s t  a5ove t h e  p robab le  f lu id -p roduc ing  f r a c t u r s s  l y i n g  between 

3016 and 3045 f 2 e t  bsep i n  Anhydr i te  111. The b r i n e  s a z p l e s  c o l l e c t e d  a t  t h e  

s u r f a c e  were c o i l e c t e d  a s  c l o s e  t o  t h e  wel lhead a s  p o s s i b l e  t o  minimize 

con tamina t ion .  The s u r f a c e  b r i n e  sampl ing does not  d i s c r i m i n a t e  between 

b r i n e s  from i n d i v i d u a l  zones i n  t h e  w e l l .  Th i s  r e s u l t s  i n  an a v e r a g i n g  of 

b r i n e  composi t ions  near  each w e l l ,  and pe rhaps  a  more r e a l i s t i c  view of t h e  

o v e r a l l  r e s e r v o i r  environment. 

3.1.2 Techniques  

Samples of b r i n e  f o r  f i e l d  a n a l y s i s  were c o l l e c t e d  a t  t h e  s u r f a c e  i n  p l a s t i c  

5 o t t l e s  and analyzed i z m e d i a t e l y  a f t e r  c o l l e c t i o n .  Rrine samples f o r  l abora -  

t o r y  a n a l y s e s  by D'Appolonia, E x p o r t ,  Pennsylvania ;  Global  Gsochemistry Corpo- 

r a t i o n ,  Canoga Park, C a l i f o r n i a ;  New Mexico Bureau of Hines ,  Socorro ,  New 

Xexico; and Sandia  Na t iona l  L a b o r a t o r i e s ,  Albuquerque, New Mexico were co l -  

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

R o t t l e d  samples which r e q u i r e d  no F i l t r a t i o n  were sea led  i m e d i a t e l y  a f t e r  

c o l l e c t i o n  a t  the  wellhead.  Samples r e q u i r i n g  f i l t e r i n g  were c o l l e c t e d  i n  

one-gal lon p l a s t i c  c o n t a i n e r s ,  and t h e n  f i l t e r e d  through a  0.45 micrometer 

f i l t e r ,  u s i n g  n i t r o g e n  gas  t o  p r e s s u r i z e  t h e  f i l t r a t i o n  a p p a r a t u s .  Samples 

t h a t  were t o  be preserved were t r e a t e d  w i t h  s u l f u r i c  o r  n i t r i c  a c i d ,  as 

i n s t r u c t e d  by t h e  l a b o r a t o r i e s .  Samples u e r e  t r a n s p o r t e d  t o  a l l  l a b o r a t o r i e s  



in sealed ice chests maintained at ahout ~ O C .  The details of sample collec- 

tion are described more fully in DIAppolonia (1982, Appendix A ) .  ?reservation 

and shipment procedures are in accordance with recommendations of the U.S. EPA 

(l979) or APR4 (1980). Dovwnhole samples were collected in a K-500 MONEL 

sample chamber lowered to the sampling depth. The brine and included gas were 

transported in the chamber to Core Laboratories, Xidland, Texas, For anal- 

ysis. A portion of the brine was shipped to DIXppolonia laboratory and a 

portion of the gas vas shipped to Global Geochemistry Corporation for addi- 

tional analyses (see Section 4.1.2). 

3.1.3 Storage 

Samples were stored in their shipping containers until analyses vere per- 

formed. h%ere prudent, samples were refrigerated or stored on ice. 

3.1.4 Limitations 

Prior to data reduction and analysis, concern was expressed that the utility 

of the data might have been decreased by the decision to sample at the well- 

head. Specifically, collecting brine samples at the surface might Limit the 

ability to estimate downhole conditions because of: 

o Oxidation of the sample. 

* Precipitation, rzsulting from changing pH, Eh, tem- 
perature, or pressure. 

* Contamination due to wellhead and casing corrosion. 

o Contamination with fluids from zones which are not 
connected to the brine reservoir in any way except 
through the borehole. 

Exsolution of gases from the liquids under atmos- 
pheric pressure. 

Under isothermal conditions, the magnitude of the potential effects of these 

processes is dependent primarily upon kinetic factors and additions or sub- 

tractions of reservoir fluids by so-called "thief zones". In all cases, it is 



r e a s o n a b l e  t o  assume t h a t  slow flow r a t e s  should  emphasize t h e  e f f e c t s  ( i f  

any)  of t h e  spur ious  phenomena. 

A s  a  r e s u l t ,  t h e  chemical  d a t a  s e r e  p l o t t e d  a s  a  f u n c t f a n  of both flow r a t e  

from t h e  w e l l  and t i z e  a f t s r  i n i t i a t f o n  of f low (Figure C-1). T>e samples 

i n v e s t i g a t e d  were a l l  t a k e n  a f t e r  f i e l d  a n a l y s e s  i n d i c a t e d  t h a t  t h e  chemical 

sys tem had s t a b i l i z e d  ( i . e . ,  reached a  ps2udo-stzady s t a t e ) .  Secause of t h e  

p o o r e r  a n a l y t i c a l  c o n d i t i o n s  t h a t  e x i s t e d  i n  t h e  f i e l d ,  on ly  samples t h a t  were 

analyzed i n  r2sea rch  l a b o r a t o r i e s  have been used f o r  t52 e v a l u a t i o n .  These 

l abora to ry -ana lyzed  samples  were t aken  s imul taneous ly  wi th  samples analyzed i n  

t h e  f i e l d ,  and they span t h e  e n t i r e  d u r a t i o n  of t h e  s a a p l i n g  pe r iod .  A l l  

s a n p l e s  t aken  f o r  l a b o r a t o r y  t e s t i n g  were ob ta ined  a t  p r e s e t  i n t e r v a l s  (e.g.  

every  12-24 hours ,  &spending on flow r a t e ) .  A l l  a n a l y s e s  a r c  r s p o r t e d  and 

t h e s e  d a t a  form t h e  h z s i s  f o r  t h i s  r e p o r t .  

Three t y p e s  of s t a t i s t i c a l  a n a l y s e s  v e r e  performed on t h e  chemical  da ta  from 

t h e  a n a l y s e s  of b r i n e s .  The S t u d e n t ' s  "t" t e s t  ( p a r a m e t r i c )  and t h e  Mann- 

kihitney t e s t  ( n o n ~ a r a m e t r i c )  were used t o  a n a l y z e  t h e  means and popu la t ions  

f o r  d a t a  from two s e p a r a t e  f low t e s t s  a t  ERDA-6 (Flow T e s t s  2 and 3 ) .  The 

chemical  parameters  used f o r  t h e  comparison of t h e  b r i n e s  were calcium, 
18 magnesium, potassium, sodium, b i c a r b o n a t e ,  bromide, s u l f a t e ,  a, and b 0. 

The h y p o t h e s i s  was t h a t  t h e  chemical  composi t ion of t h e  b r i n e  was cons tan t  

throughout  both f low t e s t  p e r i o d s .  Th l s  h y p o t h e s i s  v a s  suppor ted  by t h e  

s t a t i s t i c a l  t e s t s ,  where no s i g n i f i c a n t  d i f f e r e n c e  between t h e  two f l o w  

p e r i o d s  was observed f o r  any parameter  i n  e i t h e r  t e s t .  

The p o s s i b i l i t y  t h a t  t h e  chemical  composi t ions  of t h e  b r i n e s  could have 

changed w i t h  t h e  d e c r e a s i n g  f low r a t e s  observed a t  each  of t h e  w e l l s  through 

t ime was t e s t e d  by means of a n a l y s i s  of v a r i a n c e  (ANOVA). The same chemical 

pa ramete r s  were e v a l u a t e d .  The chemical  a n a l y s e s  w i t h i n  each  w e l l  were 

d i v i d e d  i n t o  t h r e e  o r  f o u r  groups  which r e p r e s e n t e d  d e c r e a s i n g  f low r a t e s  

through time. The wi thin-group v a r i a n c e  was t e s t e d  a g a i n s t  t h e  among-group 

v a r i a n c e  t o  i n d i c a t e  whether  o r  n o t  t h e r e  was a  s i g n i f t c a n t  change due t o  time 



e f f e c t s .  For both  w e l l s  no s i g n i f i c a n t  d i f f e r e n c e s  were observed a t  t h e  95% 

C.L., with  t h e  e x c e p t i o n s  of bD showing a  s i g n i f i c a n t  d i f f e r e n c e  (C.L. = 98 .9 )  

i n  ER3.4-6 and br30 showing a  s i g n i f i c a n t  d i f f e r e n c e  (C.L. = 9 8 . 5 )  i n  XIPT-12 

due t o  t ime e f f e c t s .  These  a n a l y s e s  s u b s t a n t i a t e  t h e  h y p o t h e s i s  t h a t  t h e  

observed changes t n  f low r a t e s  through t ime have no s t a t i s t i c a l l y  v e r i f i e d  

e f f e c t  on t h e  chemica l  compos i t ion  of t h e  b r i n e s .  

The c o n s i s t e n c y  of t h e  d a t a  shown i n  F i g u r e  C - 1 ,  t h e  r e s u l t s  of t h e  

s t a t i s t i c a l  a n a l y s e s ,  and t h e  good agreement w i t h  e s t a b l i s h e d  t r e n d s  ( s e e  

l a t e r  d i s c u s s i o n  and S i g u r e s  C-4 through C-14) i n d i c a t e  t h a t  concerns  a b o u t  

wel lhead sanp l i i lg  were not  war ran ted  f o r  t h e  major  and minor e lement  

chemis t ry .  I n  c o n t r a s t ,  !-towever, t h e  r e l i a b i l i t y  of t r a c e  x e t a l  d a t a  i s  s t i l l  

cons ide red  s u s p e c t  i n  l i g h t  of t h e  p o t e n t i a l  f o r  m e t a l  c o r r o s i o n  downhole and 

i n  t h e  we l lhead .  Accord ing ly ,  no a t t s m p t  t o  i n t e r p r e t  t h e  t r a c e  meta l  d a t a  

h a s  been nade. 

3 - 2  .UIALYTICAL METHODS 

3.2.1 Tzchniques  

A n a l y t i c a l  n e t h o d s  used by t h e  D'Appolonia l a b o r a t o r y ,  and by Core L a h o r a t o r -  

i e s ,  I n c .  a r e  g i v e n  i n  d e t a i l  i n  D'Appolonia (1982,  Appendix B ) .  The 
1 8  bD and b 0 methods used by Global  Geochemis t ry  a r e  a l s o  g i v e n  i n  D'Appolonia 

1 3  34 (1982, Appendix B). Global Geochemist ry ' s  C and 6 S methods have n o t  y e t  

been r e p o r t e d ,  b u t  they  w i l l  be inc luded  i n  u p d a t e s  of t h e  ERDA-6 and WIPP-12 

Oata F i l e  Repor t  (D'Appolonia,  1982,  Appendix A). 

3.2.2 L i m i t a t i o n s  

A l l  a n a l y t i c a l  methods used i n  t h i s  s t u d y  a r e  ASTM, MI,  APHA, U.S. EPA o r  

U.S. Bureau of Nines  p u b l i s h e d  methods. L i m i t a t i o n s  of  t h e s e  methods a r e  

susmarized i n  t h e  r e f e r e n c e s  found i n  D'Appolonia (1982,  Appendix B ) .  G loba l  

Geochemistry h a s  used i t s  s t a b l e  i s o t o p e  methods s u c c e s s f u l l y  f o r  a  number of 

y e a r s .  P r e c i s i o n  is g r e a t e r  on s o l i d  and l i q u i d  samples  t h a n  on g a s  sam- 

p l e s .  However, complex n a t u r a l  samples can  p roduce  unexpected i n t e r f e r e n c e s  



and e r r o r s .  I n  most c a s e s ,  however, samples were analyzed For i s o t o p i c  com- 

p o s i t i o n s  i n  d u p l i c a t e ,  and 15-13 samples of b r i n e  From each y e l l  were ana- 

lyzed.  

3.3 S U > P L ~ R Y  OF RESULTS 

3.3.1 S e n e r a l  P r o ~ e r t i e s  

Br ines  sampled from ERDA-6 and WIPP-12 have s i n i l a r  major elsment chem- 

i s t r i e s .  Approx ina te ly  n i n e t y  pe rcen t  of t h e  i o n s  i n  the  b r i n e s  a r e  e i t h e r  

sodium o r  c h l o r i d e .  TSr o t h e r  t e n  percent .  c o n s i s t  predominantly of ca lc ium,  

l i t h i u m ,  zagnesium, potass ium,  S i c a r b o n a t e ,  s u l f a t e ,  t~monlum,  n i t r a t e ,  and 

boron. T:le ave rage  t o t a l  d i s s o l v e d  s o l i d s  (TDS) va lue  f o r  ZXDD-6 samples i s  

330,000 ~ g / l ,  and f o r  WI??-12 samples ,  i s  328,000 n g / l .  

Although s i m i l a r ,  t h e  EREA-6 and 'VI'IPP-12 b r i n e s  a r e  not  i d e n t i c a l .  S t u d e n t ' s  

"t" and Yann-hThitney t e s t s  were used t o  a n a l y z e  t h e  means and p o p u l a t i o n s  f o r  

chemical  d a t a  from ERDA-6 and WTPP-12. The chemical  parameters used f o r  t h e  

comparison of t h e  b r i n e s  were ca lc ium,  ~ a g n e s i u n ,  potzssium, sodium, 
18  b i c a r b o n a t e ,  bromide, s u l f a t e ,  OD,  and b 0. S i g n i f i c a n t  d i f f e r e n c e s  of t h e  

means /popu la t ions  between ERDA-6 and WTPP-12 were observed a t  a  g r e a t e r  than 

99.8% c o n f i d e n c e  l e v e l  (C.L.) f o r  a l l  p a r a n r t e r s  f o r  both t e s t s ,  zxcep t  f o r  

b i c a r b o n a t e ,  which showed a  s i g n i f i c a n t  d i f f e r e n c e  a t  a  98.6% C.L. f o r  t h e  "t" 

t e s t  and no s i g n i f f c a n t  d i f f e r e n c e  a t  t h e  95% C.L. f o r  t h e  Mann-'Yhitney 

t e s t .  These r e s u l t s  i n d i c a t e  t h a t  b r i n e s  from t h e  two w e l l s  have 

s i g n i f i c a n t l y  d i f f e r e n t  chemical  compos i t ions .  

.- Average compos i t ions  f o r  ERDX-6 and WIPP-12 a r e  provided i n  Table  C.2 a long 

w i t h  d a t a  from t h e  Union we l l .  These composf t ions  a r e  shown d i a g r a m a t i c a l l y  

i n  F i g u r e  C-2. I n  t h e  f i g u r e ,  t h e  a r e a  o f  each  c i r c l e  is  p r o p o r t i o n a l  t o  

TDS. The p r o p o r t i o n  of each component i n  terms of e q u i v a l e n t s  i s  shorn  a s  a 

wedge, w i t h  e x a c t  v a l u e s  repor ted  numer ica l ly  ( i n  pe rcen t  e q u i v a l e n t s ) .  

Charge b a l a n c e  may be a s s e s s e d  by comparing t h e  s i z e  of the  upper "hemisphere" 

( c a t  i o n s )  w i t h  t h e  lower  shaded "hemisphere" (an ions ) .  "easured w a t e r  temper- 

a t u r e ,  TDS, Eh ( o x i d a t i o n - r e d u c t i o n  p o t e n t i a l ) ,  and pH a r e  shown heneath each 

c i r c l e .  
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3 . 3 . 2  Yajor and Yinor Elements  

A l a t e r  s e c t i o n  (5 .0 )  w i l l  i n c l u d e  d i s c u s s i o n s  of t h e  o r i g i n  of t h e  b r i n e s  and 

r e l a t e  t h e  d a t a  t o  i s s u e s  of concern .  To f a c i l i t a t e  t h e s e  d f s c u s s i o n s ,  t h e  

chemical  d a t a  have been reduced and arrang2d i n  a  c o n v e n i e n t  form. They a r e  

p r e s e n t e d  below, a long  w i t h  b r i e f  d i s c u s s i o n s  o f  p o i n t s  of i n t e r e s t ,  i n  t h e  

f o l l l w i n g  o r d e r :  

o E v a l u a t i o n s  of  xiinera1 s a t u r a t i o n .  

Xajor and minor e lement  c o n c e n t r a t i o n  r a t i o s .  

Z v a l u a t i o n s  of Y i n e r a l  S a t u r a t i o n  

E v a l u a t i o n s  of minera l  s a t u r a t i o n s  a r e  h e l p f u l  when a t t e m p t i n g  t o  i n f e r  t h e  

g e n e t i c  h i s t o r i e s  of t h e  b r i n e s ,  and a r e  e s p e c i a l l y  i m p o r t a n t  when de te rmin ing  

i f  t h e  b r i n e s  a r e  i n  e q u i l i b r i u m  w i t h  t h e i r  s u r r o u n d i n g s .  I n  making t h e s e  

e v a l u a t i o n s ,  t h e  e q u i l i b r i u m  thermodynamic model developed by Tisrvie and Ideare 

(1980)  f o r  b r i n e s  was used.  T h i s  model c a l c u l a t e s  t h e  chemica l  a c t i v i t i e s  of 

component i o n s ,  and p e r m i t s  c a l c u l a t i o n  of i o n  a c t i v i t y  p r o d u c t s  (IXP).  The 

IXP of a  m i n e r a l  can t h e n  be compared w i t h  t h e  s o l u b i l i t y  p roduc t  (Ksp) of 

t h a t  m i n e r a l  t o  e v a l u a t e  whether  o r  n o t  t h e  s o l u t i o n  is  s a t u r a t e d  ( i . e . ,  i n  

e q u i l i b r i u m )  wi th  t h e  m i n e r a l .  ( I f  t h e  TAP is e q u a l  t o  o r  g r e a t e r  than t h e  

Ks?, t i isn t 5 e  s o l u t i o n  i s  s a t u r a t e d  wi th  t h e  phase .  I f  t h e  1.V is l e s s  than  

t h e  Ksp, t 5 e n  t h e  s o l u t i o n  i s  n o t  s a t u r a t e d . )  S i n c e  most of t h e  Ksp v a l u e s  

and a l l  of t h e  IAP v a l u e s  were g e n e r a t e d  u s i n g  t h e  model developed by Harv ie  

and Weare (1980) ,  t h e  e v a l u a t i o n  of phase e q u i l i b r i u m  i s  i n t e r n a l l y  

c o n s i s t e n t .  

The IXP v a l u e s  a r e  not  e x a c t  and a r e  s u b j e c t  t o  e r r o r s  b o t h  i n  measurement and 

i n  computat ion.  A s  a  r e s u l t ,  t h e  c a l c u l a t e d  IAP v a l u e s  a r e  r e p o r t e d  a s  a 

range  of p o s s i b l e  v a l u e s .  T a b l e s  C . 3  and C.4 c o n t a i n  e v a l u a t i o n s  of whether 

o r  n o t  t h e  ESDA-6 and WIPP-12 b r i n e s  a r e  s a t u r a t e d  w i t h  common e v a p o r i t e  

m i n e r a l s .  These e v a l u a t i o n s  a r e  based on t h e  r e p o r t e d  Ksp and c a l c u l a t e d  TAP 

v a l u e s  i n c l u d e d  i n  t h e  t a b l e s .  I n  some c a s e s ,  t h e  range  of c a l c u l a t e d  TAP'S 



s p a n s  t h e  r e p o r t e d  Ksp v a l u e ;  t h e r e f o r e ,  judgment v a s  e x e r c i s e d ,  and the  p5ase 

was d e s c r i b e d  a s  "probably" s a t u r a t e d ,  o r  "probably  n o t "  s a t u r a t e d .  I n  t h e s e  

i n s t a n c e s ,  p e t r o g r a p h i c  a n a l y s e s  o r  X-ray d i f f r a c t i o n  a r e  probably  the  S e s t  

neans  f o r  e s t a b l i s h i c g  m i n e r a l  s t a b i l i t y .  As w i t h  a n y  t h e o r e t i c a l  e v a l u a t i o n ,  

t h e  n o d e l  shou ld  be checked t o  a s c e r t a i n  i t s  r e l i a b i l i t y .  Checks on t h e  

e v a l u a t i o n s  con ta ined  i n  t h e  t a b l e s  a r e  summarized i n  t h e  colunn l a h e l e d  

" ~ h i s i c a l  Evidence"  and d i s c u s s e d  i n  t h e  Following pa rag raph .  

I n  t h e  o r i g i n a l  d e s c r i p t i o n  of  t h e  model (Za rv i2  and Keare ,  19801, t h e  com- 

pu ted  r e s u l t s  were compared w i t h  e m p i r i c a l  l a b o r a t o r y  r e s u l t s  and agreement 

u a s  found t o  be w i t h i n  f:ve ~ e r c e n t  ( r e l a t i v e ) .  Tn i t s  c u r r e n t  a p p l i c a t i o n ,  

t h e  computed r e s u l t  can  he compared wi th  p e t r o g r a p h i c  o b s e r v a t i o n s .  The 

r e s u l t s  a r e  a g a i n  i n  good agreement  ( s e e  P a r t  TI, Gtology,  S e c t i o n  4.1.3) .  A 

F i n a l ,  though l e s s  r i g o r o u s  check on t h e  model i s  t o  compare t h e  computed 

r e s u l t s  w i t h  e s t a b l i s h e d  p r e c i p i t a t i o n  sequences  ( e . g . ,  Grabau, 1920; Kraus- 

k o p f ,  1967).  I f  i n c o n s i s t e n c i e s  a r i s e ,  t hen  t h e  r e s u l t s  of t h e  model a r e  

d o u b t f u l .  

F i g u r e  C-3 i s  a J a n e c k e  d iag ram o f  t h e  type  commonly used t o  r e p o r t  b r i n e  

compos i t ions .  The d iagram shows s t a b i l i t y  f i e i d s  f o r  common z v a p o r i t e  

m i n e r a l s  t h a t  can  c o e x i s t  w i t h  h a l i t e .  B r i n e s  of  any g i v e n  composi t ion  can be 

p l o t t e d  i n  terms of  t 5 e i r  t h r e e  Janecke conponents .  The f i s l d  hounding t h a t  

compos i t ion  d e t e r m i n e s  t h e  e v a p o r i t e  mine ra l  t h a t  precipitates a f t e r  h a l i t e  

f o r  t h a t  p a r t i c u l a r  b r i n e ,  and d e s c e n t  l i n e s  govern  subsequent  

p r e c i p i t a t i o n .  I n  t h i s  way, b r i n e  mine ra l  p r e c i p i t a t i o n  sequences  can be 

p r e d i c t e d  f o r  any b r i n e  compos i t ion .  For  example, t h 2  heavy l i n e  (wi th  

a r rows)  shows t h e  common p r e c i p i t a t i o n  sequence  f o r  seawa te r .  The KIPP-12 and 

ERDA-6 b r i n e s  do  n o t  f a l l  i n  t h e  seawa te r  f i e l d  ( b l o e d i t e ) ,  b u t  i n s t e a d  p l o t  

i n  t h e  t h e n a r d i t e  (Na2S04) r e g i o n .  T h e r e f o r e ,  t h e  C a s t i l e  b r i n e s  should 

p r e c i p i t a t e  t h e n a r d i t e  ( o r  a  r e l a t e d  phase)  as t h e  n e x t  mine ra l  fo l lowing  

h a l i t e .  While ERDA-6 b r i n e  c a n n o t  be e v a l u a t e d  r i g o r o u s l y  because  i t  is n o t  

s a t u r a t e d  w i t h  h a l i t e  ( t h e r e f o r e  i t  does n o t  p l o t  on t h e  p l a n e  of t h e  

d i ag ram) ,  t h e  m i n e r a l  s a t u r a t i o n  r e s u l t s  c a l c u l a t e d  f o r  WIPP-12 appear  t o  be 
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consistent. That is, WTPP-12 brine (which is halite saturated) is also found 

to be satura:ed with glauberi te, CaNa2(S04)2 (see Table c .4). Although 

glauberite is not shown on the Janecke diagram (Ca is not considered in the 

pseudo-ternary system employed For the diagram), glauberite would project into 

the thenardite (Na2S04) field. Consequently, the calculated saturation for 

WIPP-12 brine with both halite and glauberite appears consistent with the bulk 

composition. 

In general, ERDA-6 appears to be saturated in dolomite and calcite, and prob- 

ably saturated in anhydrite. WIPP-12 is saturated with calcite and dolomite 

and probably saturated with anhydrite, glauberite, and halite. Tn most cases, 

thsse equilibria tave been imposed on the brine by phases in the rock (i.e., 

th2 rock is controliing the solution chemistry). For dolomite, however, the 

rock appears to have equilibrated with the brine chemistry. 

Major and Minor Element Concentration 2atios 

The variations of major and minor eieaent concentratioos can be used to infer 

th2 genetic histortes of aqueous solutions (e.g., Carpenter, 1978; Valyashko, 

1956; Rittenhouse, 1967). The concept behind this practice is that brines 

formed by dissolution of halite (and other evaporites) become progressively 

enriched in ions such as sodium, choride, calcium, and sulfate because those 

ions are abundantly present in readibly soluble hosts. In contrast, brines 

which form by concentration of seawater become comparatively enriched in the 

normally less abundant incompatible elements (e.g., bromide, lithium, and 

boron) as the normal evaporation and precipitation sequence proceeds. Conse- 

quently, by comparing concentration ratios with normal seawater trends, brines 

which formed by dissolution (i.e., originated from meteoric waters or waters 

of dehydration) can be distinguished from those which are formed by concen- 

trating seawater. 

Figures C-4 through C-14 compare the ion ratios obtained from samples of ERDA- 

6 and WIPP-12 brines (D'Appolonia, 1982) with seawater evaporation trends 



( C o l l i n s ,  1975) .  Also shown f o r  r e f e r e n c e  a r e  b r i n e s  t h a t  have b2en i n t e r -  

p r e t e d  a s  s e e p s  of meteor ic  waters  i n t o  s a l t  domes (Martinez,  1979) and some 

of t h e  b r i n e y  ground wate r s  a s s o c i a t e d  wi th  t h e  Lcs Vedanos region ( i l i s s ,  

1375; L a n b e r t ,  1378). 'rihile l i m i t e d  d a t a  (La~nber t ,  1978) prevent comparing 

a l l  of t h e  r e g i o n a l  ground waters  wi th  t h e  b r i n e  occurrences ,  t n  most c a s e s  a t  

l e a s t  one ground water  can be p l o t t e d .  In t h e s e  c a s e s ,  the ground water i s  

u s u a l l y  from t h e  Re11 Canyon Formation. Data from the  Salado and Morrow 

ground u a t e r s  a r e  a l s o  Fr2quently a v a i l a b l e ,  but  sometimes they cannot he 

p l o t t e d  on t h e  s c a l e  of t h e  f i g u r e s .  To avoid  decreas ing  the  c l a r i t y  of 

p r e s e n t a t i o n ,  on occasion the  Salado and/or  Worrov d a t a  were omit ted.  

As s t a t e d  above,  %hen seawater  e v a p o r a t e s ,  a l l  d i s so lved  components hzcome 

a o r e  c o n c e n t r a t e d  but r s n a i n  i n  t h e  sane r e l a t i v e  propor t ions  t h a t  e x i s t e d  i n  

t h e  o r i g i n a l  s o l u t i o n .  These r a t i c s  remain c o n s t a n t  u n t i l  or  un less  a phase 

i s  p r e c i p i t a t e d  o r  d i s so lved  (e.g. q o l s e r ,  1366; Xittenhouse,  1967; Carpenter ,  

1378).  For  example, when p r e c i p i t a t i o n  of phase AB occurs from a  s o l u t i o n  

c o n t a i n i n g  A ,  3, C, and D,  then the  s o l u t i o n  Secomes deple ted i n  X and B but  

n o t  i n  t h e  o t h e r  coinponents. As a r e s u l t ,  t h e  r a t i o  C/D remains c o n s t a n t ,  hut  

t h e  r a t i o s  A/C, B / C ,  x/D, and B/D decrease .  

I n  s e a w a t e r ,  Sronide (3r-) i s  a  r e l a t i v e l y  minor component ( s e e  Weast, 1971); 

however, s i n c e  bromide does not  p a r t i t i o n  a p p r e c i a b l y  i n t o  p r e c i p i t a t i n g  s a l t s  

e x c e p t  i n  t h e  very l a s t  s t a g e s  of evaporatTon, i t  can be used t o  t r a c e  t h e  

a d d i t i o n  o r  s u b t r a c t i o n  of o t h e r  seawater  components (e -g . ,  Xolser,  1966; 

R i t t e n h o u s e ,  1967; Carpenter ,  1978).  

Although t h e  c h e m i s t r i e s  of the  b r i n e s  a r e  d i s t i n c t l y  d i f f e r e n t ,  the  WIPP-12 

and ERDA-6 b r i n e s  p l o t  c o n s i s t e n t l y  near  each o t h e r  (see Figures  C-4 through 

C - 9 ) .  T h i s  g e n e r a l  s i m i l a r i t y  probably  i n d i c a t e s  a s i m i l a r  source  water f o r  

t h e  C a s t i l e  b r i n e s .  The composi t ional  d i f f e r e n c e s  among the  C a s t i l e  b r i n e s  

p robab ly  i n d i c a t e s  s o p a r a t e  h i s t o r i e s  f o l l o w i n g  d iagenes i s  and l i t h i f i c a t i o n  

of t h e  h a s i n .  The f a c t  t h a t  chemical  d i f f e r e n c e s  p e r s i s t  i n d i c a t e s  poor 

communica t i on between r e s e r v o i r s .  While the  C a s t i l e  b r i n e s  i n f r e q u e n t l y  p l o t  



n e a r  t h e  r e g i o n a l  ground v a t e r s  and s a l i n e  mine s e e p s ,  no t r e n d  among t h e  

b r i n e s  and t h e  l a t t e r  w a t e r s  i s  e i t h e r  c o n s i s t e n t ,  o r  compel l ing.  Ry compar- 

i s o n ,  t h e  agreement w i t h  seawate r  e v a p o r a t i o n  i s  ~ u c h  b e t t e r .  S p e c i f i c a l l y ,  

e i g h t  major b r i n e  components have been p l o t t e d  a s  a  f u n c t i o n  of c o e x i s t i n g  

bromide a n d / o r  c h l o r i d e  c o n c e n t r a t i o n s .  T5ese e i g h t  components comprise more 

than 99 p e r c e n t  of  t h e  d i s s o l v e d  m a t e r i a l  i n  t h e  b r i n e .  S o t a b l y ,  s i x  of t h e  

e i g h t  components e i t h e r  b r a c k e t ,  o r  f a l l  v e r y  n e a r  t o  seawate r  e v a p o r a t i o n  

t r e n d s  ( i . e . ,  f a l l  ~ i t h i n  5 t o  10 percen t  r e l a t i v e  d e v i a t i o n ) .  Of t h e  remain- 

i n g  two components, o n l y  one (aagnesium) shows a  major d e p a r t u r e  from t h e  

seawate r  t r e n d ,  and is  s i g n i f i c a n t  t o  t h e  o r i g i n  of t h e  b r i n e .  The o t h e r  

(?oron) i s  s i g n i f i c a n t  o n l y  i n  t h a t  i t  o c c u r s  i n  e x c e s s .  T a p l i s a t i o n s  of t h i s  

excess  a r e  d i s c u s s e d  l a t s r  ( S e c t i o n  5.1.2).  

The magnesium/bromide c o n c e n t r a t i o n  p l o t  ( F i g u r e  C-9) of t h e  b r i n e s  shows t h a t  

t h e  r e s e r v o i r s  a r e  d z p l e t e d  i n  nagnesium r e l a t i v e  t o  seawate r .  I f  t h e  

a a g n e s i u a  c o n t e n t  o f  t h e  b r i n e s  were c o n t r o l l e d  by seawate r  e v a p o r a t i o n ,  t h e n  

nagnesium and bromide would have Secome e q u a l l y  e n r i c h e d  u n t i l  p r e c i p i t a t i o n  

of nagnesium-bearing phases  such as epsomite  (?lgS04.7B20) o r  b l o e d i t e  

(Na2Mg(S04)2.4H20) o c c u r r e d .  That p r e c i p i t a t i o n  does n o t  occur  u n t i l  t h e  

hromide c o n t e n t  of t h e  b r i n e  has  reached 4,300 mg/l  ( C o l l i n s ,  1975) which i s  

f a r  above t h e  510 mg/l and 880 mgil bromide c o n t e n t s  of  t h e  C a s t i l e  b r i n e s .  

,As a  r e s u l t ,  if the general agreement of t h e  Castile b r i n e s  and s e a w a t e r  

% v a p o r a t i o n  t r e n d s  a r a  t o  be b s l i e v e d ,  magnesium d e p l e t i o n  must have occur red  

Secause  o f  w a t e r / n i n e r a l  r e a c t i o n .  That  r e a c t i o n  must have occurred a f t e r  t h e  

b r i n e s  were s e p a r a t e d  from wate r s  i n  t h e  b a s i n ,  and must have genera ted  a  

magnesium-bearing phase  (e .g . ,  dolomite ,  c h l o r i t e ,  o r  s a p o n i t e ) .  

I n  a d d i t i o n  t o  t h e  magnesium/bromide r a t i o s ,  t h e  s l i g h t l y  e l e v a t e d  sodium/bro- 

mide and c h l o r i d e / b r o m i d e  r a t i o s  a r e  a l s o  s i g n i f i c a n t .  E l e v a t i o n  of t h e s e  

r a t i o s  above t h e  s e a w a t e r  r e f e r e n c e  i n d i c a t e s  t h a t  i n  a d d i t i o n  t o  seawate r  

c o n c e n t r a t i o n ,  minor d i s s o l u t i o n  of sodium- and c h l o r i d e - b e a r i n g  phases  h a s  

occur red .  



For ERDA-6, h a l i t e  (NaCl) d i s s o l u t i o n  appears  an adequate  e x p l a n a t i o n  f o r  

t h e s e  e l e v a t e d  v a l u e s .  Th i s  s t a t e m e n t  can be made wi th  some a s s u r a n c e  hecause 

vhen sodium 2nd c h l o r i d e  a t e  s u b t r a c t e d  from t h e  b r i n e  composi t ions  i n  equa l  

molar amounts ( i . e . ,  h a l i t e  s t o i c h i o n e t r y ) ,  they reach t h e  seawate r  s o l u t e /  

bromide r e f e r e n c e  curve  s i m u l t a n e o u s l y .  This  i s  no t  t h e  c a s e  f o r  WIPP-12. 

When t h e  WIPP-12 b r i n e s  have sodium and c h l o r i d e  s u b t r a c t e d ,  sodium s t i l l  

r smains  e l e v a t e d  above t h e  seawate r  r e f ~ r e n c c  when c h l o r i d e  i s  c o i n c i d e n t  with 

t h e  r e f e r e n c e  curve .  T h i s  i m p l i e s  t h a t  t h e  WIP?-12 b r i n e s  may have d i s s o l v e d  

a n o t h e r  sodiun-bear ing phase--perhaps a s u l f a t e  (Lambert, 1378, and i n  prep- 

a r a t i o n ) .  The f a c t  t h a t  WIPP-12 seems t o  be s a t u r a t e d  with both h a l i t e  and 

g l a u b e r i t e  (CaNa2iSO4l2) a p p e a r s  t o  suppor t  t h i s  c o n t e n t i o n  ( s e e  Tab le  C.4). 

F u r t h e r  suppor t  f o r  t h i s  h y p o t h e s i s  is given by t h e  MI??-12 s u l f a t e / b r o m i d e  

p l o t  ( F i g u r e  C-6) which shows a  s l i g h t  e l e v a t i o n  of s u l f a t e .  Thus, t h e  iV'ZPP- 

12 S r i n e s  have not on ly  an  e x c e s s  of sodium and c h l o r i d e  hut  a l s o  of 

s u l f a t e .  Flowever, due t o  t h e  p resence  of o t h e r  s u l f a t e s  ( e .g . ,  a n h y d r i t e )  and 

t h e  c o m p l i c a t i o n s  of incongruen t  d f s s o l u t i o n ,  q u a n t i t a t i v e  conf i rmat ion  of 

h a l i t c  p l u s  g l a u b e r i t e  d i s s o l u t i o n  has  n o t  been a t tempted.  

I n  a d d i t i o n  t o  t h e  s o l u t e  v e r s u s  bromide p l o t s ,  c h l o r i d e  ve r sus  s o l u t e  g raphs  

have a l s o  been c o n s t r u c t e d .  These  f i g u r e s  (F igures  C-10 through C-14) cons i s -  

t e n t l y  show t h a t '  t h e  wIPP-12 and EXDA-6 b r i n e s  do n o t  r e l a t e  w e l l  t o  l o c a l  

ground w a t e r s  o r  t o  o t h e r  S r i n e s  of e s t a b l i s h e d  n e t e o r i c  o r i g i n  ( s e e  F i g u r e s  

C-10 through C-14 and summary F i g u r e s  C-15 and C-16). I n s t e a d ,  the  c h l o r i d e /  

s o l u t e  p l o t s  suppor t  t h e  bromide graphs  by comparing w e l l  with seawate r  evapo- 

r a t i o n  curves .  Of n o t e  is  t h a t  t h e  WIPP-12 and E2DX-6 b r i n e s  a r e  s l i g h t l y ,  
- b u t  c o n s i s t e n t l y  e n r i c h e d  i n  c h l o r i d e ,  which s u p p o r t s  t h e  i n t e r p r e t a t i o n  of 

some h a l i t e  d i s s o l u t i o n .  

3 . 3 . 3  Trace  Elements 

c The r e l i a b i l i t y  of t r a n s i t i o n  meta l  t r a c e  element ahundances i s  q u e s t i o n a b l e  

because of t h e  s u s c e p t i b i l i t y  of t h e  meta l  wel l -cas ing t o  c o r r o s i o n  (e.g.,  

r e a c t i o n s  w i t h  hydrogen s u l f i d e ) .  There fo re ,  those  d a t a  have not been eva l -  . 
u a t e d  i n  d e t a i l .  The p resence  of s i l i c a  (Si02)  has  been e v a l u a t e d  and is 

I 



i n t e r e s t i n g  because of I t s  h igh  c o n c e n t r a t i o n .  I t  i s  t r e a t e d  h e r e  a s  a  t r a c e  

c lement  because  of  i t s  commonly low c o n c e n t r a t i o n  i n  most h r i n e s .  

F i g u r e  C-17 p l o t s  s i l i c a  c o n c e n t r a t i o n  a g a i n s t  bromide f o r  t h e  WIPP-12 and 

ERDA-6 b r i n e s .  Also shown For r e f e r e n c e  a r e  t h e  expected seawate r  concentra-  

t i o n  c u r v e  (computed from Neas t ,  1971) ,  and measured s o l u b i l i t i e s  f o r  amor- 

phous s i l i c a  (Chen and ? f a r s h a l l ,  1982) and For q u a r t z  i n  b r i n e .  

A s  shown on t h e  F igure ,  t h e  c o n c e n t r a t i o n  of  s e a w a t e r  w i l l  cause  s u p e r s a t u r a -  

t i o n  of s i l i c a  wi th  r e s p e c t  t o  h i g h  q u a r t z  and amorphous s i l i c s .  A t  low 

t e m p e r a t u r e ,  t h e  common r e s u l t  of tl?i.s ptrenomenon i s  t h e  p r e c i p i t a t i o n  of 

amorphous s i l i c a  ( I l e r ,  1979).  S a r e l y ,  5ow*ver, q u a r t z  o r  a n o t h e r  o rdered  

s i l i c a  phase may p r e c i p i t a t e  (e .g . ,  'iackenzie and Gees,  1971) .  

The WIPP-12 b r i n e s  a r e  c l e a r l y  s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  q u a r t z  and 

e i t h e r  s a t u r a t e d  o r  s u p e r s a t u r a t e d  wi th  amorphous s i l i c a .  S i n c e  a u t h i g e n i c  

q u a r t z  is observed i n  t h e  r e s e r v o i r  h o s t  rock a s  shown i n  F i g u r e  C-18 ( s e e  

P a r t  11, Geology, S e c t i o n  4.1.3),  t h e  observed s i l i c a  c o n c e n t r a t i o n  i s  prob- 

a b l y  t h e  r e s u l t  of a  modif ied q u a r t z  s o l u b i l i t y ,  i . e . ,  s o l u b i l i t y  is  c o n t r o l -  

l e d  by t h e  overgrowth of an  amorphous s u r f a c e  c o a t i n g  on t h e  q u a r t z  (Baumann, 

1971) .  

The s i g n i f i c a n c e  o f  t h e  e l e v a t e d  s i l i c a  c o n c e n t r a t i o n  and t h e  presence of 

a u t h i g e n i c  q u a r t z  i s  a t  l e a s t  th ree - fo ld .  F i r s t ,  t h e  s i l i c a  c o n t e n t s  of t h e  

b r i n e s  a r e  t o o  high t o  have been genera ted  by ground wate r s  l e a c h i n g  q u a r t z  o r  

c l a y s  ( s e e  F i g u r e  C-17). For  example, t h e  n e a r e s t  ground-water source  is t h e  

Re11 Canyon a q u i f e r .  The water-bear ing zones  of  t h i s  a q u i f e r  a r e  dominantly 

q u a r t z  w i t h  c l a y  a c c e s s o r y  m i n e r a l s  (Powers e t  a l . ,  1978).  I f  q u a r t z  o r  c l a y s  

e x e r t e d  s i l i c a  c o n t r o l  on t h e  l e a c h a t e  composi t ion,  then t h e  B e l l  Canyon 

ground w a t e r s  could  not  have a t t a i n e d  t h e  s i l i c a  c o n t e n t  of t h e  b r i n e .  More- 

o v e r ,  t h e  s i l i c a  c o n t e n t  of any s a t u r a t e d  f resh-wate r  source  would be expected 

t o  d e c r e a s e  a s  t h e  s a l i n i t y  of t h e  wa te r  i n c r e a s e d .  Such a  d e c r e a s e  would be 



a g e n e r a l  phenomenon a t t e n d i n g  b r i n e  fo rmat ion ,  Secause an i n c r e a s e  i n  d i s -  

so lved  s o l i d s  d e c r e a s e s  t h e  chemical  a c t i v i t y  of water i n  s o l u t i o n  ( e .g . ,  

Veres e t  a l . ,  1980).  Thus, i f  a  f r s sh -wate r  s o u r c e  gave r i s e  t o  t h e  b r i n e s ,  

then i t s  s i l i c a  c o n t e n t  a t  low i o n i c  s t r e n g t h  would probably exceed t h a t  

neasured  i n  t h e  b r ine .  Ground w a t e r s  of such h igh  s i l i c a  c o n t e n t  a r e  not  

known n e a r  t h e  WITP-12 r e s e r v o i r  ( H i s s ,  1975) .  Second, t h e  f a c t  t h a t  q u a r t z  

h a s  p r e c i p i t a t e d  i n p l i s s  t h a t  t h e  s i l i c a  c o n c e n t r a t i o n  was probably  somewhat 

h i g h e r  t h a n  i t s  p r e s e n t  c o n c e n t r a t i o n  (by perhaps  a f a c t o r  of 2 )  i n  o r d e r  t h a t  

homogeneous n u c l e a t t o n  could  occur  (9arvey e t  a l . ,  1376; Midkiff  and Foy t ,  

1976, 1977) .  Such high c o n c e n t r a t i o n s  would be c ~ c s i s t e n t  wi th  t h o s e  t h a t  

might be produced 5y condensing seawate r  ( s e e  F i g u r e  C-17), 5 u t  would not  be 

c o n s i s t e n t  w i t h  d i s s o l g t i o n  of amorphous s i l i c a  ( o r  genera t ion  of amorphous 

s i l i c a  by l e a c h i n g ) .  Th i rd ,  t h e  b r i n e s  c u r r e n t l y  a r e  s a t u r a t e d  o r  s l i g h t l y  

s u p e r s a t u r a t e d  wi th  r e s p e c t  t o  amorphous s i l i c a .  This  equ iva lence ,  t o g e t h e r  

w i t h  t h e  observed q u a r t z  and i t s  i n f e r r e d  s u r f a c e  c o a t i n g ,  impl ies  t h a t  t h e  

b r i n e s  have reached a  modified e q u i l i b r i u m  w i t h  r e s p e c t  t o  SiQ2.  

3.3.4 I s o t o p e s  

Major i s o t o p e s  of t h e  eleinents hydrogen, oxygen, carbon,  and s u l f u r  have been 

a n a l y z e d  f o r  both  ERDA-6 and WIPP-12 b r i n e s .  R e s u l t s  a r e  summarized i n  Table  

C . 5 .  These  a n a l y s e s  were performed t o  s u p p o r t  i n t e r p r e t a t i o n s  of t h e  g e n e t i c  

o r i g i n  of t h e  b r i n e s ,  and t o  h e l p  e v a l u a t e  t h e  proximity  t o  e q u i l i b r i u m  and 

t h e  e x t e n t  of i s o l a t i o n  of t h e  b r i n e  r e s e r v o i r s .  The most h e a v i l y  s t u d i e d  of 

t h e s e  i s o t o p e s  have been t h e  deuter ium and oxygen-18 r a t i o s ,  where t h e  r a t i o s  

a r e  d e f i n e d  ( a f t e r  Cra ig ,  1961) a s :  

D - sample - - SMOW 
b ~ ( O / o o )  = 

H 
n x 1000, 
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H 
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160 
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The v a l u e s  f o r  t h e  WIPP-12 and ERDX-6 b r i n e s  a r e  shown i n  F i g u r e  C-19-4, a long  

wi th  r e f e r e n c e  f i e l d s  f o r  S tandard  ?lean Ocean Water (SYCW) and n e t e o r i c  

w a t e r s .  A s  obse rved ,  t h e  EXDA-6 and NPP-12 v a l u e s  c l u s t e r  t o g e t h e r .  F i g u r e  

C-198 p i a c e s  t h e  b r i n e  r e s e r v o i r  d a t a  i n  a  r e g i o n a l  c o n t e x t  by i n c l u d i n g  d a t a  

f o r  l o c a l  ground w a t e r s .  While t h e  b r i n e  d a t a  p l o t  a t  t h e  ex t reme  end of t h e  

t r e n d ,  an a p p a r e n t  c o n t i n u i t y  Setween t h e  ground w a t e r s  and t h e  b r f n e s  i s  

v i s i b l e  ( L a n b e r t ,  1978) .  

Another  v a l u a b l e  way i n  which t o  view t h e  i s o t o p i c  d a t a  is t o  p l o t  them a s  a  

f u n c t i o n  of  t o t a l  d i s s o l v e d  s o l i d s  (TDS) ( C l a y t o n  e t  a l . ,  1356).  Such p l o t s  

can  s o m e t i z e s  be ve ry  i n f o r m a t i v e  abou t  S r i n s  o r i g i n s  by r s v e a l i n g  hidden 

t r e n d s ,  o r  by exposing i n c o r r e c t  a s sumpt ions  ( C l a y t o n  e t  a l . ,  1966; Kharaka e t  

a l . ,  1973; Hi tchon and Friedman, 1969) .  G r a p h i c a l  p l o t s  of 6D v e r s u s  TDS and 
1 A 

0 0 v e r s u s  TDS can  be found i n  F i g u r e s  C-20 and C-21 f o r  ERDA-6 and WIPP-12 

b r i n e s .  A l s o  i n d i c a t e d  i n  t h e  d iagrams a r e  l i n e a r  r e g r e s s i o n  f i t s  t o  t h e  

d a t a ,  e x t r a p o l a t e d  back t o  t h e  y - i n t e r c e p t  ( c o r r e s p o n d i n g  t o  z e r o  TDS). These 

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

t a l  w a t e r s  o f t e n  p l o t  a l o n g  t h o s e  l i n e s  i n  b o t h  diagrams.  For example, assume 

t h a t  t h e  p a r e n t  w a t e r  which gave r i s e  t o  t h e  b r i n e  had a  s a l i n i t y  lower than  

t h a t  now i n  t h e  r e s e r v o i r .  To g e n e r a t e  t h e  c u r r e n t  b r i n e ' s  c o n p o s i t i o n ,  t h e  

p a r e n t  w a t e r  vou ld  have t o  r e a c t  w i t h  r o c k  t o  i n c r e a s e  s a l i n i t y .  I n  s o  do ing ,  

t h e  i s o t o p i c  c h a r a c t e r  of t h e  w a t e r  might change,  bu t  i t  must c!~ange a long  t h e  

r e g r e s s i o n  l i n e ,  provided t h a t  t h e  i s o t o p i c  f r a c t i o n a t i o n  mechanism has  

remained c o n s t a n t  and t h a t  TDS evo lved  s i m u l t a n e o u s l y  w i t h  i s o t o p i c  f r a c t i o n a -  

t i o n .  I n  no c a s e ,  however, can  t h e  r e g r e s s i o n  l i n e  be  extended beyond t h e  y- 

i n t e r c e p t  because  no w a t e r  h a s  l e s s  t h a n  z e r o  TDS. I n  i n t e r p r e t i n g  t h e s e  

d iagrams ,  however, c a u t i o n  must be e x e r c i s e d .  Changes i n  r e a c t i o n  mechanism 

a r e  n o t  uncommon. Fur the rmore ,  t h e  mechanisms which c o n t r o l  i s o t o p i c  composi- 

t i o n  a r e  n o t  n e c e s s a r i l y  t h e  ones  which c o n t r o l  TDS (Clay ton  e t  a l . ,  1966). 

F i n a l l y ,  r e g r e s s i o n  l i n e s  through c l u s t e r s  of d a t a  around two p o i n t s  shou ld  

n o t  be c o n s i d e r e d  d e f i n i t i v e .  Data  from a t h i r d  w e l l  cou ld  s u b s t a n t i a l l y  

a l t e r  tb.e r e g r e s s i o n  f i t s  p r e s e n t e d  i n  F i g u r e s  C-20 and C-21. With t h o s e  



q u a l i f i c a t i o n s ,  i t  is  wor th  n o t i n g  t h a t  no r e g i o n a l  ground w a t e r s  c u r r e n t l y  i n  

t h e  b a s i n  p l o t  n e a r  e i t h e r  r e g r e s s i o n  l i n e ,  nor do t h e  r e g r e s s i o n  l i n e s  

converge  on t h e  c u r r e n t  SMOW r e f e r e n c e .  

-34 I n  a d d i t i o n  t o  t h e  d e u t e r i u m  and oxygen i s o t o p e s ,  t h e  a S v a l u e s  ob ta ined  

From t h e  s u l f a t e  i n  t h e  b r i n e s  and c o e x i s t i n g  a n h y d r i t e  a r e  a l s o  inforrna- 
3  4 t i v e .  For  t h e s e  a n a l y s e s ,  b S was d e f i n e d  a s :  

3 4 ~  sample  - 3 4 ~  Canyon b i a b l o  T r o i l i t e  

o ~ ~ s ( o / ~ O ) =  32s 34, 32s x 1000 
3 - Canyon Diab lo  T r o i l i t e  

32s 

Tha n e a s u r e d  O ~ ~ S  v a l u e s  r ange  between 7.43 ' loo and 9.79 Oleo f o r  t h e  b r i n e s  

( T a b l e  C . 5 )  and a v e r a g e s  11.6 O/oo f o r  t h e  a n h y d r i t e s  (Tab le  C.6). These 

v a l u e s  a r e  c h a r a c t e r i s t i c  f o r  P a r d a n - a g e d  m a t e r i a l s  of  t h e  Delaware Bas in  

( H o l s e r  and Kaplan,  1366) ,  and are o u t s i d e  t h e  r ange  f o r  d 4 s  v a l u e s  

c h a r a c t e r i s t i c  of  a n y  o t h e r  time p e r i o d  ( N i e l s e n ,  1979;  s e e  F i g u r e  C-22). 

Fur the rmore ,  t he  s u l f u r  i n  t h e  s u l f a t e  of  t h e  b r i n e s  i s  c o n s i s t e n t l y  l i g h t e r  

t h a n  t h a t  of  t h e  c o e x i s t i n g  a n h y d r i t e  by about  3  O/oo.  art of t h i s  

d i f f e r e n c e  is  e x p l a i n e d  by t h e  1 .65  O/oo (Hol se r  and Raplan ,  1966) d i f f e r e n c e  

which would a t t e n d  e q u i l i b r i u m  f r a c t i o n a t i o n  between a n h y d r i t e  and water .  

S i n c e  t h e  r e a c t i o n  of  w a t e r  and s u l f a t e  m i n e r a l s  i s  h i n d e r e d  k i n e t i c a l l y  

( i . e . ,  c o e x i s t i n g  a n h y d r i t e  and b r i n e s  have remained i s o t o p i c a l l y  d i s t i n c t  f o r  

t e n s  of  m i l l i o n s  of  y e a r s ;  H o l s e r  e t  a l . ,  1979) ,  t h e  b r i n e s  a r e  very  o l d ,  and 

may w e l l  be Permian i n  age .  

3.3.5 Sta tement  of  F i n d i n g s  

The r i a jo r ,  minor,  and i s o t o p e  c h e m i s t r i e s  of ERDA-6 and WIPP-12 b r i n e s  have 

been ana lyzed  and t h e  d a t a  reduced.  I n t e r p r e t a t i o n  of  t h e  chemical  t r e n d s  h a s  

r e s u l t e d  i n  t h e  f i n d i n g s  below: 
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The c h e m i s t r i e s  and h i s t o r t e s  of WIPP-12 and E R C A - 6  
b r i n e s  a r e  s i m i l a r .  S f n c e  t h e  h r i n e  sampled a t  t h e  
Union w e l l  i s  c h e m i c a l l y  s i m i l a r  t o  WIPP-12 b r i n e ,  i t  
may a l s o  have had a  s i m i l a r  h i s t o r y .  

The C a s t i l e  b r i n e s  b e a r  l i t t l e  chemica l  rzsemblance 
t o  o t h e r  r e g i o n a l  ground w a t e r s  o r  b r i n e s  of e s t a -  
b l i s h e d  m e t e o r i c  o r i g i n .  

m i l e  c h e m i c a l l y  s i n i l a r ,  t h e  C a s t i l e  b r i n e s  a r e  
d i s t i n c t l y  d i f f e r e n t  f rom each  o t h e r .  WIPP-12 b r i n e  
i s  s a t u r a t e d  w i t h  a n h y d r i t e ,  c a l c i t e ,  d o l o m i t e ,  . 
h a l i t e ,  and g l a u b e r i t e ;  w h i l e  ERDA-6 b r i n e  is  
s a t u r a t e d  o n l y  w i t h  c a l c i t e ,  d o l o m i t e ,  and a n h y d r i t e .  

3 o t h  b r i n e s  have a p p a r e n t l y  d i s s o l v e d  h a l i t e ,  and 
WIPP-12 b r i n e  may a l s o  have d i s s o l v e d  g l a u b e r i t e .  

WIPP-12 b r i n e  is s a t u r a t e d  wi th  h a l i t e  a n d  a n h y d r i t e ;  
t h e r e f o r e ,  i t s  p o t e n t i a l  f o r  degrad ing  o v e r l y i n g  
e v a p o r i t e s  is n e g l i g i b l e .  E S D k - 6  b r i n e  i s  s a t u r a t e d  
w i t h  a n h y d r i t e  h u t  somewhat u n d e r s a t u r a t e d  w i t h  
h a l i t e .  Consequen t ly ,  EBDA-6 b r i n e  h a s  a  s m a l l  
p o t e n t i a l  f o r  d i s s o l v i n g  o v e r l y i n g  e v a p o r i t e s .  For  
example,  i f  t h e  ERDA-6 r e s e r v o i r  were t o  n a i n t a i n  i t  
c u r r e n t  a r e a l  d imens ions  ( e s t i m a t e d  a t  n e a r  6 .3  x 10 R 

2 f t  ; s e e  P a r t  111, Hydrology,  S e c t i o n  3 .4 .3)  and 
d i s s o l v e  i t s  way v e r t i c a l l y  through h a l i t e ,  i t  c o u l d  
proceed l e s s  t h a n  one c e n t i m e t e r  b 2 f o r e  t h e  e n t i r e  
volume of b r i n e  would be s a t u r a t e d .  

The s u l f a t e s  i n  t h e  b r i n e s  have 6 3 4 ~  v a l u e s  s l i g h t l y  
lower t h a n  t h o s e  of t h e  c o e x i s t i n g  a n h y d r i t e s  and 
r e f l e c t  v a l u e s  c h a r a c t e r i s t i c  o n l y  of t h e  Termian. 

1 8  A c o n t i n u o u s  t r e n d  i n  6Dlb 0 v a l u e s  from r e g i o n a l  
ground w a t e r s  t o  t h e  b r i n e  r e s e r v o i r s  is a p p a r e n t  b u t  
may be m i s l e a d i n g .  P r e s e n t  day seawate r  and r e g i o n a l  
ground w a t e r s  do n o t  p l o t  n e a r  r e g r e s s i o n  Lines  
e s t a b l i s h e d  f o r  t h e  b r i n e  d a t a .  

The b r i n e s  have e q u i l i b r a t e d  c h e m i c a l l y  wi th  c a l c i t e ,  
d o l o m i t e ,  and q u a r t z ,  and isotopically w i t h  anhy- 
d r i t e .  These  r e a c t i o n s  a r e  well-known f o r  t h e i r  
s l u g g i s h n e s s  a t  low (25°C)  t e m p e r a t u r e s .  Xccord- 
f n g l y ,  t h e  b r i n e s  a r e  v e r y  o l d  (and  may be Permian 
a g e )  



4.0 CXEMICAL CMRACTERIZATION OF GASES 

I n  t h i s  s e c t i o n ,  t h e  chemis t ry  of t h e  g a s e s  a s s o c i a t e d  wi th  t h e  ERDA-6 and 

WXPP-12 b r i n e s  w i l l  be p resen ted .  The p r e s e n t a t i o n  of r e s u l t s  will he pre- 

ceded by a  b r i e f  d i s c u s s i o n  of the  s a a p l i n g ,  s t o r a g e ,  and a n a l y t i c a l  proce- 

dures  employed. F u r t h e r  in fo rmat ion  concern ing  methodology i s  a v a i l a b l e  i n  

t h e  companion d a t a  f i l e  r e p o r t  (DfAppolonia,  1382,  Appendix A ) .  TSe analy-  

t i c a l  l a b o r a t o r 2 e s  t h a t  produced t h e  d a t a ,  and t h e  s a n p l e s  t h a t  were d i s t r i -  

buted t o  each  of  them a r e  a l s o  i d e n t i f i e d  i n  t h a t  r e p o r t .  

4 . 1  SAMPLES 

The t o t a l  numhsr of samples c o l l e c t e d  and ana lyzed  by t h e  va r ious  l a b o r a t o r i e s  

i s  shown i n  T a b l e s  C.7 (EWA-6) and C . 8  (WIPP-12). These t a b l e s  a r e  d i v i d e d  

i n t o  d a t a  from s u r f a c e  f low s a n p l e s  (C.7a and C.8a) and d a t a  from downhole 

samples (C.7h and C.Sb). 

4 . 1 . 1  Locat ion/Ra t i o n a l e  

Although s m a l l  volumes of gas  were sampled downhole (a long  wi th  t h e  b r i n e ) ,  

t h e  m a j o r i t y  of t h e  d a t a  concerning g a s  compos i t ion  were genera ted  f r o n  sam- 

p l e s  d i s c h a r g e d  from a  g a s / l i q u i d  s e p a r a t o r  l o c a t e d  near  t h e  wellhead.  The 

s e p a r a t o r  h a s  d i f f z r e n t  e f f i c i e n c i e s  i n  s e p a r a t i n g  t h e  va r ious  gas  compon- 

e n t s .  For  example,  m ~ c h  of t h e  hydrogen s u l f i d e  and carbon d iox ide  remains 

d i s s o l v e d  i n  s o l u t i o n ,  whi le  most of t he  methane and n i t rogen  a r e  exsolved.  

T h e r e f o r e ,  t h e  a c t u a l  composit ion of t h e  g a s e s  under  downhole p r e s s u r e s  and 

t empera tu res  must be es t ima ted  us ing  thermodynamic techniques  i n  c o n j u n c t i o n  

wi th  t h e  measured v a l u e s .  

The f o l l o w i n g  t y p e s  of c o n t a i n e r s  were used f o r  c o l l e c t i o n  of t h e  samples: 

UBO.PATGRY CONTAINER 

Thurmond-McGlothlin Metal  ( I r o n )  c y l i n d e r s  

G l o b a l  Geochemistry 100 m l  g l a s s  c y l i n d e r s  



o Core Laboratories Metal cylinders (WONEL and 
stainless steel lined with 
tef lon) 

o Sandia 100 and 500 ml glass cylinders 

Duplicate and triplicate samples using various container types were used for 

quality control. 

4.1.2 Techniques 

The following nethods were used to collect gas samples: 

e Surface samples: 
- gas from the gas outlet of a gas/liquid separator. 
- gas collected with brine under pressure in "tn-line" 

sample containers. 
- gas from a vacuum extractor. 

Downhole samples: 
- gas collected under pressure with brine. 

Continuous monitoring of the gas composition was performed in the field during 

EXDA-6 Flow Tests 1 and 2 by Profile Reservoir hnalysis, Carlsbad, New Mexico, 

and during WIPP-12 Flow Tests 2 and 3 by Morco Geological Services, Carlsbad, 

Sew Xexico. The concentration of hydrogen sulfide in the gas was measured in 

th2 field every three to six hours by Thurmond-HcGlothlin and DfAppolonia. 

Gas sampling techniques are described in detail in DfAppolonia (1982, Appendix 

A ) .  Samples were analyzed by Core Laboratories and Thurmond-McGlothlin within 

24 hours of collection. Samples collected in glass containers for Global 

Geochemistry and Sandia were placed in a freezer and shipped on dry ice. 

4.1.3 Limitations 

Limitations on the surface sampling of gas are similar to the limitations on 

brixe sampling at the surface. Some degree of reactivity or reequilibration 

may take place during the flow of brine. The degree that this sampling limi- 

tation affects results can best be appraised in the consistency of results, 

and the usefulness of data to interpret downhole conditions. 



TME 3 1 5 3  

Some degree  of  a i r  con tamina t ion  o c c i ~ r r e d  i n  s e v e r a l  samples.  Contamination 

Is e a s i l y  recognized by i n c r e a s e d  abundances o f  n i t r o g e n  and carbon d i o x i d e ,  

and t h e  presence o f  oxygen and a rgon .  The d a t a  from suspec t  samples have not 

Seen cons idered  i n  t h i s  r e p o r t .  

The r e a c t i o n s  of the  g a s e s  ( e s p e c i a l l y  hydrogen s u l f i d e )  wi th  metal  s u r f a c e s  

i n  t h e  f low l t n e s ,  s e p a r a t o r ,  and sample c y l i n d e r s  w i l l  czuse  some decrease  i n  

t h e  c o n c e n t r a t i o n s  nsasured .  Sowever, t h e  metal  s g r f a c e  u s u a l l y  s t o p s  

r e a c t i n g  a f t e r  an i n i t i a l  "wearing-in" p e r i o d .  As a r e s u l t ,  g a s  samples taken 

l a t e r  f n  t h e  sampling program a r e  cons idered  more r e l i a b l e .  R e p l i c a t e  

a n a l y s e s  of gases  taken i n  d i f f e r e n t  c o n t a i n e r s  showed l i t t l e  a p p r e c i a b l e  

d i f f e r e n c e ,  i n d i c a t i n g  t h a t  sampl ing a n d  s t a r a g e  p recau t ions  were s u c c e s s f u l  

i n  a l l e v i a t i n g  r e a c t i o n s  wi th  c o n t a i n e r  w a l l s .  

4 .2  ANALYSES 

4.2.1 Techniques/Instrumentation 

A n a l y t i c a l  techniques  used by t h e  r e s p e c t i v e  l a b o r a t o r i e s  a r e  d e s c r i b e d  i n  

d e t a i l  i n  D'Appolonia (1982, Appendix B). Hydrocarbons, n i t r o g e n ,  and carbon 

d i o x i d e  were analyzed by gas  chromatography. 3ydrogen s u l f i d e  was analyzed by 

t h r e e  methods: 

e Global Geochemistry: qydrogen s u l f i d e  i n  t h e  sample 
is p r e c i p i t a t e d  a s  4g2S, and t h e  p r e c i p i t a t e  weighed 
t o  determine H2S c o n c e n t r a t i o n .  

Core L a b o r a t o r i e s :  Gas chromatography. 

D'Appolonia ( i n  t h e  f i e l d ) :  Tu twi le r  Method. 

I s o t o p e s  i n  gases  were ana lyzed  by mass spectroscopy a f t e r  chemical  t rea tment  

of samples.  C o m e r c i a l l y  a v a i l a b l e  s t a n d a r d s ,  and ~ l o b a l  Geochemis t r y  Corjo- 

r a t i o n ' s  own c a l i b r a t e d  working s t a n d a r d s  were used i n  a l l  a n a l y s e s .  

O t h e r  Q u a l i t y  Control  measures a r e  documented i n  D'Appolonia (1982, Appendix 

B ) .  For  example, most a n a l y s e s  by Globa l  Geochemistry were performed i n  

d u p l i c a t e .  S p l i t  samples were a l s o  s e n t  t o  va r ious  l a b o r a t o r i e s .  



4.2.2 L i m i t a t i o n s  

Because methods vary among laboratories, s p l i t  samples were r o u t i n e l y  

d i s t r i b u t e d  among l a b o r a t o r i e s  t o  proinote o b t a i n i n g  reaso3ab lo  r e s u l t s .  

: 4 u l t l p l e  samples were s e n t  t o  i n d i v i d u a l  l a b o r a t o r i e s  t o  i n c r e a s e  t h e  r e l i -  

ability of t h e  d a t a ,  and t o  p rov ide  a n  i n t e r n a l  check on c o n s i s t e n c y .  

4.3 SUMX4RY OF RESULTS 

4.3.1 Ganera l  ? r o p e r t i e s  

Gas compos i t ions  a r e  summarized i n  T a b l e  C.7 and Tab le  C . 8  f o r  ERDA-6 and 

WTPP-12, r e s p e c t i v e l y .  A wide v a r i a t i o n  e x i s t s  I n  t h e  measured g a s  composi- 

t i o n s  of samples from both v e l l s ,  i n  p a r t  because  of a i r  c o n t a m i n a t i o n  of t h e  

samples.  Yowever, compos i t iona l  d i f f 2 r e n c e s  e x i s t  t h a t  2robahly  r z f l e c t  

i n h e r e n t  d i f f e r e n c e s  between ERDA-6 and WIPT-12 g a s e s .  A s  shown i n  T a b l e s  C.7 

and C . 8 ,  carbon d iox ide  (C02) i s  a  major c o n s t i t u e n t  i n  most ERDX-6 samples .  

Xydrogen s u l f i d e  (H2S) t e n d s  t o  be h i g h e r  i n  ExDX-6 gas  ( s e e  D'Appolonia,  

1382, T a b l e s  6.9-C2 and 12.20-C3, f o r  H2S determined by t h e  T u t w i l e r  Yethod) ;  

w h i l s  methane (CH4) and h e a v i e r  hydrocarbons  comprise a l a r g e r  p r o p o r t i o n  of 

most NIP?-12 gas .  S t u d e n t ' s  "t" and Yann-SJhitney t e s t s  were used t o  a n a l y z e  

d i f f e r e n c e s  i n  t h e  m e a n ~ / ~ o ~ u l a t i o n s  of t h e  hydrogen s u l f i d e ,  ca rbon  d i o x i d e ,  

and a e t h a n e  d a t a  from ERDA-6 and WIPP-12. S i g n i f i c a n t  d i f f e r e n c e s  between 

~211s were observed a t  a  g r e a t e r  t h a n  99 .8% conf idence  l e v e l  f o r  a l l  

parazetrrs f o r  both t e s t s .  Gas samples  from both  w e l l s  c o n t a i n  a p p r e c i a b l e  

c o n c e n t r a t i o n s  of n i t r o g e n  (N2). Because no oxygen and argon were observed ,  

t h i s  n i t r o g e n  cannot be a t t r i b u t e d  t o  a i r  con tamina t ion .  

4.3.2 P r o p o r t i o n s  and Volume E s t i m a t e s  of Phases  

Ca ta  d i s c u s s e d  i n  t h e  p reced ing  paragraph  were t r e a t e d  thermodynamically i n  

o r d e r  t o  e s t i m a t e  phase p r o p o r t i o n s  and compos i t ions  of phases  p r e s e n t  down- 

ho le .  



B o i l i n g  P o i n t  E l e v a t i o n  

The b o i l i n g  p o i n t  e l e v a t i o n  of a n  i d e a l ,  p seudo-b ina ry  n i x t u r e ' l )  c o n s i s t i n g  

o f  a  v o l a t i l e  ( l o w  b o i l i n g  p o i n t ,  h i g h  vapor  ~ r e s s u r e )  phzse and a  non- 

v o l a t i l e  p h a s e  c a n  be c a l c u l a t e d .  Fo r  t h e  WIPP-12 g a s ,  t h e  v o l a t i l e  phase  

c o c s i s t s  m a i n l y  o f  methane;  however, n i t r o g e n  and e t h a n e  a r e  cons ide red  p a r t  

o f  t h e  v o l a t i l e  p h a s e  and a r e  t r e a t e d  i d e n t i c a l l y  t o  methane. The "non- 

v o l a t i l e "  phase  i s  hydrogen  s u l f i d e .  F i g u r e  C-23 shows t h e  c r i t i c a l  p o i n t  

2 l e v a t i o n  c u r v e  f o r  t h e  CH4-H2S b i n a r y  m i x t u r e  ( R a t z  e t  a l . ,  1959).  The 

b o i l i n g  p o i n t  e l e v a t i o n  f o r  a s i x t u r e  of 7'5 p e r c e n t  methane 25 /pe rczn t  hydro- 

gen  s u l f i d e ,  c o r r 2 s p o n d i n g  t o  t h e  mean LTTP-12 g a s  c o n p o s i t i o n  f o r  Flow T e s t  3 

as a n a l y z e d  by C l o b a l  G2ochemis t ry  ( 9 ' A p p o l o n i a ,  1982 ,  Table  12.20-C7), s a s  

a l s o  c a l c u l a t e d  and  p l o t t e d ,  w i t h  d e t a i l s  shown on F i g u r e  C - 2 4 .  A t  p o i n t s  

a l o n g  t h e  c u r v e  where  i d z a l  gas  laws ~ o o r l y  r e p r e s e n t  g a s  hehavior  ( i . e . ,  a t  

p r e s s u r e s  a l o n g  t h e  c u r v e  above t:i2 c r i t i c a l  p o i n t s  of  t h e  i n d i v i d u a l  g a s e s  

a l o n e ) ,  t h e  c u r v e  s h a p e  was e s t i m a t e d  by s m o o t h - f i t  t e chn iques  u s i n g  t h e  most 

i d e a l  ( i . e . ,  most  v o l a t i l e )  g a s  as a  c o n s t r a i n t .  A t  t h e  maxiinurn downhole 

p r e s s u r e  measured  i n  WIPP-12, 12.7 m a  ( a b o u t  1840 p s i a ,  125 a tm) ,  and  t h e  

downhole t e m p e r a t u r e ,  26.7"C ( 8 0 ° ~ ) ,  t h e  d i s t r i b u t i o n  of  phases a p p e a r s  t o  be 

a p p r o x i m a t e l y  30 p e r c e n t  g a s  and 70 p e r c e n t  l i q u i d .  Consequently,  o n l y  30 

p e r c e n t  o f  t h e  mo le s  c o l l e c t e d  ss g a s  a t  t h e  s u r f a c e  is  expected t o  e x i s t  a s  

gas downhole. A f t e r  c o r r e c t i n g  f o r  t h e  e f f e c t s  of  downhole p r e s s u r e  on 

( i d e a l )  g a s  volume,  t h e  e s t i n a t e d  i n - s i t u  volume of  g a s  w i l l  52 app rox ima te ly  

7  r n l  g a s / l i t e r  o f  b r i n e .  T h i s  volume h a s  b2en  c o n s i d e r e d  vhen e s t i m a t i n g  t h e  

c o m p r e s s i b i l i t y  a n d  volume of f l u i d  i n  t h e  r e s e r v o i r  ( s e e  ? a r t  111, Yydrology,  

S e c t i o n s  3 .3 .5  and  3 .4 .4) .  
- 

The s y s t e m  i s  pseudo-binary  because  a l l  v o l a t i l e  coinponents were lumped 
t o g e t h e r  a n d  t r e a t e d  a l o n g  w i t h  methane.  S i m i l a r l y ,  s i g n i f i c a n t  nonvola-  
t i l e s  were  t r e a t e d  w i t h  hydrogen s u l f i d e .  The e f f e c t s  of t h e  r e s u l t i n g  
m i x t u r e  on i n p u t s  t o  t h e  c a l c u l a t i o n  were computed by weight ing  t h e  cam- 
p o n e n t s  a c c o r d i n g  t o  molar  p r o p o r t i o n s .  



Composi t ion  o f  L i q u i d  and Gas ? S a s e s  

A c o m p o s i t i o n - t e m p e r a t u r z  p l o t  v a s  c g n s t r u c t e d  For t h e  b i n a r y  s y s t e m  methane 

(CH4) - hydrogen s u l f i d e  (H2S) .  I n i t i a l  c a l c u l a t i o n s  were based  on R a o u l t l s  

Law, 5 u t  d i d  n o t  p roduce  mean ingfu l  r e s u l t s  a t  s n a l l  c o n c e n t r a t i o n s  o f  t h e  

" n o n - v o l a t i l e "  p h a s e .  Ta r  c o n s i s t e n c y ,  t h e s e  p o r t i o n s  o f  F i g u r e  C-25 h a v e  

been d e r i v e d  p r i i i i a r i l y  from t h e  S o i l i n g  p o i n t  e l e v a t i o n  d i ag ram.  A s  shown i n  

t h e  d i ag ram,  unde r  downhole c o n d i t i o n s  a t  WITP-12, and  an  i n i t i a l  c o m p o s i t i o n  

of  75 p r c e n t  = ~ t h a n e / 2 5  p e r c e n t  hydrogen s u l f i d e ,  a n  approx ima te  l i q u i d  

c o m p o s i t i o n  i s  68 p z r c s n t  msthane .  S i m i l a r l y ,  t h e  vapor  phase  i s  e x p e c t e d  t o  

approach  92 p e r c e n t  ? e t h a n e .  T \ i s  r e s u l t  a g r e e s  w i t h  a n  i n t u i t i v e  e s t i m a t e  

t h a t  t h e  downhole g e s  w i l l  be composed d o m i n a n t l y  ( i f  n o t  e n t i r e l y )  of  non- 

c o n 2 e n s i S l e  g a s e s  ( i . e . ,  z e t h a n e  and n i t r o g e n ) .  The c o n d e n s i b l e  and s o l u b l e  

g a s ,  hydrogen s u l f i d e ,  p robab ly  d o e s  n o t  e x i s t  a s  a  g a s  i n  s i g n i f i c a n t  amounts  

downhole. 

These  a p p r o x i m a t i o n s  a p p l y  t o  WIPP-12 o n l y .  A s i m i l a r  t r e a t m e n t  f o r  EXDA-6 i s  

no t  n e c e s s a r y  S e c a u s s  t h e  downhole p r e s s u r e  a t  ERDA-6 i s  a h o u t  14 .2  M?a (2060 

p s i a ;  1 4 0  a tm) .  A t  2 7 O ~ ,  and  i n  t h e i r  o b s e r v e d  c o n c e n t r a t i o n s ,  c a r b o n  

d i o x i d e ,  me thane ,  hydrogen s u l f i d e ,  and n i t r o g e n  r e s u l t  i n  a  s u p e r c r i t i c a l  

f l u i d  a t  a l l  p r e s s u r e s  above  9 .3  MPa (1350 p s i a ,  32 atm; R a t z  e t  a l . ,  1959) .  

T h i s  i s  p r i m a r i l y  due  t o  t h e  h i g h  p r o p o r t i o n s  of  t h e  c o n d e n s i b l e  g a s e s  

hydrogen s u l f i d e  and carbon d i o x i d e .  A t  downhole p r e s s u r e s ,  i n d i v i d u a l  g a s  

s o l u b i l i t i e s  i n d i c a t e  t h a t  t h e  f l u i d  is  t o t a l l y  m i s c i b l e  i n  t h e  b r i n e .  The 

c o m p r 2 s s i b i l i t y  of  t h e  b r i n e ,  t h e r e f o r e  i s  unchanged,  and c a l c u l a t i o n s  of  

r e s e r v o i r  volume a r e  u n a f f e c t e d .  

4 . 3 . 3  I s o t o p e s  

A summary of  t h e  i s o t o p i c  c o m p o s i t i o n s  of g a s e s  Erom ERDA-6 and WIPP-12 is 

shown i n  T a b l e  C.9. A comple t e  d a t a  l i s t i n g  i s  g i v e n  i n  DIXppo lon ia  (1982 ,  

T a b l e s  6.7-C7, 6.7-C8, and 1 2 . 7 - 0 ) .  



0 3 4 ~  in Hydrosen Sulfide 
3 4 Sulfur isotopes in hydrogen suifidz show deplstion in S (see Figure C-26). 

This result suggests isotope fractionation by Dact2rial sulfate reduction 

(bacteria will preferentially metabolize 325 versus 3 4 ~ ;  Nielsen, 1979). In 
3 4 EiZDd-6, the a S values are consistently lower (-20.46 O~OO) than in WITP-12 

(-14.36 O/oo). This difference m y  be due to less favorable conditions in 

WITP-12 for bacterial processes (i.e., nore sluggish sulfate reduction). 

Alternatively, !JIPP-12 nay have bsen nixed with an isotcpically heavier H2S, 

such as that generated by thermogenic processes (see discussion For methane). 

Further evidence for a biogenic origin of hydrogen sulfide is found by compar- 

ing 0 3 4 ~  in hydrogen sulfide with that in the sulfate of the brine. 
2 - 

d(S04 - H S) srlues in VITP-12 average +22.57 O/oo and in ERDA-6 are r29.63 
2 

0 /oo. These delta values are close to the range rsported for fractionation 

due to bacterial rsduction of sulfate (+I5 Ojoo Harrison and Thode, 1958; +25 

'/GO to +65 'loo Nielson, 1379). In contrast, isotopic equilibrium which 

occurs at elevated temperatures in the absence of bacterial sulfate reduction 

is: 

b - 0 
SO4 H2S = A(S04- HZS) = +80 'loo (Sakai, 1968; Faure, 1977) 

Thus, the signature of bacterial action on the isotopic composition in sulfide 

and sulfate suggests that only limited intsraction could be occurring between 

brine sulfate and hydrogen sulfide in the reservoirs, and that the reservoirs 

have  n e v e r  b s e n  exposed t o  h i g h  t znpera ture s .  

OD in Hydrogen Sulfide 

Both the EmA-6 and WTPT-12 gases are strongly fractionated toward depletion 

in deuterium. Average 6D values are -570 O/oo and -544 O/oo for ERDX-6 and 

WIPP-12, respectively. This strong fractionation probably reflects the 

partitioning of deuterium between water (becoming heavier) and hydrogen 

sulfide (becoming lighter) as H2S gas is evolved during liquid/gas 

separation. This exchange occurs rapidly (Clayton et al., 1966), and has been 

utilized as a commercial technique for manufacturing "heavy water." 



Given  t h e  compara t ive ly  l a r g e  abundance of  hydrogen s u l f i d e  i n  t h e  w e l l s ,  and 

t h e  s t r o n g  f r a c t i o n a t i o n  o b s e r v e d ,  :::ere uas  i n i t i a l l y  some c o n c e r n  t h a t  t h e  

b r i n e  samples Tay have Eeen e n r i c h e d  i n  deu te r ium d u r i n g  hydrogen  s u l f i d e  

p r o d u c t i o n .  "ass b a l a n c e  c a l c u l a t i o n s  have shown t h a t  t h i s  i s  n o t  t h e  c a s e .  

The  d e u t e r i u m  c o n t e n t  o f  t h e  h r i n e  h a s  n o t  Seen a f f e c t e d  significantly by 

hydrogen  s u l f i d e  g e n e r a t i o n .  

013c and 3D i n  Yethane 

Cornpartson of t h e  6 l3c  a n d  bD v a l u e s  of  ERDA-6 and WIT?-12 me thanes  r e v e a l s  a  

s i g n i f i c a n t  d i f f e r e n c e  be tween r e s e r v o i r s .  S p e c i f i c a l l y ,  F3DA-6 methane h a s  a  

o13c  v a l u e  t h a t  is s o r e  n e g a t i v e  t h a n  -60 loo. T h i s  i n d i c a t e s  t h a t  ERDA-6 

n s t h a n e  was dz r iv2d  a l n o s t  e n t i r e l y  from b i o g e n i c  p r o c e s s e s  ( s u c h  a s  b a c t e r i a l  

r e s p i r a t i o n  and e l i m i n a t i o n ;  Fuex,  1 9 7 7 ;  Rice  and C l a y p o o l ,  1981) .  T h i s  

o r i g i n  is  a l s o  s u p p o r t e d  by t h e  r e l a t i v e  absence  of  h e a ~ y  o r  " v e t "  hydro- 

c a r b o n s  (e .g .  e t h a n e ,  p ropane ,  a n d / o r  hu tane ;  see Tab le  C.7b) which would 
- 13  a t t e n d  therrnogenic p r o c e s s e s .  I n  c o n t r a s t ,  t h e  b C of !JIPP-12 methanes  a r e  

less n e g a t i v e  than  -50 '/DO. T h i s  v a l u e  f o r  t h e  ca rbon  i s o t o p e  i n d i c a t e s  a  

p r o b a b l e  thermogenic o r i g i n  ( S c h o e l l ,  1980).  However, some c o n t r i b u t i o n  of 

b i o g e n i c  methane cannot  be m l z d  o u t .  The i n t e r p r e t a t i o n  of  a  dominan t ly  

t h e r n o g e n i c  o r i g i n  f o r  WIPP-12 inethane is suppor t ed  by t h e  p r e s e n c e  of  heavy 

h y d r o c a r b o n s  ( e t h a n e  and p ropane ;  s e e  Tab le  C.8b). T h i s  the rmogen ic  

f n t e r p r e t a t i o n  r e q u i r e s  t h a t  p o r t i o n s  of t h e  g a s  were  d e r i v e d  from a d e e p e r  

a n d  s e p a r a t e  s o u r c e  t h a n  t h e  h r i n e s .  The g r e a t e r  d e p t h  of  t h e  s o u r c e  is  

i n f e r r e d  from t e m p e r a t u r e  r e q u i r e m e n t s .  The s e p a r a t e n e s s  of  t h e  s o u r c e  i s  

i n f e r r e d  from s e v e r a l  l i n e s  of e v i d e n c e  i n c l u d i n g :  1) t h e  low p s r m e a h i l i t y  of 

t h e  r o c k ;  2)  t h e  r e l a t i v e l y  u n a l t e r e d  chemical  c o n d i t i o n  of  t h e  h r i n e ;  and 3 )  

t h e  l a c k  o f  p h y s i c a l  e v i d e n c e  f o r  deep  rock-water  i n t e r a c t i o n .  Mechanisms f o r  

t h i s  g a s  e v o l u t i o n  and c o l l e c t i o n  a r e  d i s c u s s e d  i n  S e c t i o n  5.1.4.  



18 913c and 0 O i n  Carbon Dioxide  

The i s o t o p i c  composi t ion of carbon dioxide  i n  t h e  ?!IDA-6 gas  i s  shown i n  Table 

C.9 and p l o t t e d  i n  F i g u r e  C-27. A s  shown i n  t h e  f i g u r e ,  t h e  O"O i n  the  

carbon d i o x i d e  is  n o t  i n  e!qui l ibr i l~m with t h e  atmosphere.  Th i s  poor agreement 

i n d i c a t e s  t h a t  t h e  r e s e r v o i r s  and the  s u r f a c e  ( o r  s u r f a c e - e q u i l i b r a t e d  wa te r s )  

a r e  no t  connected.  The 6180 v a l u e s  For t h e  C a s t i l z  b r i n e  waters  c o n s i s t e n t l y  

p l o t  + 10 O/oo from t h e  a tmospher ic  (ocean e q u i l i b r a t e d )  r e f e r e n c e .  This  

d i f f s r e n c e  c o f n c i d s s  e x a c t l y  wi th  the  enrichment of t > e  5 r f n e s  r e l a t i v e  t o  

S?iO\rl ( s z e  F igure  C-19). T h e r e f o r e ,  the  oxygen i n  t h e  b r i n e s  and a s s o c i a t e d  

carbon d i o x i d e  appear t o  be i n  equ i l ib r ium.  

-18 
I f  one proposed nechanism f o r  e x p l a i n i n g  some of t h e  0 O enrichment i n  t h e  

EmA-6 b r i n e  i s  c o r r e c t  ( i . e . ,  zxchange wi th  c a r b o n a t e s ) ,  tSen the  enrichment 
1 3  i n  0 C obssrved t n  t h e  carbon d iox ide  t s  probably due t o  the  l each ing  of t h e  

m i n e r a l s ,  and e q u i l i b r a t i o n  a t  2 7 ' ~  with t h e  d i s s o l v e d  ca rbona tes .  The 
1 3  d i f f e r e n c e  between t h e  5 C i n  carbon d iox ide  and t h a t  i n  d i s so lved  ca rhona te  

i s  abou t  7  O/oo t o  9  O:oo. Th i s  d i f f e r e n c e  i s  i n  t h e  range f o r  carbonate-C02 

e q u i l i b r i u m  (Faure ,  1977) .  

4.3.4 Sta tement  of F i n d i n g s  

The bulk chemical  and i s o t o p i c  d a t a  f o r  t h e  EXD.4-6 and WIPP-12 gases  have been 

reviewed and analyzed.  The i a p o r t a n t  f i n d i n g s  r e l a t i v e  t o  these  gases  a r e  

summarized below: 

e The g a s e s  o b t a i n e d  from ERDA-6 do n o t  2 x i s t  a s  
i d e n t i f i a b l e  g a s e s  under downhole c o n d i t i o n s .  
I n s t e a d ,  t h e y  a r e  f l u i d s  which w i l l  have 
c o m p r e s s i b i l i t i e s  s i m i l a r  t o  t h e  b r i n e .  Accordingly,  
EWA-6 g a s e s  do n o t  a f f e c t  e s t i n a t e s  of  b r i n e  
r e s e r v o i r  volumes ( s e e  P a r t  111, Hydrology, Sec t ions  
3.3.5 and 3 .4 .3) .  

e Secause  g a s e s  exso lve  a s  p r e s s u r e  is  r e l e a s e d  dur ing 
sampling,  t h e  v o l a t i l e s  and g a s / l i q u i d  r a t i o s  
ob ta ined  from WIPP-12 c o n s i t u t e  a n  o v e r e s t i m a t e  of 
downhole g a s .  The a c t u a l  amount of g a s  downhole i s  



c l o s e r  t o  30 p e r c e n t  of t h a t  o b t a i n e d  a t  t h e  s u r f a c e ,  
o r  a b o u t  7 m l  g a s / l i t e r  h r i n e  when c o r r e c t e d  f o r  
t e m p e r a t u r e  and p r e s s u r e .  The downholo g a s  i s  n e a r l y  
p u r e  methane and n i t r o g e n .  T h i s  i n f o r m a t i o n  h a s  bcen  
i n c l u d e d  i a  b r i n e  c o m p r z s s i b i  11 t y  and r e s e r v o i r  
volume c a l c u l a t i o n s  ( s e e  ?ar t  111, Hydrology,  
S e c t i o n s  3.3.5 and 3 . 4 . 4 ) .  

Methanss  from ERDA-6 and WIPP-12 were  g e n e r a t e d  by 
d i f f e r e n t  p r o c e s s e s .  ERDA-6 methans  h a s  been  pro- 
duced by b a c t e r i a l  p r o c e s s e s  ( i . e . ,  i t  i s  p r l ~ a r i l y  
S i o g e n i c ) ,  w h i l e  Ir'IPP-12 a e t h a n e  !-.as had a m c h  more 
s i g n i f i c a n t  c o n t r i b u t i o n  from thz rmogen ic  s o u r c e s  
( i . e . ,  t h e r x a l l y  d r i v e n  decay  of  o r g a n i c  m a t s r i a l  i s  
s i g n i f i c a n t ) .  

o Rydrogen s u l f i d 2  I n  b o t h  wells h a s  Seen  produced 
p r i m a r i l y  by b a c t e r i . a l  r e d u c t t o n  o f  s u l f a t e ,  a l t h o u g h  
a  the rmogen ic  c o n t r i b u t i o n  f o r  some o f  t h e  LJ1?P-12 
hydrogen s u l f i d e  i s  l i k e l y .  

o Carbon d i o x i d e  i s  i n  i s o t o p i c  e q u i l i b r i u m  w i t h  h r i n e  
w a t e r s ,  s h s r e a s  hydrogen s u l f i d e  i s  n o t  i n  e q u i l i -  
br iuiu w i t h  s u l f a t e  i n  b r i n e .  

R r i n e  g a s e s  a r e  very  r e d u c i n g  i n  b o t h  r e s e r v o i r s  
(methane  and hydrogen s u l f i d e  a r e  p r e s e n t ) .  F v i d e n c e  
o f  c o m u n i c s t i o n  w i t h  t h e  a t m o s p h e r e  o r  o t h e r  more 
o x i d i z i n g  s o u r c e s  is  n o t  a p p a r e n t .  The c h z m i c a l l y  
d i s t i n c t  n a t u r e  of t h e  g a s e s  i m p l i e s  no communicat ion 
b e t w s e n  t h e  r e s e r v o i r s .  

5.0 DISCUSSION OF T1-E DATA AS RELATED TO ISSLES 

i n  t h i s  s e c t i o n ,  t h e  c h e m i c a l  d a t a  w i l l  be d i s c u s s e d  i n  te rms o f  t h e i r  rele- 

vance  t o  i d e n t i f i e d  i s s u e s .  Fo r  e a s e  o f  p r e s e n t a t i o n ,  t h e  d i s c u s s i o n  w i l l  

s t a r t  w i t h  a n  e x p l a n a t i o n  f o r  t h e  o r i g i n  o f  t h e  b r i n e .  T h i s  e x p l a n a t i o n  w i l l  

h e l p  t o  f r a m e  s u b s e q u e n t  i n t e r p r e t a t i o n s  by p l a c i n g  t h e  d i s c u s s i o n  of  i s s u e s  

i n  a  m e c h a n i s t i c  c o n t e x t .  

5 . 1  O R I G I N  OF THE BRINF, 

5.1.1 I n t r o d u c t i o n  

I n  most  c a s e s ,  t h e  i n t e r p r e t a t i o n  o f  complex d a t a  w i l l  r e s u l t  I n  more t h a n  o n e  

c r e d i b l e  w o r k i n g  model .  T h i s  i s  e s p e c i a l l y  t r u e  when s e l e c t e d  d a t a  sets ( s u c h  



a s  t r a c e  e l e n e n t  v a r i a t i o n ,  e t c . )  a r e  viewed wi thou t  the  p e r s p e c t i v e  of t h e  

t o t a l  c h e m i s t r y .  F o r t u n a t e l y ,  when t h e  c o l l e c t i v e  da ta  a r e  cons ide red ,  a  

" b e s t " ,  o r  "most l i k e l y "  (commonly t h e  s i ~ n p l e s t )  exp lana t ion  fo r  t h e  observed 

t r e n d s  o f t e n  emerges. Such i s  the  c a s e  For t h e  o r i g i n  of the  WIPP-12 and 

ERDA-6 b r i n e s .  

To h e l p  f o c u s  t h i s  i n v e s t i g a t i o n ,  an i n f o r m a l  h i e r a r c h y  of da ta  has  been 

e s t a b l i s h e d .  Th i s  h i e r a r c h y  r 2 i a t e s  l o o s e l y  t o  t h e  i apor tance  o r  we igh t  

a s c r i h e d  t o  t h e  d a t a ,  and i s  de r ived  from t h e  o b s e r v a t i ~ n  t h a t  a a j o r  compon- 

e n t s  of systems a r e  o f t e n  t h e  most r e l i a b l e  i n d i c a t o r s  of genes i s .  G r e a t e r  

conf idence  can be placed i n  major/minor element t r e n d s  because t h e i r  system- 

a t i c s  a r e  l e s s  l f 'ke ly  t o  be perturbed by m a t e r i a l s  o r  processes  which o c c u r  

i n f r e q u e n t l y .  As an i l l u s t r a t i o n ,  t r a c e  e lement  t r e n d s  nay lend themselves  t o  

ambiguous i n t e r p r e t a t i o n s  a s  a  r e s u l t  of s t r o n g  p a r t i t i o n i n g  by a c c e s s o r y  ( o r  

t r a c e )  phases  (e .g . ,  compare Crsen and Ringwood, 1967, with O'Hara, 1971) .  

Accord ing ly ,  t h e  major and minor element c h e m i s t r i e s  of the  b r i n e s  and g a s e s  

w i l l  be used t o  i n t e r p r e t  t h e  b a s i c  o r i g l n  of She b r ine .  I s o t o p e  geochemis t ry  

w i l l  be used t o  r e f i n e  the  b a s i c  model and t o  i n c r e a s e  the  l e v e l  of d e t a i l .  

5.1.2 Major and Minor Eleinent Chemistry 

The compos i t ion  of t h e  ERDA-6 2nd 'WIPP-12 b r i n e s  could only have been produced 

by: 

e D i s s o l u t i o n  of e v a p o r i t e  m i n e r a l s  (e .g . ,  h a l i t e ,  
s y l v i t e ,  e t c . )  by a  non-seawater source .  

Evapora t ive  c o n c e n t r a t i o n  of seawate r .  

To i n v e s t i g a t e  t h e s e  p o s s i b i l i t i e s ,  t h e  major and minor element c h e m i s t r i e s  of 

t h e  b r i n e  have been determined.  

During t h e s e  de te rmina t ions ,  t h e  bromide c o n c e n t r a t i o n s  of the  b r i n e s  were 

r o u t i n e l y  measured. Rromide i s  of s p e c i a l  importance because i t  i s  used t o  

de te rmine  b r i n e  o r i g i n s  (Holser ,  1966; Valyashko, 1956; S r a i t s c h ,  1971; 



Carpenter, 1978; Collins, L975). Because of this importance, Sromide concen- 

trations were neasured using - two analytical techniques (colorimetric and 

titrimetric analysis). Recommended ASTM procedures for high ionic strength 

solutions were also employed. Blind standards were analyzed to determine the 

accuracy OF methods. To summarize the analytical results: 

e The two techniques produced concentrations which 
agreed within the range of analytical error. 

e Accuracy was greater than ninety percent as deter- 
mined by comparison of analyses to known standard 
coinpositions. 

e The concentration of bromide at ERDA-6 is about 880 
ag/l and at WIPP-12 it is about 510 mg/l. 

A11 other major and minor element solutes were also measured using standard, 

approved techniques, and are referznced to bromide concentration in Table 

C.10. The rzsults were used to determine whether the brines were generated by 

dissolution of evaporite minerals or by seawater concentration. Analysis of 

these models is discussed below. 

Dissolution Model. 

When a fresh-water source dissolves :niilerals, the total dissolved solids of 

the solution increases. To determine if the brines were ~roduced by dissolu- 

tion (i.e., derived from meteoric waters or waters OF dehydration), a simple 

mass balance model was constructed. 

The calculation treats two potential ground-water sources completely; rain (or 

deionized) water, and the Capitan reef ground water (Lanbert, 1978). Simul- 

taneously, the model evaluates waters of dehydration of gypsum (taken as 

equivalent to rain bulk chemistry, but with a different isotopic identity). 

Tn the calculation, the original conpositions OF the fresh waters have been 



modified by assuming that dissolution of evaporite minerals takes place(1). 

Fublished concentrations for bromide minerals of the Delaware Sasin (Holser, 

1966; Adams, 1369) were used to increase the bromide concentration in the 

water. For both simplicity and conservatism, anly the ninerals halite, 

sylvite, carnallite, thenardite, and calcite were used in the calculations. 

This simplifies the calculation by evoiding uncharacterized incongruent 

dissolution of minerals. Tt is conservative because a xaximum amount of 

Sromide is introduced into solution by dissolving these phases. The 

calculation vas ended when the major element chemistry of the model brines 

equalled or approached the chemistry of the Castile brines. Evaluation of the 

model's results requires consideration of tvo factors: (1) the relative 

Gasses of minerals required to form the brine, and (2) the agreement hetveen 

calculated and measured solute/bromide ratios. 

Figure C-28 svmmarizes the results of the calculation for several oajor compo- 

nents. It can be seen that agreement ?n the soluteibromide ratios is poor. 

Xoreover, the relative proportions of dissolving phases required to transform 

the ground water or dehydration water sources to Castile brines are believed 

to be unrealistic. 

Dissolution/precipitation paths for ground waters from the Bell Canyon and 

Salado formatio2s were also calculated using tbe water quality data presented 

in La~bert (1378). Zowever, to arrive at compositions similar to E2DA-6 and 

WIPP-12 brines, chloride phases must be precipitated. %en starting with Bell 

I n  some cases, components vere subtracted by assming common reactions 
such as calcite reacting to form dolomite and removing Ng from solution, 
Calculations for the Salado and Bell Canyon encountered this problem 
frequently. In many of these cases an obvious mechanism for depletion was 
not apparent. Consequently, the Salado and Bell Canyon ground waters 
could not be treated completely. 



Canyon w a t e r s ,  magnesium and c a l c i u m  phases  must a l s o  be removed. For  Sa lado  

w a t e r s ,  p o t a s s i u m  and magnesium must be p r e c i p i t a t e d  i n  a d d i t i o n  t o  ch lo -  

r i d e .  A s  p r e c i p i t a t i o n  o f  c h l o r i d e  phases  a l s o  removes bromide ,  t h e  r e s u l t a n t  

Sromide c o n c e n t r a t i o n  i s  a lways  l e s s  t h a n  t h e  s t a r t i n g  c o n c e n t r a t i o n .  Tn most 

i n s t a n c e s ,  t h e  s t a r t i n g  c o n c e n t r a t i o n  of t h e  bromide Ln t h e  S a l a d o  and 3 e l l  

Canyon ground w a t e r s  w i l l  5e  l e s s  t h a n  t h e  c o n c e n t r a t i o n  i n  ERDA-6 and WIPP- 

1 2 ;  t h e r e f o r e ,  no c r e d i b l e  dissolution/precipitation p a t h  c a n  be employed. 

F u r t h e r m o r e ,  t o  a r r i v e  a t  t h e  c o r r e c t  c o n c e n t r a t i o n s ,  s o d t u i ~  phases  n u s t  be 

d i s s o l v e d .  However, t h e  o n l y  abundant  sodiuiii p h a s e  i s  h a l i t e .  X a l i t e  a l s o  

c o n t a i n s  c h l o r i d e  which n u s t  be removed. T h e r e f o r e ,  no s t r a i g h t f o r w a r d ,  

s i m p l e  pathway of  dissolution/precipitation can  be c a l c u l a t e d .  

Seawa te r  E v a p o r a t i o n  Pfodel. 

The s o l u t e / b r o r n i d e  p l o t s  (used  above t o  e v a l u a t e  t h e  d i s s o l u t i o n  model) can  

a l s o  be used  t o  d e t e r m i n e  i f  t h e  C a s t i l e  b r i n e s  have been d e r i v e d  from 

s e a w a t e r .  

A s  shown i n  S e c t i o n  3 .3 .2 ,  t h e  rriajor and minor e l emen t  c o m p o s i t i o n s  of  t h e  

b r i n e s  c a n  b e s t  (and p e r h a p s  o n l y )  be e x p l a i n e d  by c o n c e n t r a t i o n  of sea -  

water. F i g u r e s  C-4 th rough  C-14 i l l u s t r a t e  t h i s  r e l a t i o n s h i p  and show a 

c o n s i s t e n t  v a r i a t i o n  of d i s s o l v e d  components r e l a t i v e  t o  bo th  bromide and 

c h l o r i d e .  

S e v e r a l  d e v i a t i o n s  from t h e  s e a w a t e r  c u r v e s  a r e  a p p a r e n t  i n  t h e  p l o t s  and i n  

T a b l e  C.lO. F o r  example ,  a l l  of t h e  c h l o r i d e  v e r s u s  s o l u t e  g r a p h s  p l o t  

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

d i s c u s s e d  below,  t h i s  i m p l i e s  some d i s s o l u t i o n  of  a  c h l o r i d e  phase .  

Va lyashko  (1956)  and B r a i t s c h  (1971) n o t e d  t h a t  c h l o r i d e / b r o m i d e  r a t i o s  i n  

open s e a w a t e r  were  a p p r o x i m a t e l y  300 (wt /wt)  (see T a b l e  C.lO). A t  t h e  

b e g i n n i n g  o f  NaCl p r e c i p i t a t i o n ,  t h e  r a t i o  is  a p p r o x i m a t e l y  70  (wt /wt) .  The 

a v e r a g e  WIPP-12 c h l o r i d e / b r o m i d e  r a t i o  is 360 ( w t / w t ) ,  which e x c e e d s  t h e  

s e a w a t e r  r a t i o .  T h i s  e l e v a t e d  v a l u e  s u g g e s t s  some d i s s o l u t i o n  of  h a l i t e  by 



the brine. The ERDA-6 Srine, however, has an average chlorfde/bromide ratio 

of 207 (wt/wt). This ratio more closely resembles 2vaporating seawater with 

only minor (or without) halite dissolution. 

Verification of halite dissolution in both wells is ohtained by performing 

mass balance calculations in which sodium and chloride are removed from the 

5rine conpositions according to the stoichiometry of halite (i.e., 1 mole Na: 

1 mole Cl). The results of these calculations for ERDA-6 show that 

dissolution of halite alone is responsible for the elevated sodium and 

chlorids concentrations (i.e., excess above concentrated seawater) in those 

brines. Similar calculations for WIPP-12 show that an additional sodium phase 

+as also been dissolved. !b!cst prohably that p3ase is glauberite, 

CaNa2(S04)2. Zvidznce for glauberite dissolution nay be found in 

thermodynamic calculations and in the sulfatelbromide plot (Figure C-6). 

Specifically, solubility calculations (after Xarvie and Weare, 1380) show that 

the WITP-12 brine is probably saturated with glauberite (ZRDA-6 brine is 

possibly saturated) (Tables C.3 and C.4). Furthermore, the sulfate/brornide 

ratio in WIPP-12 krine is slightly above the seawater reference. This implies 

that sulfate (in addition to sodium) was present in one of the phases that was 

dissolved by the brine. 

Somewhat stronger than the sodium and chloride deviation is the enrichment of 

the brines in lithium and boron (see Table C.10 and Figure C-14). Such en- 

richment in connate brines is relatively common (e .g . ,  Collins, 1970, 1976; 

Vine, 1979). The enrichment, however, is inconsequential to evaluations of 

site stability. Revertheless, possible mechanisms for lithium and boron 

enrichment will be discussed. These discussions are speculative, and the 

exact origin of the lithium and boron increases is unclear. 

One possibility for the enrichment is that addition of lithium and boron 

attends diagenesis of the brines. Such enrichment has been reported in the 

pore waters of restricted marine basins (Collins, 1970). Furthemore, alkali 

enrichment during diagenesis has apparently occurred in the Delaware Basin, 



g i v i n g  r i s e  t o  t h e  commercial p o t a s h  d e p o s i t s  t h a t  o v e r l i e  t h e  C a s t i l e  (Lam- 

b e r t ,  1978, and i n  p r e p a r a t i o n ) .  A p o s s i b l e  mechanism f o r  t h i s  a l k a l i  e n r i c h -  

ment nay be t h e  decomposition of o r g a n i c  marine m a t e r i a l .  ?rown a l g a e  (e.g.,  

c r d e r  F u c a l e s )  and red a l g a e  ( e . g . ,  Rliodynsnia pa lmata )  a r e  p o t e n t i a l  s o u r c e s  

f o r  potass ium and l i t h i u m ,  r e s p e c t i v e l y  (Borovik-Xomanova, 1969) .  

Perhaps  nore  l i k e l y  than  d i a g e n e t l c  en r ichment  i s  t h a t  t h e  e l e v a t e d  l i t h i u m  

and boron c o n c e n t r a t i o n s  d e r i v e  from chemica l  w e a t h e r i n g  of ( o r  i o n  exchange 

w i t h )  t e r r i g e n o u s  c a t e r i a l s .  The s o u t h w e s t e r n  Uni ted  S t a t e s  i s  well-known f o r  

anomalously h igh  l i t h i u m  c o n t e n t s  i n  igneous- rocks  and i n  sed iments  (Vine ,  

1975).  Fur the rmore ,  h igh  l i t h i u m  and boron c o n c e n t r a t i o n s  a r e  commonly asso-  

c i a t e d  wi th  sed imenta ry  uranium d e p o s i t s  (Vine ,  1979) .  D e p o s i t s  of  t h i s  type  

a r e  common i n  New :.lexica. Consequen t ly ,  t h e  c h m i c a l  wea the r ing  of igneous  

and /o r  sed imenta ry  s o u r c e s  may have e n r i c h e d  t h e  Permian s e a w a t e r  of t h e  

Delaware Rasin  i n  l l t h i u m  and boron.  Ter r igenous  c l a y s  i n  t h e  C a s t i l e  may 

a l s o  have exchanged w i t h  b r i n e s  t o  e n r i c h  t h e  b r i n e s  i n  l i t h i u m  t o  a  minor 

degree .  

Another d e v i a t i o n  from t h e  s e a w a t e r  c u r v e s  may h e  found i n  p l o t s  of magne- 

sium/bromide ( F i g u r e  C-9). These p l o t s  a r e  perhaps  t h e  most s i g n i f i c a n t  

d i v e r g e n c e  from t h e  s e a w a t e r  r e f e r e n c e ,  b u t  they a r e  e a s i l y  e x p l a i n e d .  The 

magnesium d e p l e t i o n  r e s u l t s  p r i m a r i l y  from t h e  r e a c t i o n  of c a l c i t e  t o  do lomi te  

which couimonly a t t e n d s  t h e  d i a g e n e s i s  of c a r b o n a t e  ( e - g . ,  Shephard,  1963) :  

C ~ C O ~  + ~g 2+ + C O ~  2 - = CaMg(C03)2 

c a l c i t e  + d i s s o l v e d  m a t e r l a l  = dolomi te  

V e r i f i c a t i o n  t h a t  such a  r e a c t i o n  took  p l a c e  is conf i rmed by t h e  p r e s e n c e  of 

do lomi te  n e a r  f r a c t u r e s  and c o n t a c t s  ( s e e  P a r t  11, Geology, S e c t i o n  4.1.3). 

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

f r a c t u r e s  t o  accoun t  f o r  t h e  o b s e r v e d  magnesium d e p l e t i o n .  For  example,  a t  

ERDA-6, 0 . 1  p e r c e n t  do lomi te  i n  t h e  f r a c t u r e s  i s  r e q u i r e d  t o  accoun t  Eor t h e  

reduced magnesium c o n t e n t  of t h e  b r i n e .  T h i s  amount a g r e e s  w e l l  w i t h  X-ray 

and p e t r o g r a p h i c  o b s e r v a t i o n s  of d o l o m i t e  abundances.  



Summary 

The collective major and minor element chemistry inplizs that ERDA-6 and WIPP- 

12 brines w2re both dzrived from szawater, and that su5szquently each had 

distinct histories. BiPP-12 brine probably ~riginated as seawater concen- 

trated by evaporation. During transport and collecti~n in the fractured host 

rock (see Part 11, Geology, Section 4.3.3), the condensed seawater reacted 

with calcite in the host rock to form dolomite. Perhaps at the same time, but 

probably later, t5e brine dissolved halite 2nd another sodiuz-Eeariag phase 

(probably glauberite). ERDA-6 had a similar histary but did not dissolve 

glauberite and probably dtssolved only minor mounts of halite. T5e higher 

bromide content of the ERDA-6 hrines probably indicates a more cxt2nded period 

of seawater concentration. 

5.1.3 Tsotopic Geochemistry 

While the najor aad minor elements of the brines clearly indicate a link to 

ancient seawater, the isotopic data are somewhat anbiguous in their support of 

any particular model for the origin of the VIP? brines. Consequently, the 

isotopic data are discussed below in terms of general agreement or disagree- 

ment with proposed models of origin. This can be contrasted with the less 

equivocal apprcach taken above for major and minor element chemistries. 

Dissolution :!ode1 - Ground Water 
Previous studies have demonstrated (Lambert, 1978, and in preparation) that 

the Isotopic chemistry of Delaware Basin ground waters fractionate as water 

travels across the basin. This fractionation results in an increase in both 
18 bD and b 0, and has been attributed to exchange with marine clays (Lambert, 

1978, and in preparation). The Castile brines are proposed to be part of this 

continuum, and their isotopic chemistry is also said to be the result of 

exchange with clays. 

While such a process is reasonable for explaining the regional trend, it is 

less credible for explaining the composition of reservoir hrines. Considering 

the exchange of structural water only, if the montmorillonite-water 
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f r a c t i o n a t i o n  f a c t o r  (0.938; Savin  and E p s t e i n ,  1970) i s  used t o  model t h e  

I s o t o p i c  change i n  w a t e r ,  around 50 ha tch  e q u i l i b r a t i o n s  a r e  r e q u i r e d  t o  
0 t r ans form w a t e r  from a  63 of -20 l o o  ( l e a s t  n e g a t i v e  j b v e n i l e  ground w a t e r )  

0 t o  a  iD of -1.0 !oo ( b r i n e  v a l u e ) .  Yass b a l a n c e  c a l c u l a t i o n s  Sased on 

i n t e r l a y e r  ( o r  exchangeable)  wa te r  exchange i n d i c a t e  t h a t  t h e r e  i s  p robab ly  

on ly  enough c l a y  t o  f r a c t i o n a t e  l e s s  than  one p e r c e n t  of t he  water  i n  t h e  
9 r e s e r v o i r s .  To f r a c t i o n a t e  t h e  8.0 x 10 n o l e s  of w a t e r  i n  t h e  WTPP-12 

r z s e r v o i r  ( s e e  P a r t  111, Xydrology, S e c t i o n  3 .4 .4)  would r e q u i r e  a t  l e a s t  6.7 
8 x 1 0  moles of c l a y  a long  t h e  w a t e r ' s  f low pa th .  A c o n s e r v a t i v e  e s t i m a t e  of 

9 2 t h e  f r a c t u r e  s u r f a c e  of 2.67 x 10  m can Se d e r i v e d  from t h e  f r a c t u r e  s p a c i n g  

and c r o s s - s x t i o n a l  a r e a  of  t h e  r z s e r v o i r  ( s e e  P a r t  111, Eydrology, S e c t i o n  

3 .4 .4 ,  and assune con t inuous  f r a c t u r e s  a c r o s s  t h e  e n t i r e  a r e a  of i n f l u e n c e ) .  

I f  t h e  average  d2pth of a l t e r a t i o n  a c r o s s  t5e  f r a c t u r e  is  on t h e  o r d e r  of 1 

mm, then tk2 maximum 0 .1  pe rcen t  c l a y  c o n t e n t  of t h e  rock (found a t  c o n t a c t s ,  

s e e  Table  C . l l )  i s  i n s u f f i c i e n t  f o r  producing t h e  i s o t o p i c  s h i f t  from ground 

wate r  t o  b r i n e .  Given t h e  c o n s e r v a t i v e  assumptions  employed, f r a c t i o n a t i o n  by 

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

the  b r i n e .  I f  t h e  mechanism is  o p e r a t i v e ,  then  e i t h e r  t h e  b r i n e  fol lowed a  

very complex and t o r t u o u s  p a t h ,  o r  t h e  zone of a l t e r a t i o n  i s  much more 

e x t e n s i v e  than  t h a t  sampled by c o r i n g .  

The mass baiance c a i c u i a t i o n s  d i s c u s s e d  above i n d i c a t e  t h a t  c l a y  i s  u n l i k e l y  

t o  a l t e r  known Delzware Basin  ground w a t e r s  t o  t h e  p o i n t  where they r e s e n b l e  

t h e  i s o t o p i c  c h e m i s t r i e s  of t h e  C a s t i l e  b r i n e s .  T h i s  does n o t ,  however, r u l e  

o u t  t h e  p o t e n t i a l  f o r  a n o t h e r  mechanism hav ing  caused  such a  s h i f t .  TO a s s e s s  

t h i s  p o t e n t i a l ,  t h e  r e l a t i o n  between TDS and b r i n e  i s o t o p e s  may be c o n s i d e r e d .  

As d i s c u s s e d  e a r l i e r ,  t h e  v a r i a t i o n  of  OD (O/oo) and d8 (O/oo) a s  a  f u n c t i o n  

of TDS can  sometimes be used t o  de te rmine  t h e  p a r e n t  l i q u i d  of a  g iven  w a t e r  

source .  The t echn ique  r e q u i r e s  c o n s t r u c t i o n  of a  l i n e a r  r e g r e s s i o n  f i t  

through t h e  d a t a ,  and e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n  ( i . e . ,  TDS = 0). 

These r e g r e s s i o n  l i n e s  should pass  through p o i n t s  f o r  t h e  source  w a t e r ,  a s  

long  a s  t h e  mechanism t h a t  f r a c t i o n a t e s  t h e  i s o t o p e s  rzmains c o n s t a n t ,  and t h e  
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f r a c t i o n a t i o n  o c c u r s  w h i l e  t h e  TDS o f  t h e  w a t e r  i s  b e i n g  deve loped  ( C l a y t o n  

e t  a l . ,  1 9 6 6 ) .  As o b s e r v e d  fram F i g u r e  C-29, no  l o c a l  Delaware Bas in  ground 

w a t e r s  a r e  s a f e l y  w i t h i n  t h e  s t a t i s t i c a l l y  d e r i v e d  90 p e r c e n t  c o n f i d e n c e  a r e a  

of  t h e  s o u r c e ,  a l t h o u g h  ground w a t e r s  from t h e  B e l l  Canyon and S a l a d o  forma- 

t i o n s  p l o t  on t h e  v e r y  edge of  t h a t  c o n f i d e n c e  zone .  Sased  on t h e  i s o t o p e s  

a l o n e ,  t h e s e  g round  w a t e r s  c o u l d  c o n c e i v a b l y  h a v e  g i v e n  r i s e  t o  t h e  b r i n e s ;  

however ,  t h e y  a r e  high-TDS ground w a t e r s .  Mixing  o f  high-TDS w a t e r s  w i t h  

c o n c e n t r a t e d  s e a w a t e r  would p r o b a b l y  r e s u l t  i n  a l t e r a t i o n  o f  t h 2  s o l u t e /  

b romide  r a t i o s  ( i . e . ,  ?n ix ing  would add x a s s  t o  t h e  sys tem but  no t  s u f f i c i z n t  

b r o n i d e ) .  I f  m i x i n g  o c c u r r e d  t o  t h z  e x t e n t  whzre  t h e  i s o t o p i c  f i n g e r p r i n t  

r e sembled  t h e  g r aund  x a t z r  r a t h e r  t h a n  t h e  b r i n e ,  c a s s  5 a l a n c e  c a l c u l a t i o n s  

( v i z . ,  3 i t c h o n  and Fr iedman,  1969) i n d i c a t e  a ground w a t e r : s ? a w a t s r  r a t i o  n e a r  

2 :1  would b e  r z q u i r e d .  Such d i l u t i c n  wl>uld p 2 r t u r b  t h e  bromide r a t i o s  t o  t h e  

p o i n t  whe re  r e s a m b l a n c e  t o  s e a w a t e r  c u r v e s  would n o t  be p o s s i b l e .  

F i n a l l y ,  i t  i s  i n s t r u c t i v e  t o  examine t h e  6 3 4 ~  v a l u e s  o f  t h e  s u l f a t e  i n  b r i n e  

and  i n  t h e  r e s e r v o i r  r o c k .  The v a l u e  f o r  t h e  r o c k  (- 12 O/oo) i s  w e l l  w i t h i n  

t h e  r a n g e  f o r  Pe rmian  s u l f a t e  m i n e r a l s  o f  t h e  Delaware  S a s i n  ( H o l s e r  and 

K a p l a n ,  1 9 6 6 ) .  The v a l u e  f o r  t h e  s u l f a t e  i n  b r i n e  (- 9  ' loo) is  i s o t o p i c a l l y  

l i g h t e r  t h a n  t h e  r o c k .  I f  t h e  s u l f a t e  i n  b r i n e  were  g e n e r a t e d  by d i s s o l v i n g  
3 4 t h e  r o c k ,  t h e n  t h e  6 S v a l u e  f o r  t h e  b r i n e  s h o u l d  b e  a t  l e a s t  e q u a l  t o  t h a t  

of t h e  r o c k " ) .  Bowever, b a c t e r i a l  s u l f a r e  r e d u c t i o n  h a s  produced H2S from 

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

r e s i d u a l  b r i n e  h e a v i e r .  Consequen t ly ,  t h e  c o m b i n a t i o n  of a n h y d r i t e  d i s s o l u -  

t i o n ,  and b a c t e r i a l  s u l f a t e  r e d u c t i o n  would h a v e  produced b r i n e s  t h a t  a r e  

h e a v i e r  t h a n  t h e  r e s e r v o i r  r ock .  

T h e r e f o r e ,  t h e  i s o t o p i c  g e o c h e m i s t r i e s  o f  t h e  C a s t i l e  b r i n e s  do n o t  s u p p o r t  

t h e  c o n t e n t i o n  t h a t  d i s s o l u t i o n  of  r o c k  by ground w a t e r  h z s  produced t h e  

r e s e r v o i r  f l u i d s .  Fu r the rmore ,  g round w a t e r s  have  p robab ly  not  c o n t r i b u t e d  t o  

r e s e r v o i r  f o r m a t i o n .  The b a s i s  f o r  t h e s e  c o n c l u s i o n s  i n c l u d e s :  

( l ' 1 n  o r d e r  t o  b e  l e s s  t h a n  t h e  r o c k ,  p y r i t e  ( o r  a  r e l a t e d  phase)  would 
h a v e  t o  b e  p r e c i p i t a t e d .  No such  p h a s e s  a r e  r e p o r t e d  i n  t h e  C a s t i l e .  



Hnss balance constraints do not permit fractionation 
of .l,D over the range required, using any kzown msch- 
anism. 

e Delaware %sin ground watzrs that have isotopic 
compositions within the possible range of source 
waters are all htgh TDS waters. 1Zixing of these 
waters with brine would perturb the major element 
chemistry. 

e The , - 3 4 ~  values or sulfate in brine are consistently 
3 i  1 2 ~ s  than the (1 S values of the-rock, which pre- 

cludes dissolution. 

Vaters of Dehydration 

As noted earlier (Section 5.1.2) ,  at an extreme, the bulk chemistry of aete- 

oric vater and waters of dehydration would be similar (very low TDS); however, 

their isotopic idsntities would he distinctly different. The isotopic differ- 

ence results from the Eact that waters of dehydration of gypsum are fraction- 

ated at least twice from meteoric water. The first fractionation occurs 

during the evaporation of seawater (e.g., Sofer and Cat, 1975) which later 

precipitates gypsum. The second fractionation occurs when gypsum nucleates in 

the seawater (Sofer, 1978). A third fractionation is prohable subsequent to 

gypsum dehydration to anhydrite (i.e., back reaction of isotopes with an- 

hydrite), but is not kinetically favored, and is unlikely to reach equilibrium 

(Lloyd, 1968). The net zffect of the fractionation mechanisms is dependent 

upon the conditions prevailing during seawater evaporation (Sofer and Gat, 

1975). However, a plausible range, assuming no back reaction with anhydrite, 

is shown in Figure C-29.  This estimate assumes that the Permian ocean which 

gave rise to the gypsum (i.e., anhydrite) had an isotopic composition identi- 

cal to the current SHOW reference. 

The ERDA-6 and WIPP-12 brine isotopes plot within the range estimated for 

waters of dehydration of gypsum. Consequently, on the basis of isotopes, an 

origin of the brines from vaters of dehydration is possible. However, at 



l e a s t  two arguments  ( b a s e d  on i s o t o p e s )  z a y  be r a i s e d  t o  weaken t h i s  i n t e r p r e -  

t a t i o n :  1 )  The P e r n i a n  ocean  m y  have  Seen L s o t o p i c a l l y  d i f f e r e n t  from t h e  

c u r r e n t  ocean .  Zepend ing  on t h e  magnitude of t h e  d i f f s r e n c e ,  t h e  iJI?P-12 and 

ERD.4-6 d a t a  might ilot c o i n c i d e  w i t h  t h e  d s h y d r a t i o n  f i e l d .  2) The (J3c and 

cdi80 d a t a  from CG2 i n d i c a t e  t h a t  t h e  b r i n e  h a s  r e a c t e d  w i t h  c a r b o n a t e  t o  

g e n e r a t e  GO2 ( a t  ERDA-6).  T h i s  r e a c t i o n  shou ld  i n c r e a s e  t h e  (180 v a l u e  of t h e  

b r i n e .  >!ass b a l a n c e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  s h i f t  c o u l d  be i n  t h e  

r a n g e  of  3 O/oo t o  6 O/oo. Such a  s h i f t  would d i s p l a c e  v a t e r s  of  d e h y d r a t i o n  

f rom t h e  gypsum c r y s t a l l i z a t i o n  f i e l d .  

!Jhi le  t h e s e  a rguments  weaken t h e  h y p o t h e s i s  t h a t  t h e  b r i n e s  o r i g i n a t e d  a s  

v a t e r s  of  d e h y d r a t i o n ,  t h e y  do n o t  p r e c l u d e  t h e  p o s s i b i l i t y .  Fo r  e x a n p l e ,  
-r* hna raka  e t  a l .  (1973)  e s t i m a t e  t h a t  t h e  F e r n i a n  ocean  wzs a b o u t  5 O/oo 

d e p l e t e d  i n  s L R O  r e l a t i v e  t o  SHOW. I f  t h i s  were t r u e ,  t h e n  t h e  i s o t o p i c  s h i f t  

i n  a n c i e n t  s e a w a t e r  would  compensa t e  f o r  t h e  s h i f t  induced  by c a r b o n a t e  reac-  

t i o n ,  i . e . ,  t h e  c o r r e s p o n d e n c e  between t h e  C a s t i l e  b r i n e s  and w a t e r s  of dshy- 

d r a t i o n  o f  gypsum would r ema in .  X c a l y s i s  of i s o t o p e s ,  t h e r e f o r e ,  cannot  be 

u sed  u n e q u i v o c a l l y  t o  s u p p o r t  o r  condemn t h e  h y p o t h e s i s  t h a t  t h e  b r i n e s  o r ig -  

i n a t e d  from w a t e r s  of d e h y d r a t i o n  of  gypsum. 

S e a w a t e r  E v a p o r a t i o n  Model 

I f  t h e  b r i n e s  were d e r i v e d  f rom a n c i e n t  s e a w a t e r ,  t h e n  t h e  aze of t h e  wa te r s  

i s  Permian ( t h e  same a g e  3s t h e  s ~ d i r n e n t s ) .  A s  d i s c u s s e d  above ,  t h e  p r e s e n t -  

day  s e a w a t e r  r e f e r e n c e  (SXOW) may b e  i n a p p r o p r i a t e  f o r  i n t e r p r e t i n g  t h e  

c o n s i s t e n c y  of measured b r i n e  i s o t o p e s  w i t h  a  s e a w a t e r  e v a p o r a t i o n  model. For  

example ,  on  t h e  b a s i s  of  n e l t e d  p o l a r  i c e  c a p s  i n  t h e  Permian ,  Kharaka e t  a l .  

(1973)  c a l c u l a t e d  a  s h i f t  i n  t h e  AD and 6180 ocean  w a t e r  r e f e r e n c e s  (-5 O/oo 

a n d  -0.5 O/oo, r e s p e c t i v e l y ) .  The d e t a i l s  o f  t h i s  c a l c u l a t i o n  a r e  u n c l e a r ,  

b u t  t h e  r e s u l t s  p r o v i d e  o n e  e s t i n a t e  of how t h e  i s o t o p i c  compos i t i on  of t he  

w a t e r  i n  t h e  Permian o c e a n  v a r i e s  from t h a t  of SNOW. 

Ano the r  method f o r  e s t i m a t i n g  t h e  i s o t o p i c  c o m p o s i t i o n  of  t h e  Permian ocean i s  
18 

t o  u t i l i z e  t h e  r e l a t i o n  be tween c180 i n  ocean  w a t e r  a n d  5 0  i n  ocean water  



s u l f a t e  (Kaplan,  1982, pe r sona l  communication).  The c u r r e n t  ocean w a t e r  

s u l f a t e  h a s  a  s2'80 va lue  of abou t  1 2 . 5  O/oo (Claypoo l  e t  s l . ,  1980).  T h i s  

v a l u e  i s  approx imate ly  t h e  same a s  t h e  v a l u e  found from c o e x i s t i n g  s u l f a t e  

m i n e r a l  p r e c i p i t a t e s ,  i . e . ,  essentially no f r a c t i o n a t i o n  of oxygen i n  s u l f a t e  

a t t e n d s  p r e c i p i t a t i o n .  I f  t h e  r e l a t i o n s h i p  hecween "9 i n  s e a w a t e r  and 180 i n  

ocean w a t e r  s u l f a t e  has remained c o n s t a n t  w i t h  t ime ,  and I f  t h e  d i s s o l v e d  

s u l f a t e  and p r e c i p i t a t i n g  s u l f a t e  have a lways  e q u i l i b r a t e d  t o  t h e  same e x t e n t ,  

t h e n  i s o t o p i c  d i f f z r e n c e s  i n  a n c i e n t  and nodsrn  s u l f a t e  minera l s  r e f l e c t  t h e  

d i f f e r e n c e s  of a n c i e n t  and modern oceans .  i n  c o n t r a s t  t o  moc?ern s u l f a t e  min- 

a r a l s ,  t h e  Permian s u l f a t e s  of t h e  De lavare  Bas in  have 0l80 v a l u e s  of a b o u t  

9 Ojoo (Claypoo l  e t  a l . ,  1980).  "ploying t h e  assumpt ions  o u t l i n e d  i n  t h e  

p r e v i o u s  pa ragraph ,  t h e  Termian ocean i s  c a l c u l a t e d  t o  be 3 .5  O/oo l i g h t e r  

t h a n  t h e  modern ocean ( 9  O/oo -12.5 O/oo = -3.5 O/oo).  The r e f e r e n c e  v a l u e  

f o r  Termian ocean watzr  0180 i s  t h e r e f o r e  -3.5 O!oo. A miniinurn v a l u e  f o r  

c o e x i s t i n g  deu te r ium may be e s t i m a t e d  by u s i n g  t h e  r e l a t i o n s h i p  f o r  R a l e i g h  

d i s t i l l a t i o n ,  i . e . ,  unimpeded e v a p o r a t i o n :  

oo = a(o180) + 5 ( C r a i g ,  1961) 

1 8  For  a  0 0 v a l u e  of -3.5 O/oo, t h e  r e s u l t i n g  h~ i s  -23 O/oo. T h i s  e s t i m a t e ,  

t o g e t h e r  w i t h  t h e  one computed by Kharaka e t  a l .  (1973) ,  h a s  been used  t o  

d e f i n e  a  r ange  f o r  t h e  Pgrmian ocean.  The range i s  dep ic ted  as  a  heavy l i n e  

i n  F i g u r e  C-30. The s t i p p l e d  a r 2 a  shows a  f i e l d  a p p r o p r i a t e  f o r  e v a p o r a t i o n  

from t h e s e  s o u r c e s .  

0f s i g n i f i c a n c e  i s  t h a t  t h e  C a s t i l e  b r i n e s  p l o t  above and t o  t h e  r i g h t  of bo th  

Permian ocean e s t i m a t e s  ( s e e  F i g u r e  C-31). Although e v a p o r a t i o n  migh t  be  

invoked t o  e x p l a i n  t h e  p o s i t i o n  of  t h e  C a s t i l e  b r i n e s  i n  t h e  shaded a r e a ,  such 

a n  e x p l a n a t i o n  i s  probably  v a l i d  o n l y  f o r  t h e  enr ichment  of deu te r ium,  and a  
1 8  p o r t i o n  o f  t h e  6180. A d d i t i o n a l  enr ichment  i n  0 0 probably  h a s  r e s u l t e d  from 

i s o t o p i c  exchange between t h e  b r i n e s  and c a r b o n a t e s  (subsequent  t o  removal of 

t h e  b r i n e  from i t s  b a s i n ) .  Mass b a l a n c e  e s t i m a t e s  i n d i c a t e  t h a t  such exchange 

c o u l d  accoun t  f o r  a t  l e a s t  a 1 'loo i n c r e a s e  i n  6 l 8 0 ,  and pe rhaps  a s  much a s  a 

5 O/oo i n c r e a s e .  



I n  a d d i t i o n  t o  the  b r i n e  i s o t o p e s ,  the  i s o t o p e s  of s u l f u r  i n  s u l f a t e  a r e  

c o n s i s t e n t  w i t h  t h e  sezwatsr  evapora t ion  nade l .  ?he O ~ ~ S  i n  b r i n e  s u l f a t e  is 

measured a s  around 8 O/oo t o  9 " /DO compared t o  about 11.5 " /DO i n  the  co- 

e x i s t i n g  rock.  This  r e l a c i o n s h i p  i s  c o n s i s t 2 n t  with the  1.65 "/oo f r ac t iona-  

t i o n  t h a t  might he expected when a n h y d r i t e  p r e c i p i t a t e d  from a n c i e n t  seawater  

( H o l s e r  and Raplan,  1366; Claypool e t  a l . ,  1980). !foreover, both 

s 3 4 ~  v a l u e s  f a l l  i n  t h e  range f o r  Permian n a t e r i a l s .  

The d i s c u s s i o n  abave has  bzen premf sed on an asscmed d i f f e r e n c e  between Per- 

n i a n  ocean and present-day seawate r .  Th i s  d i f f e r e n c e  cannot Ee demonstrated 

c o n c l u s i v e l y  and i s  a  s u b j e c t  of academic deba te .  Cc1ns2qu2ntly, whether t h e  

i s o t o p i c  c h a r a c t e r  of the  C a s t i l e  b r i n e s  can b s  expla ined us ing reasonab le  

p r o c e s s e s  and t h e  c u r r e n t  SMOW r e f e r e n c e  should be determined. 

Mechanisms f o r  i n c r e a s i n g  the  b r i n e s  i n  180 r e l a t i v e  t o  SMOW inc lude :  

e Evaporat ion 
e Reac t ion  wi th  c a r b o n a t e s  
0 React ion with s i l i c a t e s  

By analogy t o  t h e  d i s c u s s i o n  above,  the  dl'O s h i f t  can be accounted f o r  by 

t h e s e  mechanisms. 

Mschanisms f o r  a l t e r i n g  t h e  OD of t h e  b r i n e s  r e l a t i v e  t o  SMOW include:  

0 Evapora t ion  
e Reac t ion  wi th  marine c l a y s  
a Mixing wi th  o t h e r  wa te r s  

Evapora t ion  could produce t h e  OD values  observed i n  t h e  b r i n e s ,  i f  the  b r i n e s  

fol lowed a n  e v a p o r a t i o n  path  s i m i l a r  t o  t h o s e  f o r  b i t t e r n s  ( s e e  S v f e r  and Gat,  

1975).  However, g iven  the  low magnesium c o n t s n t  of the  b r i n e s ,  t h i s  explana- 

t i o n  does  n o t  appear  c r e d i b l e .  React ion wi th  marine c lays  probably could not 
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produce t h e  observed bD v a l u e s  because t h e r e  does not  appear  t o  be a  s u f f i -  

c i e n t  c a s s  of c l a y  i n  t h e  fo rmat ion .  As a r e s u l t ,  i f  no i s o t o p i c  d i f f e r e n c e  

e x i s t e d  be tueen  Permian and c u r r e n t  oceans ,  cken t h e  l s o t o p i c  c h a r a c t e r  of t h e  

h r i n e s  i s  b e s t  e x p l a i n e d  by mixing seawater  wi th  low TDS w a t e r s .  These wa te r s  

a u s t  he low TDS t o  avo id  a l t s r i n g  t h e  major and minor element r e l a t i o n s h i p s  

d i s c u s s e d  e a r l i e r .  

One p o t e n t i a l  mixing n o d e l  might be t h a t  f r e s h  wate r  i s o t o p i c a l l y  s i m i l a r  t o  

t h a t  found i n  some r e g i o n a l  m e t e o r i c  waters  (6180 = -2 ' loo t o  -7 O/oo,  $I = 

-10 O/oo t o  -30 '/GO) mixed w i t h  concen t ra ted  seawate r .  I f  mixing occur red  i n  

a  1 : l  r a t i o  ( s e e  Hi tchon and Fri?dman, ! 9 6 9 ) ,  then a  s o u r c e  near  the  edge of 

t h e  ?O p e r c e n t  c o n f i d e n c e  f i e l d  of Figur* C-29 would r e s u l t .  To g e n e r a t e  the  

observed i s o t o p e s  i n  t h e  b r i n e s ,  t h a t  source  would then  have t o  be f r a c t i o n -  

a t e d .  I n  t h i s  s c e n a r i o ,  a t  l e a s t  two p o s s i b i l i t i e s  e x i s t :  

e The mixing o c c u r r e d  e i t h e r  soon a f t e r  ( o r  d u r i n g )  t h e  
l a s t  s t a g e s  of sed imenta t ion .  Evapora t ion  through 
pores  o r  a t  t h e  s u r f a c e  then c o n c e n t r a t e d  t h e  h e a v i e r  
i s o t o p e s  i n t o  t h e  r e s i d u a l  b r i n e .  

e I s o t o p i c  f r a c t i o n a t i o n  occurred a f t e r  b u r i a l  of t h e  
mixed s o l u t i o n .  F r a c t i o n a t i o n  of hydrogen by hydrous 
phases  (e .g . ,  Savin and E p s t e f n ,  1970; Lambert ,  1978, 
and i n  p r e p a r a t i o n )  s n r i c h e d  t h e  r e s i d u a l  b r i n e  
s l i g h t l y  i n  deu te r ium.  Xeaction w i t h  o t h e r  reservoir  

cks  ( a n h y d r i t e  and dolomite) e n r i c h e d  t h e  b r i n e s  i n  
I80 (Lloyd , 1968; Clayton e t  a l . ,  1966).  

A l t e r n a t i v e l y ,  seawate r  underwent c o n c e n t r a t i o n  by e v a p o r a t i o n  t o  g e n e r a t e  i ts  

major and minor e lement  c h e m i s t r i e s  and p r e c i p i t a t e d  gypsum d u r i n g  t h e  

p r o c e s s .  As s a l i n i t y  of  t h e  b a s i n  inc reased ,  t h e  gypsum d e s t a b i l i z e d  and 

dehydra ted  t o  form a n h y d r i t e  (e .g . ,  Tosnjak,  1338).  S fnce  w a t e r s  of 

d e h y d r a t i o n  a r e  low TDS, t h e  major/minor element p r o p o r t i o n s  of t h e  seawate r  

would be unchanged by mixfng of t h e  two w a t e r s .  The i s o t o p i c  i d e n t i t y  of t h e  

r e s i d u a l  b r i n e  would be  changed, however, and depending on i t s  p r o p o r t i o n s  ( a t  

l e a s t  1:l mixing i s  r e q u i r e d ) ,  i t  would p l o t  a l o n g  t h e  r e g r e s s i o n  l i n e  

somewhere between t h e  c e n t e r  of t h e  90 percen t  conf idence  f i e l d  and t h a t  



measu red  f o r  t h e  b r i n e s  ( s e e  F i g u r e  C-29). Subsequent  e v a p o r a t i o n  would cause  

i s o t o p i c  f r a c t f c n a t i o n  and ma jo r  e l emen t  c o n c e n t r a t i o n  t r e n d s  c o n s i s t e n t  w i t h  

t h o s e  o b s e r v e d  f o r  t h e  b r i n e .  

Dne s t r e n g t h  of  t h i s  l a s t  a l t e r n a t i v e  is  t h a t  t h e  l i n e a r  r e g r e s s i o n  l i n e  

d e r i v e d  f rom i s o t o p e  v e r s u s  TDS p l o t s  ( F i g u r e s  C-20 and C-21) conve rges  on t h e  

v e r t e x  o f  t h e  w a t e r s  o f  c r y s t a l l i z a t i o n  of  gypsua f i e l d  ( F i g u r e  C-29). 

F u r t h e r m o r e ,  a n h y d r i t e  ps2udornorphs a f t e r  gypsum nay he p r e s e n t  i n  c o r e s  taken  

f rom t h e  r e s e r v o i r  h o s t  rock  ( s e e  P a r t  11, Geology, S e c t i o n  4 . 1 . 3  and F i g u r e  

The m a j o r  weakness of t h e  n o d e l  i s  t l le  l a c k  of e x t e ~ s i v e  p h y s i c a l  e v i d e n c e  f o r  

gypsun pseudoaorphs .  A t  b e s t ,  t h e  c r i t e r i a  used t o  i d e n t i f y  gypsum 

pseudonorphs  ( i . e . ,  r e l i c t  c l e a v a g e s  a n d  rep lacement  t s x t u r e s )  a r e  s u b j e c t i v e  

and  i n c o n c l u s i v e .  F u r t h e m o r e ,  t h e  p r e s e n c e  of s u c h  t e x t u r e s  i s  no t  p e r v a s i v e  

a s  migh t  b e  e x p e c t e d  i f  e x t e n s i v e  gypsum d e h y d r a t i o n  h a s  o c c u r r e d .  F i n a l l y ,  

some of  t h e  a n h y d r i t z  g r a i n s  a p p e a r  t o  be pr imary  p r e c i p i t a t e s .  I t  would be 

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

T 3 e r e f o r e ,  t h e  i s o t o p i c  d a t a  a r e  n o t  i n c o n s i s t e n t  w i t h  a n  a n c i e n t  s e a w a t e r  

o r i g i n  f o r  t h e  b r i n e .  The b a s e s  f o r  t h i s  c o n c l u s i o n  a r e :  

r Tvo models have been e v a l u a t e d ;  one i n  which a n c i e n t  
s e a w a t e r  i s  i s o t o p i c a l l y  i d e n t i c a l  t o  SMOW and 
a n o t h e r  i n  which t h e  a n c i e n t  ocean d i f f e r s  from 
SMOW. 3 0 t h  models  c a n  b e  used t o  a r r i v e  a t  i s o t o p i c  
v a l u e s  obsz rved  w i t h o u t  b e i n g  i n c o n s i s t e n t  w i t h  
m a t e r i a l  abundances  e x i s t i n g  i n  t h e  b a s i n .  Spec i -  
f i c a l l y :  

- Mixing o f  SHOW w i t h  a n c i e n t  m e t e o r i c  w a t e r s  o r  
w a t e r s  of  d e h y d r a t i o n  of  gypsum i n  p r o p o r t i o n s  n e a r  

- ~ 

1:l c o u l d  w a t e r s  n e a r  t h e  " u n f r a c t i o n a t e d "  
s o u r c e  of t h e  b r i n e s .  Subsequent  r e a c t i o n  w i t h  
c z r b o n a t e s  and c l a y s  o r  e v a p o r a t i o n  o f  t h e  m i x t u r e s  
cou ld  produce  w a t e r s  w i t h  t h e  i s o t o p i c  c o m p o s i t i o n  
o f  t h e  b r i n e s .  



- E s t i m a t e s  of Permian ocean wate r  f a l l  below and t o  
t h e  l e f t  of t h e  C a s t i l e  b r i n e s .  Evapora t ion  of 
such seawate r  and i s o t o p i c  exchange wi th  c a r b o n a t e s  
a r e  t h e r e f o r e  v i a b l e  mechanisms f o r  g e n e r a t i n g  t h e  
C a s t i l e  b r i n e  i s o t o p e s .  

3 4 o The measured b S of t h e  s u l f a t e  i n  the  rocks and 
b r i n e s  a r e  c o n s i s t e n t  w i t h  Permian-aged m a t e r i a l s .  
D i f f e r e n c e s  between t h e  two s u l f a t e s  can be a t t r i -  
buted t o  f r a c t i o n a t i o n  d u r i n g  p r e c i p i t a t i o n .  

e The  p r z f e r r e d  model f o r  b r i a e  o r i g i n  ?s  a n c i e n t  sea -  
wa te r  modif ied s l i g h t l y  by r z a c t i o n  wi th  b a s i n  min- 
e r a l s .  Th i s  model i s  p r r f s r r e d  because of i t s  s i m -  
p l i c i t y ,  and hecause  of a  l a c k  of evidence f o r  a l t e r -  
n a t i v e  models. 

5.1.4 Gas Composit ions 

The major e lement  c h e m i s t r y ,  and t h e  i s o t o p i c  r a t i c s  of t h e  g a s e s  ob ta ined  

from ERDA-6 and WIPP-12 show d i f f s r e n c e s  between the  two w e l l s .  F i r s t ,  t h e  

c o m p o s i t i o n s  and p r o p o r t i o n s  of t h e  g a s e s ,  and t h e i r  amounts r e l a t i v e  t o  b r i n e  

a r e  d i f f e r e n t  a t  each w e l l .  (See  F i g u r e  C-26 and Tab les  C.7 and C.8). These 

d i f f e r e n c e s  may be a t t r i b u t e d  t o :  

e D i f f e r e n t  s o u r c e s  of g e n e r a t i o n .  

8 G i f f e r e n t  downhole c o n d i t i o n s  a f f e c t i n g  t h e  e f f i -  
c i ency  of ra te -dependen t  p r o c e s s e s .  

D i f f e r e n t  downhole c o n d i t i o n s  a f f e c t i n g  t h e  e q u i l i -  
brium p r o p o r t i o n s  o f  c o e x i s t i n g  v o l a t i l e  components. 

The hydrogen s u l f i d e  of WITP-12 e x i s t s  b o t h  a s  a  gas ,  and a s  a  d i s s o l v e d  ( o r  

m i s c i b l e )  l i q u i d .  I n  c o n t r a s t  t h e  hydrogen s u l f i d e  a t  ERDA-6 e x i s t s  only  a s  a  

d i s s o l v e d  phase.  A t  both  w e l l s ,  t h e  hydrogen s u l f i d e  h a s  been genera ted  

dominan t ly  by b a c t e r i a l  s u l f a t e  r e d u c t i o n .  T h i s  p rocess  u s u a l l y  r e q u i r e s  

s t i l l - w a t e r  c o n d i t i o n s .  T h e r e f o r e ,  t h e  hydrogen s u l f i d e  g e n e r a t i o n  probably  

o c c u r r e d  e i t h e r  in-place  i n  t h e  r e s e r v o i r ,  o r  a f t e r  c o l l e c t i o n  of  pore  w a t e r s ,  

b u t  p r i o r  t o  r e s e r v o i r  fo rmat ion .  Condi t ions  f o r  hydrogen s u l f i d e  p roduc t ion  

may have been more f a v o r a b l e  i n  t h e  ERDA-6 environment.  Nore l i k e l y ,  however, 

C-SO 



t h e  WIPP-12 r e s e r v o i r  c o n t a i n s  a the rnogen ic  hydrogen s u l f i d e  cn~nponent. 

Cpward-moving the rnogzn ic  hydrogen s u l f i d e  might have been trapped a long  wi th  

pore  wa te r  by t h e  rap id  s 2 d i z e n t a t i o n  of a n h y d r i t e  dur ing  t h e  Permian. 

A l t e r n a t i v e l y ,  t h e  thermagenic hydrogen s u l f i d e  could have heen acqu i red  by 

WIPP-12 d u r i n g  t h e  de fo rmat ion  t h a t  r e s u l t e d  i n  t h e  r e s e r v o i r .  

Less ambiguoils than t h e  hydrogen s u l f i d e  i s  t h e  o r i g i n ( s )  o f  methane a t  t h e  

two w e l l s .  z ~ e  methane a t  ERDA-6 is probably a l l  o f  b iogen ic  o r i g i n .  In 

c o n t r a s t ,  t he  methane of WIPP-12 i s  dominantly the rnogen ic  wi th  perhaps  a  

minor c o n t r i b u t i o n  from b iogen ic  sources .  Deformation and flow may have 

l i b e r a t e d  thsrmogsnic  methane from the  f l u i d  i n c l u s i o n s  of the  under ly ing  

h a l i t e .  .A- l ternat ively ,  Ceformation m y  have d i s r u p t e d  g r a i n  boundary 

c o n t a c t s ,  a l l o w i n g  th2rnogen ic  methane t o  d i f f u s e  from a  deeper source .  The 

l e s s  equ ivoca l  2 resence  of thermogenic methane a t  WIPP-12, suppor t s  t h e  

i n t e r p r e t a t i o n  of  thermogenic hydrogen s u l f i d e  a t  t h a t  w e l l .  

N i t rogen  and ca rbon  d i o x i d e  a r e  a l s o  p r e s e n t  a t  both  w e l l s .  Ni t rogen may have 

been genera ted  e i t h e r  by a i r  entrapment,  by p y r o l y s i s  of  o r g a n i c s ,  o r  most 

l i k e l y  by b a c t e r i a l  p r o c e s s e s  (e .g . ,  D e s u l f o v i b r i o  G e n i t r i f i c a n s ;  Kuznetsov e t  

a l . ,  1963).  The carbon d i o x i d e  is p r e s e n t  i n  g r e a t e r  amounts than can be 

a t t r i b u t e d  t o  a i r  ent rapment .  Consequently,  i t  i s  probably a  r e s u l t  of bio- 

g e n i c  a c t i v i t y  and /o r  ca rbona te  d i s s o l u t i o n .  

Of some i n t e r e s t  a r e  t h e  d i f f e r e n t  p r o p o r t i o n s  of carbon d iox ide  and methane 

a t  t h e  two w e l l s .  ERDA-6 is much r i c h e r  i n  C02, w h i l e  WIPP-12 is much r i c h e r  

i n  methane. 30 th  of  t h e s e  g a s e s  a r e  carbon b e a r i n g  and can c o e x i s t  a t  e q u i l i -  

brium. The r e l a t i v e  p r o p o r t i o n s  may be a f u n c t i o n  of  d i f f e r e n t  carbon t o  

hydrogen r a t i o s  ( s e e  Ger lach  and Nord l i e ,  1975).  Accordingly,  t h e  d i f f e r e n c e  

between t h e  two w e l l s  may be due t o  the  g r e a t e r  carbon:hydrogen ( rock :wa te r )  

r a t i o  a t  ERDA-6. 



5.1.5 Res idence  Time 

Determination of t h e  l e n g t h  O F  t ime t h a t  t h e  ERDA-6 and KT?P-12 b r i n e s  have 

r e s i d e d  i n  t h e  f r a c t u r e d  a n h y d r i t e  r e s e r v o i r s  was c a l c u l a t e d  us ing  t h e  

uranium-isotope d i s e q u i l i b r i u m  method (Appendix A ) .  This  method u t i l i z e s  

d e v i a t i o n s  i n  t h e  2 3 4 ~ / 2 3 8 ~  s p e c i f i c  a c t i v i t y  r a t i o  from u n i t y  t o  e s t i m a t e  t h e  

a g e  of conf inement  of ground wate r  (Kronfe ld  s t  a l . ,  1975; Xndrews and Kay, 

1978; 3 a r r  e t  a l . ,  1979) .  De te rmina t ion  by t h i s  method of  t h e  time of e n t r a p -  

ment of f l u i d s ,  however, i s  not unequ ivoca l  f o r  f l u i d s  t h a t  might have 

migrated a l o n g  u n c h a r a c t e r i z e d  f lowpa ths  o r  t h a t  could  have complex h i s t o r -  

i e s .  S i g n i f i c a n t  f a c t o r s  c o n t r i b u t i n g  t o  t h i s  u n c e r t a i n t y  a r e  t h a t  a  

2 3 4 ~ / 2 3 8 ~  s p e c i f i c  a c t i v i t y  r a t i o  of t h e  water a t  t h e  t i ~ e  of i t s  i s o l a t i o n  

must be i n f e r r e d ,  and a  model of f l u i d  novement,  i n c l u d i n g  p o t e n t i a l  changes  

i n  f l u i d  c h e m i s t r y  c r e a t e d  by t h e  l i t h o l o g y  of t h e  t r a v e l  path and e v e n t u a l  

t r a p  r o c k ,  mst  be c o n s i d e r e d .  These f a c t o r s  a r e  seldom known, 3 u t  must be 

i n f e r r e d  from o t h e r  g e o l o g i c a l  and hydrological in format ion  ( s e e ,  f o r  example, 

Andrews e t  a l . ,  1982) .  V e v e r t h e l s s s ,  g e o l o g i c a l l y  reasonab le  i n f e r e n c e s  c a n  

be made t h a t  a l l o w  bounding c a l c u l a t i o n s  of r e s i d e n c e  t i a e .  

Res idence  t ime  of t h e  ERDA-6 and WIPP-12 b r i n e s  by t h e  uranium-isotope 

d i s e q u i l i b r i u m  method was c a l c u l a t e d  a c c o r d i n g  t o  v a r i o u s  models of o r i g i n  by 

Lambert and C a r t e r  ( i n  p r e s s )  on samples c o l l e c t e d  f o r  t h a t  purpose and 

s u p p l i e d  t o  Sandia  N a t i o n a l  L a b o r a t o r i e s .  For  t h e  reasons  d i scussed  above,  a n  

a b s o l u t e  t i n e  of r e s i d e n c e  could  n o t  be u n i q u e l y  determined. 

S i g n i f i c a n t l y ,  however, t h e  a c t i v i t y  r a t i o s  i n  t h e  b r i n e s  a r e  no t  u n i t y  ( i . e . ,  

t h e  uranium i s o t o p e s  a r e  n o t  i n  s e c u l a r  e q u i l i b r i u m ) .  S ince  s e c u l a r  

e q u i l i b r i u m  between 2 3 4 ~ / 2 3 8 ~  w i l l  be e s t a b l i s h e d  i n  l e s s  than two m i l l i o n  

y e a r s ,  t h e  e x c e s s  2 3 4 ~  i m p l i e s  b r i n e  and rock  have i n t e r a c t e d  w i t h i n  t h e  l a s t  

2  x lo6 y e a r s .  Such i n t e r a c t i o n  i s  l i k e l y  t o  o c c u r  when f r e s h  rock s u r f a c e s  

a r e  exposed t o  b r i n e  and 2 3 4 ~  i s  p r e f e r e n t i a l l y  leached.  There fore ,  i f  t h e  

b r i n e s  a r e  t r a p p e d  Permian s e a w a t e r ,  t h e n  t h e '  i n i t i a t i o n  of b r i n e  c o l l e c t i o n  

i n  f r a c t u r e s  must have occur red  no more t h a n  one t o  two m i l l i o n  y e a r s  ago ( t h e  

t ime f o r  a c h i e v i n g  s e c u l a r  e q u i l i b r i u m  bztween 2 3 4 ~  and 23Ril i s  l e s s  than  two 

m i l l i o n  y e a r s ) .  More r i g o r o u s  r e s i d e n c e  t i m e  c a l c u l a t i o n s  a r e  included i n  



Appendix A .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  however,  a r e  e n t i r e l y  

dependen t  upon model z s sumpt ions  t h a t  c a n n o t  y e t  be v e r i f i e d .  Yoreover ,  t h e  

u n c e r t a i n t y  i n  t h e  e x a c t  h i s t o r y  o f  t h e  f l u i d s  Eay o b v i a t e  a t t e m p t s  a t  more 

p r e c i s e  r e f i n e m e n t s .  

5.1.6 5cmmary of B r i n e  F l u i d  O r i g i n  

The C a s t i l e  b r i m  r s s e r v o i r s  a p p e a r  t o  have  formed f rom a n c i e n t  s e a w a t e r ,  

w i t h o u t  a n o t i c e a b l e  c o n t r i b u t i o n  f rom any o t h e r  w a t e r  s o u r c e .  Dur ing  t h e  

? e m f a n ,  s a a w a t e r  was t r a p p e d  i n  a  r e s t r i c t e d  b a s i n  and t h e  v a t e r  was concen- 

t r a t e d  by e v a p o r a t i o n .  Dur ing  Format ion  of  t h e  C a s t i l e  a n h y d r i t e ,  between 75  

p e r c e n t  and 90 p e r c e n t  of  t h e  o r i g i n a l  w a t e r  volume was l o s t  by s u b a e r i a l  

e v a p o r a t i o n  (gypsurn /anhydr i te  t o  h a l i t e  s a t u r a t i o n ) .  T h i s  d i s t i l l a t i o n  i n -  

c r e a s e d  t h e  T3S of  t h e  b r i n e ,  and  e n r i c h e d  i t  i n  d e u t e r i u m  and 180 . During  

c h e m i c a l  p r e c i p i t a t i o n  of g y p s u m j a n h y d r i t e ,  some of t h e  b a s i n  w a t e r  was t r a p -  

ped a s  s ed imen t  po re  w a t e r .  The sed imen t  was s u b s e q u e n t l y  compacted,  l i t h i -  

f i e d ,  and t i l t e d  ( s e e  P a r t  11, Geology,  S e c t i o n  3 . 4 ) ,  and t h e s e  a n c i e n t  pro- 

c e s s e s  m o b i l i z e d  t h e  b r i n e .  A f t e r  r e l e a s e  from t h e  p o r e s ,  t h e  b r i n e  t r a v e l e d  

a l o n g  f r a c t u r e s  and bedd ing  p l a n e s  t o  a  p o i n t  of  c o l l e c t i o n .  T h i s  t r a n s p o r t  

i s  o f  a n  u n s p e c i f i a b l e  d i s t a n c e ,  b u t  was p r o b a h l y  r e l a t i v e l y  s h o r t  ( i .e . ,  it 

was n o t  bas in-wide) .  Dur ing  t h i s  a n c i e n t  t r a n s p o r t ,  perhaps  i n i t i a t e d  by 

e p i s o d e s  of  r e g i o a a l  t i l t i n g ,  t5e b r i n e  r e a c t e d  w i t h  c a l c i t e  t o  form dolo-  

m i t e .  T h i s  d e p l e t e d  t h e  b r i n e  i n  magnesium. I s o t o p e  exchange between t h e  

b r i n e  and c a r b o n a t e s  a l s o  e n r i c h e d  t h e  b r i n e  i n  heaky oxygen. X ino r  d i s s o l u -  

t i o n  o f  h a l i t e  and p r e c i p i t a t i o n  of q u a r t z  a l s o  o c c u r r e d  d u r i n g  b r i n e  t r a n s -  

p o r t ,  and  i n  t h e  c a s e  o f  WIPP-12, g l a u b e r i t e  may have  been  d i s s o l v e d .  T h i s  

d i s s o l u t i o n  e l e v a t e d  t h e  sodium and c h l o r i d e  components of  t h e  b r i n e .  

When t h e  b r i n e  came t o  r e s t ,  b i o g e n i c  a c t i v i t y  may have  begun. S i n c e  t h e  

b r i n e  was h e l d  i n  a n  h y d r a u l i c a l l y  t i g h t  env i ronmen t ,  g a s e s  t h a t  were produced 

by b a c t e r i a l  p r o c e s s e s  were  r e t a i n e d .  These  g a s e s  i n c l u d e d  hydrogen s u l f i d e  

and methane ,  and may have i n c l u d e d  c a r b o n  d i o x i d e  and  n i t r o g e n .  The deforma- 

t i o n  t h a t  gave  r i s e  t o  r e s e r v o i r  f o r m a t i o n  ( s e e  P a r t  IT, Geology, S e c t i o n  

4.3.1)  r e m o b i l i z e d  t h e  b r i n e .  A t  t h i s  time, t h e  b r i n e  p robab ly  t r a v e l e d  o n l y  



a  very  s h o r t  d i s t a n c e  ( m e t e r s  t o  t e n s  of m e t e r s ) .  During t h i s  m o b i l i z a t i o n ,  

t h e  thernogenfc  gases  were p robab ly  a c q u i r e d  by t h e  r e s e r v o i r .  S ince  r e s e r -  

v o i r  fo rmat ion ,  very  l i t t l e  o r  no i n t r o d u c t i o n  of f l u i d s  i n t o  t h e  r e s e r v o i r s  

h a s  occur red .  As a r e s u l t ,  t h e  f l u i d s  have reached ( o r  v e r y  c l o s e l y  

approached)  e q u i l i b r i u m  w i t h  t h e i r  env i ronnen t .  

From t h i s  d e s c r i p t i o n  of b r i n e  o r i g i n ,  s e v e r a l  significant o b s e r v a t i o n s  may b e  

a a d e .  The b r i n e s  observed i n  t h e  C a s t i l e  were d e r i v e d  v i r t u a l l y  e n t i r e l y  from 

wate r s  no longer  a v a i l a b l e  a s  s o u r c e s .  T h e r e f o r e ,  S r i n e  r e s e r v o i r  fo rmat ion  

may be cons idered  i a a c t i v e  o r  dormant.  I f  dormant, t h e n  t h e  f requency and 

s i z e  of a d d i t i o n a l  r e s e r v o i r s  a r e  dependent upon t h e  geomechanical  h i s t o r y  of 

t h e  s p e c i f i c  a r e a s  of i n t e r e s t .  The volune of w a t e r  f o r  forming t h e  r e s e r v o i r  

i s  l i m i t e d  by the  amount of pore  ( i . e . ,  f r a c t u r e  f i l l i n g )  wa te r  a v a i l a b l e .  

5 . 2  EXTENT OF CHEMICAL EQUILIBRATION 

The b r i n e s ,  and t o  a l a r g e  p a r t ,  t h e  gas  c h e m i s t r i e s ( ' ) ,  s u g g e s t  t h a t  compon- 

e n t s  of t h e  r e s e r v o i r s  have e q u i l i b r a t e d  wi th  t h e  h o s t  f o r m a t i o n s .  S ince  d i s -  

s o l u t i o n  and t r a n s p o r t  commonly l e a d  t o  d i s e q u i l i b r i u m  r e l a t i o n s ,  t h i s  e q u i l i -  

b r a t i o n  can be t aken  a s  a n  i n d i c a t i o n  of a  near - s tagnan t  regime.  

5.2.1 Gases 

T h e  environments oE b o t h  b r i n e  r e s e r v o i r s  a r e  very r e d u c i n g  ( i . e . ,  oxygen i s  

a b s e n t ) .  The probable  c o n t r o l  on t h i s  c o n d i t i o n  is hydrogen s u l f i d e .  F i g u r e  

C-32 i s  an Eh/pH diagram f o r  aqueous  s u l f a t e  systems computed f o r  t h e  tempera- 

t u r e  and p r e s s u r e  c o n d i t i o n s  t h a t  e x i s t  dawnhole ( s e e  P a r t  111, Hydrology, 

S e c t i o n s  3.4.3 and 3.4.4).  The measured Eh and pH of t h e  b r i n e s  appear  t o  be 

c o n t r o l l e d  by t h e  r e a c t i o n :  

The e x c e p t i o n s  a r e  major  i s o t o p e s  of CH4 and H2S. These  g a s e s  have been 
i n f l u e n c e d  by b i o g e n i c  a c t i v i t y ,  and t h e  l a c k  of e q u i l i b r i u m  between them 
and t h e  r e s t  of t h e  r e s e r v o i r  r e f l e c t s  t h e  r e l a t i v e l y - l o w  tempera tu re .  
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H ~ S  + 4 ~ ~ 0  + soq2- + IOH' + Se- (Garrels and Christ, 1965) 

3 at an H ~ S / S O ~ ~ -  ratio near 10 . 

This estinate, however, depends on the accuracy of field-measured Eh and pH. 

Field neasurenents of Eh are notoriously difficult and often unreliable. 

Furthermore, the brine pH and Eh were not measured downhole. 4s a result, the 

mzasurements should be validated by examlning a different system. 

The carbon gases present downhole can be used to estimate the equilibrium of 

the brine system. Yethane and carbon dioxide equilibrium may he used in 

conjunction with water to define the active cxygen content: 

The equilibrium oxygen fugacity (actlve oxygen content) can be calculated from 

the well-known equilibrium relation: 

and from the mass action expression: 

Equilibrium oxygen fugacity can be calculated by using tabulations of free 

energy (Robie et al., 1978) and/or extrapolations of empirical data (Skippen, 

1967). For the measured gas compositions, oxygen fugacity is calculated as 

atm for ERDA-6, and lom6' atm for WIPP-12. (These low values are 

thermodynamic potentials, and not necessarily oxygen concentrations.) 

Oxygen fugacity may then be used to calculate Eh (oxidation/reduction poten- 

tial) using the relation: 



Eh ( v o l t s )  = 1.23 + 4.96 n (T'K) l o g  f02 -1.984 x (T°K) pH 

- (T°K-2?8)9.196 x (Smith  e t  a l . ,  1980) 

In  t h i s  way, t h e o r e t i c a l  e q u i l i b r i u m  Ehs f o r  WIPP-12 and ERDA-6 v e r e  c a l c u -  

l a t e d  a s  -232mV and -171mV, r e s p e c t i v e l y .  These v a l u e s  compare t o  t h e  average  

measured v a l u e s  of -225mV and -152mV. Thus,  t h e  t h e o r e t i c a l  r e s u l t s  a r e  i n  

s u r p r i s i n g l y  good agreement w i t h  the  measured r e s u l t s ,  be ing  w i t h i n  1 2 . 5  

p e r c e n t  of  t h e  measurements f o r  both  w e l l s .  -Although i t  was b e l i 3 v e d  o r i g i -  

n a l l y  t h a t  k i n e t i c  f a c t o r s  might n e g a t e  t h e  c a l c u l a t i o n s ,  t h e  agreement  

i m p l i e s  t h a t  t b e  Eh measurements a r e  r e l i a b l e ,  and t h a t  t h e  g a s e s  a r e  i n  ( o r  

a r e  a p p r o a c h i n g )  chemical  e q u i l i b r i u m  w i t h  t h e  environment ( i . e . ,  t h e  c a l c u l a -  

t i o n s  v e r e  made w i t h  e q u i l i b r i u m  a s  a n  assumption.  I f  t h a t  assumption were 

i n c o r r e c t ,  any agreement betwesn t h e  t h e o r e t i c a l  and measured v a l u e s  would be 

h i g h l y  f o r t u i t o u s . ) .  E q u i l i b r i u m  a t  a reduced ( i . e . ,  n e g a t i v e )  Eh i s  a  s i g n i -  

f i c a n t  f i n d i n g  g i v e n  t h e  poor reduc ing  c a p a c i t y  of t h e  r e s e r v o i r  rocks .  The 

approach t o  e q u i l i b r i u m  i m p l i e s  t h a t  t h e  b r i n e s  have heen i s o l a t e d  and undis-  

turbed f o r  a long per iod  of time. 

5.2.2 S r i n e s  

Perhaps  a  n o r e  powerful  argument f o r  r e s e r v o i r / h o s t  rock e q u i l i b r i u m  can  be 

made by comparing the r e s u l t s  of e q u i l i b r i u m  s a t u r a t i o n  c a l c u l a t i o n s  w i t h  

observed phases .  These c a l c u l a t i o n s  were performed u s i n g  t h e  e q u i l i b r i u m  

thermodynamic model developed f o r  b r i n e s  ( H a r v i e  and Weare, 1980) .  The 

r e s u l t s  of t h e  model p r e d i c t  t h a t  bo th  w e l l s  a r e  s a t u r a t e d  ( i . e . ,  i n  e q u i l i -  

brium) w i t h  c a l c i t e ,  do lomi te ,  and p r o b a b l y  a n h y d r i t e .  A l l  of t h e s e  phases  

a r e  p r e s e n t  i n  t h e  rocks  of both  r e s e r v o i r s .  More s i g n i f i c a n t l y ,  t h e  model 

d e t e c t s  a d i f f e r e n c e  between t h e  b r i n e s  i n  t h a t  t h e  WIPP-12 b r i n e  i s  p robab ly  

s a t u r a t e d  w i t h  h a l i t e  and g l a u b e r i t e  w h i l e  t h e  ERDA-6 b r i n e  is no t  s a t u r a t e d  

w i t h  h a l i t e ,  and may n o t  be s a t u r a t e d  w i t h  g l a u b e r i t e .  P h y s i c a l  and p e t r o -  

g r a p h i c  o b s e r v a t i o n s  appear  t o  conf i rm t h i s  r e l a t i o n s h i p .  S p e c i f i c a l l y ,  

F r a c t u r e s  i n  t h e  WIPP r e s e r v o i r  c o n t a i n  secondary  h a l i t e  i n  a d d i t i o n  t o  anhy- 

d r i t e  w h i l e  t h e  EXDA f r a c t u r e s  c o n t a i n  a n h y d r i t e ,  b u t  a r e  devoid of  h a l i t e .  



The s i g n i f i c a n c e  of t h i s  e q u i l i b r i u m  i s  t h a t  t h e  b r i n e s  have l i t t l e  o r  no 

p o t e n t i a l  t o  d i s s o l v e  t h e  h o s t  rock under p r e s e n t  c o n d i t i o n s .  

5.2.3 I s o t o p e s  

I n  a d d i t i o n  t o  t h e  major element chemis t ry ,  t h e  i s o t o p i c  d a t a  appear  t o  sup- 

p o r t  t h e  a s s e r t i o n  of e q u i l i b r i u m .  L e a s t  arnbfguous a r e  t h e  d 4 s  d a t a  ob ta ined  

on t h e  s u l f a t e  i n  t h e  b r i n e .  These va lues  ( n e a r  3 '/DO) a r e  c e n t r a l l y  loca ted  

i n  t h e  f i e l d  f o r  Permian s u l f a t e s  (Caure,  1377; S f e l s e n ,  1979; Thode e t  a l . ,  

1961). S i n c e  t h e  r e s e r v o i r  rocks  a r e  known-to be Permfan (e.g., Adarns, 1944) ,  
3 4  and s i n c e  no o t h e r  m a t e r i a l s  g e n e r a l l y  produce 6 S  va lues  near  8 O/oo ( s e e  

F i g u r e  C-22), e i t h e r  t h e  b r i n e s  were de r ived  d i r 2 c t l y  from Fsrinian s e a s  o r  t h e  

w a t e r s  have e q u i l i b r a t e d  w i t h  Permian s u l f a t e  minera l s .  I n  e i t h e r  c a s e ,  t h e  

b r i n e s  a r e  i n  e q u i l i b r i u m  w i t h  t h e  h o s t  rock.  

34 13  I n  a d d i t i o n  t o  t h e  0 S  i s o t o p e s  i n  s u l f a t e ,  t h e  6 C i s o t o p e s  i n  C02 and i n  

b r i n e  c a r b o n a t e  appear  t o  show e q u i l i b r a t i o n .  The observed f r a c t i o n a t i o n  A 7 

t o  9 O/oo is c o n s i s t e n t  w i t h  t h e  e q u i l i b r i u m  range a t  25-30°C (Faure ,  1977). 

1 8  F i n a l l y ,  t h e  0 0  i n  ca rbon  d i o x i d e  a p p e a r s  t o  be i n  e q u i l i 5 r i u m  wi th  t h e  

oxygen i n  water .  F i g u r e  C-27 p r e s e n t s  t h e  d a t a  from t h e  C a s t i l e  b r i n e s .  For 
18 r e f e r e n c e ,  t h e  013c and b O v a l u e s  f o r  a t m ~ s p h e r i c  CC2 a r e  a l s o  shown. 

18 The b 0  v a l u e s  of t h e  C a s t i l e  b r i m  carbon disxide a r e  10 O/oo g r e a t e r  than 

a tmosphere .  This 10 O/oo i n c r e a s e  i s  p r e c i s e l y  t h e  s a a e  a s  observed f o r  t h e  

oxygen of t h e  b r i n e  wa te r .  Accordingly ,  t h e  b r i n e  water  and carbon d i o x i d e  

a r e  i n  e q u i l i b r i u m .  

5.3 EXTENT OF CHEMICAL ISOLATION 

As shown i n  S e c t i o n s  2.0-4.0 (above) ,  many chemical  s i m i l a r i t i e s  e x i s t  between 

ERDA-6 and WIPP-12 b r i n e s .  These s i m i l a r i t i e s  nay be a t t r i b u t e d  t o  t h e  common 

o r i g i n  of  t h e  h r i n e  r e s e r v o i r  w a t e r s  (See S e c t i o n  5.1). D i s t i n c t  d i f f e r e n c e s  

be tueen  t h e  b r i n e s  a r e  a l s o  a p p a r e n t ,  and t h e s e  d i f f e r e n c e s  imply a  d i s t i n c t  

l a c k  of  chemical  communication between r e s e r v o i r s .  Moreover, t h e  chemical  



d i f f e r e n c e s  between t h e  h r i n e s  and known ground-water  s o u r c e s  s u g g e s t  l i t t l e  

o r  no communication between them. 

5.3.1 Gases  

P e r h a p s  t h e  s t r o n g e s t  e v i d e n c e  f o r  i s o l a t i o n  may be  found i n  t h e  g a s e s  of  t h e  

b r i n e  r e s e r v o i r s .  Thernodynamic e v a l u a t i o n  of  t h e  v o l a t i l e  m i x t u r e s  of  t h e  

b r i n e  show t h a t  a t  l e a s t  f o r  WITP-12, a s t i h s t a n t i a l  g a s  ( a s  opposed t o  s u p e r -  

c r i t i c a l  f l u i d )  c o n c e n t r a t f o n  e x i s t s .  The f a c t  t h a t  t h e s e  g a s e s  have  remained 

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

o f  t h e  r e s e r v o i r s .  F u r t h ~ r m o r e ,  t h e  m o b i l i t y  o f  g a s e s  s h o u l d  l e a d  t o  mix ing  

o f  t h e  r e s e r v o i r  v o l a t i l e s ,  i f  communica t ion  be tween them e x i s t s .  The  con- 

s i d e r a b l e  d i f f e r e n c e  i n  t h e  c o m p o s i t i o n s  of  g a s  m i x t u r e s  a t  ERDA-6 and WIPP-13 

i n d i c a t e  t h a t  mixing h a s  n o t  o c c u r r e d .  F u r t h e r n o r e ,  t h e  n e t h a n e s  a s s o c i a t e d  

w i t h  e a c h  of  t h e  r e s e r v o i r s  a r e  of  d i s t i n c t  o r i g i n s  ( t h e r m o g s n i c  v e r s u s  bac- 

t e r i a - p r o d u c e d ) .  Sased  on  t h e s e  d i f f e r e n c e s ,  communica t ion  between t h e  r e s e r -  

v o i r s  a p p e a r s  t o  be n i l .  

5.3.2 S r i n e s  

As w e l l  a s  t h e  g a s e s ,  t h e  b r i n e  c h e m i s t r i e s  a r e  i n d i c a t i v e  o f  i s o l a t i o n .  

F i g u r e s  C-4 through C-16 i l l u s t r a t e  t h e  c h a r a c t e r  o f  t h e  b r i n e  r e s e r v o i r s  

r e l a t i v e  b o t h  t o  o t h e r  Delaware  B a s i n  ground w a t e r s  a n d  t o  s e a w a t e r .  I Jh i le  

t h e  r e semblance  ts s e a w a t e r  i s  s t r i k i n g ,  any  c o n t i n u i t y  be tween b r i n e  composi-  

t i o n s  and ground w a t e r s  i s  l a c k i n g .  F o r  example ,  i n t r o d u c t i o n  of  g round  

w a t e r s  i n t o  seawa te r -de r ived  h r i n e s  s h o u l d  i n c r e a s e  t h e  mass of ma jo r  e l e m e n t  

components  r e l a t i v e  t o  bromide .  Such i s  n o t  t h e  c a s e ;  i n  f a c t ,  where s e r i o u s  

d e p a r t u r e s  from t h e  s e a w a t e r  c u r v e s  a r e  a p p a r e n t  ( e . g . ,  magnesium), t h o s e  

d e p a r t u r e s  a r e  i n  t h e  n e g a t i v e  d i r e c t i o n .  Thus ,  t h e  m a j o r  e l e m e n t / b r o m i d e  

r a t i o s ,  which are s e n s i t i v e  t o  s l i g h t  p e r t u r b a t i o n s  (see C a r p e n t e r ,  1 9 7 8 ) ,  

i n d i c a t e  t h a t  no mixing  o f  s e a w a t e r s  a n d  l o c a l  ground w a t e r s  h a s  o c c u r r e d .  

I n  a d d i t i o n  t o  l a c k  of mix ing  w i t h  ground w a t e r ,  t h e  b r i n e  c h e m i s t r i e s  a p p e a r  

t o  i n d i c a t e  a l a c k  of c o m n u n i c a t i o n  be tween r e s e r v o i r s .  Most n o t a b l y ,  WIPP-12 

b r i n e  a p p e a r s  t o  he s a t u r a t e d  w i t h  h a l i t e  w h i l e  ERDA-6 b r i n e  i s  n o t .  T h i s  



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

r e l a t i v e  c o n c e n t r a t i o n s  of d i s s o l v e d  components and g a s e s ,  suppor t  t h e  

i n t e r p r e t a t i o n  t h a t  t h e  r e s e r v o i r s  a r e  no t  chemical ly  connected. Yoreover, 

g iven  t h e  poor r e d u c i n g  c a p a c i t y  of e v a p o r i t e  rocks ,  any c o ~ m u n i c a t i o n  between 

t h e  r z s e r v o i r s ,  o r  between t h e  r e s e r v o i r s  and a  ground water source ,  would be 

expected t o  p e r t u r b  t h e  Eh of t h e  r e s e r v o i r .  S ince  t h e  r e s e r v o i r s  appear t o  

he I n  e q u i l i b r i u m  w i t h  t h e i r  su r round ings ,  and s i n c e  they have d i s t i n c t l y  

d i f f e r e n t  E h ' s ,  each r e s e r v o i r  appears  t o  be a  c l o s e d  system. 

i s o t o p e s  

P r e v i o u s  examina t ions  of b r i n e  i s o t o p e s  (Lamhert, 2978) have noted t h e  seeming 

c o n t i n u i t y  from m e t e o r i c  Delavarc Rasin ground ~ a t e r s  t o  the h r i n e  

r e s e r v o i r s .  n e s e  examinat ions  have been made i n  t h e  absence O F  t h e  complete 

d a t a .  A s  a  r e s u l t ,  one c r e d i b l e  i n t e r p r e t a t i o n  of t h i s  trend was a  cont inuous  

f r a c t i o n a t i o n  of  t h e  hydrogen and oxygen i s o t o p e s  from rnoteroic water  t o  t h e  

h r i n e .  k 'h i le  t h e  mechanism f o r  deuter ium enr ichment  is  uncer ta in  (compare 

Lambert, 1978,  and i n  p r e p a r a t i o n ;  wi th :  Sav in  end E p s t e i n ,  1970; O 'Ne i l l  and 

Kharaka, 1976; and Rcaraka e t  z l . ,  1973) ,  one might propose t h a t ,  a t  the  very  
18 l e a s t ,  mixing of  w a t e r s  hzs  occurred.  Zowever, t h e  i so tope  ( 6  0  and OD) 

v e r s u s  s a l i n i t y  (TDS) p l o t s  p resen ted  e a r l i e r  ( F i g u r e s  C-20, C-21, and C-29) 

argue a g a i n s t  such a  s o u r c e .  Moreover, n a s s  ba lance  c o n s t r a i n t s  and t h e  major 

and minor e lement  c h e m i s t r i e s  of t h e  b r i n e s  appear  t o  r e f u t e  t h i s  hypo thes i s .  

5.4 SUMMARY OF FINDINGS AS RELATED TO ISSUES 

I n  t h e  s e c t i o n s  above,  t h e  chemical  d a t a  have been d i scussed  i n  terms of 

i s s u e s  r e l e v a n t  t o  t h e  s u i t a b i l i t y  of t h e  proposed VIP? s i t e .  The major 

f i n d i n g s  a r e  summarized below: 

0 The b r i n e s  a r e  probably  d e r i v e d  from a n c i e n t  sea- 
w a t e r .  I n  any c a s e ,  no ground wa te r  c u r r e n t l y  i n  t h e  
b a s i n  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  f o r n a t i o n  of t h e  
r e s s r v o l r s .  (For a  conpar i son  of t h 2  d i f f e r e n t  
o r i g i n  hypotheses  s e e  Table  C . 1 2 . )  

The fo rmat ion  of b r i n e  r e s e r v o i r s  can he considered 
a n  i n a c t i v e  o r  d o m n t  p rocess .  If dormant, t h e  



f o r n a t i o n  of  b r i n e  r e s e r v o i r s  i s  dependent  upon t h e  
g3omechanica l  envi ronment  of  t h e  a r e a .  [ J a t e r  f o r  
fo rming  t h e  r e s e r v o i r s  i s  l i m i t e d  t o  w a t e r  c u r r e n t l y  
c o n t a i n e d  i n  t h e  f r a c t u r e  p o r e  s p a c e  of  t h e  C a s t i l e  
Forma t i o n .  

e The b r i n e  r e s e r v o i r s  a r e  s t a g n a n t  and h a v e  r eached  
e q u i l i b r i u m  w i t h  t h 2 i r  s l ~ r r o u n d i n g s .  Flow i n t o  o r  
o u t  of  t h e  r e s e r v o i r s  approaches  z e r o .  

e The b r i n e  r e s e r v o i r s  a r e  not  i n  c h e m i c a l  conmunica- 
t i o n  w i t h  e a c h  o t h e r  o r  w i t h  o t h e r  known s o u r c e s  o f  
w a t e r .  A c c o r d i n g l y ,  t h e  r e s e r v o i r s  can  be c o n s i d e r e d  
c l o s e d  o r  i s o l a t e d  sys t ems .  

e B r i n e  from WIT?-12 is s a t u r a t e d  w i t h  a l l  ma jo r  p h a s e s  
o f  t h e  r e s e r v o i r  rock .  3 r i n e  from EXDA-6 i s  s a t u r -  
a t e d  w i t h  a l l  major  phases ,  b u t  is  s l i g h t l y  under-  
s a t u r a t e d  w i t h  h a l i t e .  The p o t e n t i a l  f o r  b r i n e s  from 
e i t h e r  r e s e r v o i r  t o  d i s s o l v e  o v e r l y i n g  r o c k  i s  n e g l i -  
g i b l e .  
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TABLE C .  1 
TI% AKD DISTANCE RELATIOXSHIPS FOR A DIFFUSIKG GAS 

Time ( y e a r s )  C h a r a c t e r i s t i c  ~ i s t a n c e ~  (Ian) Coicplete Mixing n i s t a n c e b  (km) 

0.79 0.10 
2.51 ( 7 7 , 6 0 0 2 ~ 1  --- 0.31 
7.94---- I 1 .oo 

25.12 3.16 ( 4 . 9  x  l o 6  y r s )  c  - - - - - . - - - - - - - - - - - - - -  
79.45 9.99 

251.23 31.58 

E x t e n t  of d i f f u s i o n  c a l c u l a t e d  from x = ( 2 ~ t $ / ~  where: x = d i s t a n c e  
D = d i f f u s i o n  c o e f f i c i e n t  
t = t ime 

C 
C a l c u l a t e d  from 1 = 0.90 = e r f c  ( x / 2 ( D t y / j  

Co 

where: Co = i n i t i a l  c o n c e n t r a t i o n  
Ci = c o n c e n t r a t i o n  a t  t ime = t 
( F r e e z e  and Cher ry ,  1979) 

C Dashed l i n e  shows t imes  a p p r o p r i a t e  f o r  EZDA-6 and WIPP-12 r e s e r v o i r  s e p a r a t i o n s .  



CHENICAI. c o w o s r r r o n  OP DNIY~S 
S l W U R r  O r  STATISTICS 

LRIIA-6. YlPP-12. AYD VNlON VLLLS(') 

LOCATION: -- CRDA-6 
no .  o r  

PILLD DL~WINATIONS: UNITS ANUU.ISKS MINII(LRI- MULHV. LVERAGC(~) c v ( 1 )  -- 
T e n p e r a t u r o  'C 40 21.9t4) 26 7 2 I 0 
pH S t a n d a r d  I l n l t m  1 0  6 . 0  6.1 h.17 O . R  
Rh N l l l l r a l t .  40 -168 ->I -15z  n 
S ) t e c i f < c  C r a v l t y  -- 19 1 .211  1.212 1.116 0.1 
S~,.~I~IC c uct.nc. pho./c. e 25.c YI 1 5 l . n ~ )  b1 i . nno  411.nnn 
A l t . l l n l t yYp9  

5 
m n l l  20 2245 1950  2600 5 

Carhenate n p l l  2 0  0 0 0 0 
Hydmmld. * # / I  2 0  0 0 0 0 
P h l o r l d .  w l l  10  170,100 210.900 IRII.LI~~ 1 
S u l f a t e  o n / l  20 15.200 Zb.Ln0 1 9 . l 0 0  9 
T o r e 1  Herdnam. (am CaC03) n ~ l l  25 2235 8110  2660 6 
T o t a l  l r e n  mu11 I 9  0 .01  0.85 0 . 1 1  7 0  
H y d r ~ ~ e n  S u I l t d e  ma11 2 0  I 7 2  817  180 >n 

LABORAlVRr DCTEPJIlNATlONS: -- 
pH at .ndam unit. in  6 .  6 . 1 1  b . L 1  I 
~ p r c l f l c  C o n d u r t a n e r  p h o a l c n  C 25.C 10  Ul0.000 510.O00 190,000 7 
T o t a l  G l r ~ o l v r d  S n l l d a  * & / I  10  120.0M) 340,000 110.000 1 
l o r n 1  3u.p.nd.d So l i d .  m g l l  1 0  1 2  220  R7 8 0  

NO. O r  
Y l p P - I Z  

mri.rsrs n1nl r ruM MAXIMIN AVEUC.L(~)  c v ( 1 )  - 

UNION .- . -. . - -- -- 
HO. OF 

ANALYSES MIN lM lm MAJlMlll- -- 

Nutr ient . :  ----- 
*.mnnln (am N l t r o ~ s n )  ~ n u l l  10 810  U20  9 111 2 1 1  120  411) I 1 0  I I 
N l t r e t r  (.. N1trup.n) .*/I 1 0  570  681) h l l l  I 5  1 1  169  1'1011 5.118 4 1  
r l ~ o a p h o t *  (a. Phcaphoru.) -111 1 0  0.26 0.49 0.37 IV I I <0.10 0 . 8  (0.1 100  

O t h e r  I lmmnt . :  ---- 
A l w m l n u  
Dnrnn 
Cnp18.r 
Iron 
mrnnmne.r 
S l l l c .  (.I SIO2) 
l l n r  

N0TF.S: 

(l)~n.~y... p e r l o r r a l  by D'Appslonl.. Sample# c o n r a I n l n 8  d r l l l l n 8  f l u l d  con tem ln . t l on  .~c lu l . d  l r a  t h l a  t e h l * .  

( 2 ) ~  v... 8.  - A r l t b . t I e  m.n. 

( 3 1 ~ ~  - ~ 0 c 1 1 1 ~ 1 e . t  01 v m r t e n c e  (I) - SLLnP1$z:iW 1 1011. 

(')Dornhol. t.rp.rmturr armrmaed 21.9.C d e r l n l l  A e t l ~ l t y  CIDA-6.8 f r m  I O l 7 l l R I  10  I I l I 1 0 l  l r . e e r e d  r t  405 r r r t  h.1- t h r  .,,rf.r.). 

( ' ) ~ o m h e l .  t.qer.tur. mv.r.8.d 26.7.C d u r i n o  ~ c t ~ v ~ t y  CIOA-6.9 (na.ur.4 .t a y p r o . ~ u t . ~ y  2472  f r e t  kla the . ~ r r . ~ . ) .  

(b)v.~u.. .re report.. re  ~RII ~co;. ma...r. .n.~p..* o r  rnore.ntr carbon .vrr.a. o n t p  l r o  .*/I U C O ~  t n  UIPP-11 and * a n  ../I woj  ~ n n . ~ - 6  

---- - P a r m u c a r  n o t  an.lra*d. 



TABLE C.3 

EVALUATION OF ERDh-6 BRINE FOR MINERAL SATURATION 

Log (IAP) C a l c u l a t e d  
A c t i v i t y  P roduc t  P h y s i c a l  

Phase  Log (Ksp) Range Inc!udinq Er ro r*  Ev idence  E v a l u a t i o n  

A n h y d r i t e  -4 .3ga -4.65 t o  -4.21 Secondary a n h y d r i t e  P robab ly  S a t u r a t e d  
o b s e r v e d  

C a l c i t e  -8.35a -8 .33 t o  -7 .53  Secondary c a l c i t e  S a t u r a t e d  
o b s e r v e d ,  c a l c i t e  
p r e c i p i t a t e d  

Doiomite  - 1 7 . 0 ~  - 1 6 . 2 5  t o  - ;4 .70 Dolomite o b s e r v e d  S a t u r a t e d  
i n  f r a c t u r e s  

G l a u b e r i t e  -5 .31a -5.79 t o  -5.24 None ?ossib!y S a t u r a t e d  

H a l i t e  1  .57a  1 . 2 8  t o  1 .42 None S o t  S a t u r a t e d  

The samples evaluated were from Flow Tests 2 and 3. The samples from 

Flow Test 2 were numbers 24, 28, 30, 36, 39, and 48. The ssaples from 

Flow Test 3 were nurr~bers 53, 61, 76, and 99. Compositions of the sam- 

ples are reported in the ERDA-6 and WIPP-12 Data File Report (DfAppo- 

lonia, 1982). Mineral activity products were evaluated at near-neutral 

pH. Generally, the results were not found to be sensitive to pH, and 

except for the case of dolomite, no determination of saturation/under- 

saturation was dependent on pH over the range oE interest (pH 6.0- 

7.0). For dolomite the IAP reported is for the averzge measured pH of 

ERDA-6 (pH = 6.4). Other phases investigated were ant'arct icite, 

arcanite, bischofite, bloedite, carnallite, epsomite, hexahydrite, 

kainite, kieserite, labile salt, leonhardtite, leonite, mirabilite, 

pentahydrite, polyhalite, schoenite, sylvite, and thenardite. All of 

these phases were undersaturated by more than an order of magnitude. 

*Includes errors of measurement and one u errors of calculation. 

a Harvie and Weare, 1980 

b~atnes and Back, 1964 
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TABLE C .4 

Log (TAP) Calculated 
Activity Product Physical 

Phase Log (Ksp) Range Including Error* Evidence Evaluation 

Anhydri te -4 .3ga -4.63 to -4.19 Fossible secondary Probably Saturats: 
anhydrite ob- 
served 

Calcite -8 .35a -5.48 to -7.66 Wone Saturated 

Dolomite -17 .ob -15.86 to -14.35 Dolomite observed in Saturated 
fractures 

Glauberite -5.31a -5.55 to -5.02 None FrohabLy Saturate: 

Halite 1 .57a 1.41 to 1.59 Salting out ?robably Saturate: 

The samples evaluated were from Flow Test 1 and Drill Stem Test DST- 

3020. The samples from Flow Test 1 were numbers 7, 14, DH-1 (DtAppo- 

lonia), DH-2 (D'Appolonia), DH-1 (Core Lab.), and DH-2 (Core Lab.). The 

sample from DST-3020 was number 22. Compositions of the samples are 

reported in the ERDA-6 and WIPP-12 Oata File Report (DIAppolonia, 

1982). Mineral activity products were evaluated at near-neutral pH. 

Generally, the results were not found to be sensitive to pH. No 

determination of saturation/undersaturation was dependent on pH over the 

range of calculations. Other phases investigated were antarcticite, 

arcanite, bischofite, bloedite, carnallite, epsomite, hexahydrite, 

kainite, kieserite, labile salt, leonhardtite, leonite, mirabilite, 

pentahydrite, polyhalite, schoenite, sylvite, and thenardite. All of 

the phases were undersaturated by more than an order of magnitude. 

*Includes errors of measurement and one a errors of calculation. 

a~arvie and Weare, 1980 

b~arnes and Back, 1964 





ISOTOPIC COMPOSITTON OF SEl.ECTED HINEHALS 
S U W A R Y  OF STATIST 
ERDA-6 AND WTPP-12 [ f?  

LABORATORY: GI,OBAL GEOCHEMISTRY GLOBAL CEOCIIEM ISTRY 
LOCATION : KHDA-6 --- WIPY-I2 

NI!MHER OF NIIMHF.H OF 
 PARAMETER(^ ) IlNITS ANALYSES MTNIMIIM MAX IMIIM AVEHACE" ) CV(& ) ANA1,YSP;S , MINIMlJM flAXImlM AVEKAGE(~) C V ( ~ )  

Anhydrite. So4'- 

634 s 

Calcite. COj2- 

6 1 3 ~  

Dolomite, ~0~'- 

6 1 3 ~  

BS: 
y'TAnalysen performed by Globe1 Geochemistry Corporation, C a n o ~ a  Park. Cal ifornil. 

(2)6x - 
r "0, R - 1a0,160, Standard - SMOW. 
x - 3 4 ~ ,  R - 3 4 ~ / 3 2 ~ .  Standard Canon Diahlo Triolitr (CDT). 

x - 13c, R - 1 3 ~ / 1 2 ~ ,  Standard - Belemnite From Peedee Format ion in South Carol inn (PDB) 
(3)~veraRe - Arithmetic Mean. 
(I')Cv - Coefficient "f variance ( X )  - Standard ----- I1rvintion x 100. 

Averaxe 
(S)~nalyses of four individual samplea collected Prom 2600 to 2612 feet were performed. 

(6)~nalynes of ten individual namplen and I aplit n a m p l ~  were performed. Samples vrrr ccrllrclr~l frtm 2HO3 to 3904 feet. 

(7)~nalysen of three individual samples and one split sample were performed. (Samples vere same a s  in Footnotr 5 . )  

(R)~nslynes of tvc split namples collected from 332L and 3904 feet vere analyzed. 

(9)~nalyses of two individual samples collected from 2945 and 3017 feet vere analystsd. 

"--" - Parameter not analyzed. 
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TABLE C. 10 

IONIC RATIOS IN SEAWATER AND BRINE 
(wt/wt Basis) 

SEAWATER OR BRINE 

Seawater 

Seawater at beginning of 
gypsum/anhydrite precipita- 
t ion 

Seawater at beginning of 
halite precipitation 

Seawater at beginning of 
magnesium sulfate precipita- 
t ion 

Seawater at beginning of sylvite 
precipitation 

ERDA-6 (average) 

WIPP-12 (average) 

RATIO 
~ i / ~ r  ~ a / B r  K / R ~  m r  C a / ~ r  C l / ~ r  TDS/B~ 

0.003 169 5.4 2 CI 6.2 292 494 

Reference: Collins, 1975, Table 7. T I T  
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O r i g i n  

1. M e t e o r i c  W a t e r  

2 .  W a t e r s  o f  D e h y d r a t i o n  

3 .  A n c i e n t  S e a w a t e r  

4 .  M i x t u r e  o f  C u r r e n t  
M e t e o r i c  W a t e r  a n d  
S e a w a t e r  

5. M i x t u r e  o f  A n c i e n t  
Low-TDS M e t e o r i c  
W a t e r  a n d  S e a w a t e r  

TABLE C. 12 

CORRESPONDENCE BETWEEN CHEMICAL DATA AND 
HYPOTHETICAL ORIGINS FOR BRINE 

Ma j o r / M i n o r  T r a c e  
E l e m e n t  W a t e r  O t h e r  E l e m e n t s  P h y s i c a l  

C h e m i s t r y  I s o t o p e s  I s o t o p e s  C h e m i s t r y  E v i d e n c e  

No No No No Yes 

No Maybe Maybe No Maybe 

Yes Yes Yes Yes Yes 

No Maybe No Yes Yes 

Yes Yes 

6. M i x t u r e s  o f  Dehydra-  Yes Yes 
t i o n  W a t e r s  a n d  Sea-  
w a t e r  

"No" i n d i c a t e s  d a t a  d o  n o t  s u p p o r t  h y p o t h e s i s .  
"Yes" i n d i c a t e s  d a t a  d o  s u p p o r t  h y p o t h e s i s .  
"Maybe" i n d i c a t e s  d a t a  may o r  may n o t  s u p p o r t  h y p o t h e s i s .  

Y e s  

Yes 

Yes 

Yes 

Yes 

Maybe 
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FLOW RATE. ppm I - ; ~ + ~ ~ ~ ~ F L o w  TEST 3- 

T l M E  FROM BEGINNING OF FLOW T E S T S ,  HOURS 
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E R D A - 6  - WIPP-12 U N I O N  - - 
~ i *  0 . 3  ~ i +  0 . 3  L l +  0 . 5  

K 0.9 K *  0 . 6  K 0 . 9  

NH,* 0 . 6  - NH,+ 0 . 2  

No' 4 6 . 2  N a +  5 0 . 6  N O +  4 4 . 6  

C I -  4 5 . 4  
C I -  4 2 . 3  C I -  4 4 . 4  
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H S -  0 . 1  

NO; 0 . 4  H S -  0.2 
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NO,- 0.3 /-NO,- 0.1 
TDS = 330,000 TDS = 328,000 TDS = 390,000 

@o,'- 0 4  
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TME 31 5 3  

A. 2HOTOMICROGRAPH OF WIPP-I2 CORE ( S A M P L E  14, 3276.6 FT.) 
SHOWING AUTHIGENIC QUARTZ CRYSTAL IN CENTER 

OF PHOTO, AT ANHYDRITE II / HALITE II CONTACT 

B. PHOTOMICROGRAPH OF WIPP-I2 CORE (SAMPLE 6, 2 9 4 3 . 3  F T .  ) 
SHOWING POSSIBLE PSEUDOMORPHS OF ANHYDRITE AFTER GYPSUM 

IN ANHYDRITE IiI. (RADIATING GROUP OF ACICULAR 
ANHYDRITE CRYSTALS, LEFT OF CENTER) 

FIGURE C - I 8  

PHOTOMICROGRAPH OF 
N O T E  : WIPP-12 CORE 
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LEGEND 

F I G U R E  C-19  
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PART V - SU~.M;ZRY AND CONCLUSIONS 

1 . 0  INTRODUC'I'ION 

The a n a l y s e s  and i n t e r p r e t a t i o n s  by t h r e e  d i s c i p l i n e s  -- geo logy ,  hydro logy ,  

and c h e m i s t r y  -- have been i n t e g r a t e d  t o  form a  model of b r i n e  r e s e r v o i r  

g e n e s i s ,  and t o  a s s e s s  t h e  c u r r e n t  and f u t u r e  s t a t u s  of  b r i n e  r e s e r v o i r s  a s  

t h e y  r e l a t e  t o  t h e  WIPP s i t e .  I n  p a r t i c u l a r ,  t h e  e f f e c t  of t h e s e  r e s e r v o i r s  

on  t h e  p o t e n t i a l  s u i t a b i l i t y  of t h e  proposed r e s e a r c h  and development f a c i l i t y  

For s t o r i n g  t r a n s u r a n i c  r a d i o a c t i v e  was te  was a s s e s s e d .  The model p r e s e n t e d  

i n  t h i s  summary s e c t i o n  r e p r e s e n t s  t h e  h y p o t h e s i s  which encompasses and 

e x p l a i n s  more of t h e  d a t a  t h a n  any o t h e r  h y p o t h e s i s .  A l t e r n a t i v e  hypo theses  

a r e  p r e s e n t e d  i n  t h e  body of t h e  r e p o r t .  

2.0 GENESIS OF PRESSURIZED B R I N E  RESERVOIRS 

The development of t h e  b r i n e  r e s e r v o i r s  began i n  t h e  Permian P e r i o d  a b o u t  235 

m i l l i o n  y e a r s  b e f o r e  p r e s e n t .  The C a s t i l e  e v a p o r i t e s ,  c o n s i s t i n g  p r i m a r i l y  of 

a n h y d r i t e  and h a l i t e ,  were d e p o s i t e d  a t  t h a t  time ( P a r t  11, S e c t i o n  3.4).  

Dur ing t h e  i n i t i a l  chemica l  s e d i m e n t a t i o n  ( o r  p r e c i p i t a t i o n )  p e r i o d ,  t h o  

s o l i d s  were  p o o r l y  c o n s o l i d a t e d ,  and p o r o s i t y  may have been a s  h i g h  a s  50 

p e r c e n t  ( P a r t  11, S e c t i o n  4 . 4 ) .  Much o r  a l l  of t h i s  p o r e  s p a c e  was f i l l e d  

w i t h  Permian s e a w a t e r  t h a t  had been e n r i c h e d  i n  d i s s o l v e d  s o l i d s  by evapora- 

t i o n .  A s  a  r e s u l t  of t h a t  e v a p o r a t i o n ,  some enr ichment  of d e u t e r i u m  and 

oxygen-18 i n  t h e  wa te r  a l s o  o c c u r r e d  ( P a r t  I V ,  S e c t i o n  5.1.3). 

A s  s e d i m e n t a t i o n  i n  t h e  b a s i n  c o n t i n u e d ,  t h e  s e a w a t e r  became t r a p p e d  as an 

i n t e r s t i t i a l  f l u i d  between i n d i v i d u a l  g r a i n s  of a n h y d r i t e  and h a l i t e  ( P a r t  I V ,  

S e c t i o n  5.1). A s  compaction i n c r e a s e d ,  g r a i n  boundary a c c r e t i o n  of h a l i t e  

p robab ly  su r rounded  some of t h e  pore  f l u i d s  and gave rise t o  f l u i d  i n c l u s i o n s  

i n  h a l i t e  c r y s t a l s .  

Subsequent  t o  l i t h i f i c a t i o n  of  t h e  s e d i m e n t s ,  t h e  e v a p o r i t e  sequence  was 

deformed ( P a r t  11, S e c t i o n  4 .3) .  Deformation is  r e p r e s e n t e d ,  i n  p a r t ,  by t h e  

l o c a l i z e d  e l o n g a t e ,  s a l t - c o r e d  a n t i c l i n e s  a s s o c i a t e d  w i t h  t h e  C a s t i l e  b r i n e  



r e s e r v o i r s  ( P a r t  11, S e c t i o n  2 . 3 ) .  These  f e a t u r e s  were p r o b a b l y  g e n e r a t e d  by 

f l o w  of h a l i t e  i n  r e s p o n s e  t o  d i f f e r e n t i a l  s t r e s s .  K e c h a n i s n s  f o r  s a l t  f l o w  

t h a t  h a v e  been  p roposed  i n c l u d e  t h e  f o l l o w i n g  ( P a r t  11, S e c t i o n  4 . 3 . 1 ) :  

(1) h a l i t e  t h i c k e n i n g  o c c u r r e d  a s  a  r e s u l t  of g r a v i t y  f o u n d e r i n g  ( o r  d e n s i t y  

c o n t r a s t  be tween  h a l i t e  and  a n h ~ d r i t e )  p o s s i b l y  a i d e d  by i n t e r s t i t i a l  f l u i d s  

o r  s m a l l - s c a l e  f a u l t i n g ;  ( 2 )  r e g i o n a l  t i l t i n g  of  t h e  b a s i n ,  which took  p l a c e  

i n  e a r l y  T e r t i a r y  time ( a b o u t  65 m i l l i o n  y e a r s  ago) ,  Miocene t ime  (be tween  25 

and 12 m i l l i o n  y e a r s  a g o ) ,  and  l a t e  P l i o c e n e  t o  P l e i s t o c e n e  t ime ( 1 2  t o  1 

m i l l i o n  y e a r s  ago) may h a v e  c a u s e d  g r a v i t y  s l i d f n g  and t h i c k e n i n g  of t h e  lower 

h a l i t e  a g a i n s t  t h e  b u t t r e s s  of  t h e  C a p i t a n  r e e f ;  ( 3 )  d e h y d r a t i o n  of  gypsum t o  

fo rm a n h y d r i t e  w i t h  a t t e n d a n t  r e l e a s e  of  w a t e r  l o c a l l y  reduced t h e  s t r e n g t h  o f  

a n h y d r i t e  and f a c i l i t a t e d  upward h a l i t e  movement. 

By w h a t e v e r  mechanism, t h e  upward f l o w  of  s a l t  deformed t h e  o v e r l y i n g  anhy- 

d r i t e  and  c a u s e d  i t  t o  f r a c t u r e  a s  a  r e s u l t  o f  e x t e n s i o n  ( ? a r t  11, S e c t i o n  

4 .3 .3 ) .  The  open  f r a c t u r e s  a c t e d  a s  u n f i l l e d  v o i d s  t o  a t t r a c t  t h e  most mobi le  

p h a s e s  p r e s e n t  i n  t h e  e v a p o r i t e  s equence .  Those  mob i l e  phase s  were b r i n e  and  

p e r h a p s  some o f  t h e  a s s o c i a t e d  g a s e s .  Flow i n t o  t h e  f r a c t u r e s  of t h e  a n t i -  

c l i n e  r e l e a s e d  some of  t h e  p r e s s u r e  on  t h e  b r i n e  and  r e s u l t e d  i n  t h e  c u r r e n t  

r s s e r v o i r  p r e s s u r e  b e i n g  somewhat less t h a n  p r e s e n t  l i t h o s t a t i c ,  b u t  g r e a t e r  

t h a n  p r e s e n t  h y d r o s t a t i c  p r e s s u r e  ( P a r t  11, S e c t i o n  4 .3 .3) .  During t h i s  l o c a l  

f l o w  o f  b r i n e ,  some h a l i t e  and ( i n  t h e  c a s e  o f  WIPP-12) g l a u b e r i t e  were 

p r o b a b l y  d i s s o l v e d  ( P a r t  I V ,  S e c t i o n  5 .1 .2 )  

X o s t  o f  t h e  b r i n e  o r i g i n a t e d  a s  p o r e  w a t e r s  a s s o c i a t e d  w i t h  t h e  a n h y d r i t e .  As 

t h e  magnes ium-r ich  w a t e r s  m t g r a t e d  toward f r a c t u r e s ,  t h e y  r e a c t e d  w i t h  c a l c i t e  

t o  y i e l d  d o l o m i t e  ( P a r t  I V ,  S e c t i o n  5 .1 .2)  T h i s  a c c o u n t s  f o r  t h e  p r e s e n c e  of  

d o l o m i t e  i n  t h e  a n h y d r i t e  ( P a r t  11, S e c t i o n  4.1.3) .  The r e a c t i o n  a l s o  g r e a t l y  

e n r i c h e d  t h e  b r i n e  i n  oxygen-18 and  d e p l e t e d  i t  i n  magnesium ( P a r t  I V ,  

S e c t i o n s  5.1.2 a n d  5 .1 .3 ) .  

Accompanying b r i n e  f l o w ,  o r  somewhat l a t e r ,  methane g a s  was b o t h  g e n e r a t e d  and  

t r a p p e d  i n  p l a c e .  I n  t h e  c a s e  of  ERDA-6, methane was g e n e r a t e d  b i o l o g i c a l l y ,  



whereas  i n  WIPP-12 a  p o r t i o n  was ~ r o d u c e d  t h e r m o g e n i c a l l y  (by  t h e  the rmal  

d e g r a d a t i o n  of o r g a n i c  m a t t e r )  ( P a r t  I V ,  S e c t i o n  4 .3 .3) .  Yost of t h e  hydrogen 

s u l f i d e  ( l i q u i d )  was produced b i o g e n i c a l l y  a f t e r  t h e  p h y s i c a l  p r o c e s s e s  of 

r e s e r v o i r  f o r m a t i o n  were completed.  However, a  p o r t i o n  of t h e  hydrogen 

s u l f i d e  may have had a  thermogenic o r i g i n  and been t rapped s i m i l a r  t o  t h e  

methane ( P a r t  I V ,  S e c t i o n  4 .3 .3 ) .  A t  t h i s  s t a g e ,  t h e  e v o l u t i o n  of t h e  b r i n e  

may have been complete .  However, minor d i s s o l u t i o n  of t h e  c o n f i n i n g  h a l i t e  

beds ( t o p  and bot tom) may have o c c u r r e d ,  r e s u l t i n g  i n  t h e  h a l i t e  s a t u r a t i o n  of 

t h e  WIPP-12 r e s e r v o i r  ( P a r t  I V ,  S e c t i o n  5 .1 .3) .  

3  - 0  PRESENT STATUS OF PRESSURIZED BRINE RESERVOIRS 

The ERDA-6 and WIPP-12 b r i n e  r e s e r v o i r s  may be modeled a s  f r a c t u r e d  h e t e r o -  

geneous sys tems .  The volumes of t h e  ERDA-6 and WIPP-12 r e s e r v o i r s  are 

e s t i m a t e d ,  w i t h i n  a n  o r d e r  of magnitude,  t o  be about  630,000 b a r r e l s  and abou t  

17,000,000 b a r r e l s ,  r e s p e c t i v e l y .  Of t h e s e  volumes, on ly  t h r e e  p e r c e n t  o r  

l e s s  c o u l d  b e  d e l i v e r e d  t o  t h e  s u r f a c e  w i t h o u t  pumping i f  a  man-made 

c o n n e c t i o n  were  p rov ided .  The v a s t  m a j o r i t y  of b r i n e  is s t o r e d  i n  low- 

p e r m e a b i l i t y  m i c r o f r a c t u r e s .  About f i v e  p e r c e n t  of t h e  o v e r a l l  b r i n e  volume 

i n  e a c h  r e s e r v o i r  i s  s t o r e d  i n  l a r g e ,  open f r a c t u r e s  ( P a r t  111, S e c t i o n s  3.4.3 

and 3 .4 .4) .  The l a r g e  f r a c t u r e s  form a n  i n f i l t r a t i o n  g a l l e r y  o r  ex tended  

w e l l ,  p r o v i d i n g  a  c o l l e c t i o n  mechanism and h igh-permeab i l i ty  c o n d u i t  f o r  b r i n e  

f low.  The l a r g e  f r a c t u r e s  p rov ide  a n  i n i t i a l l y  v igorous  f low o r  p r e s s u r e -  

b u i l d u p  r e s p o n s e  ( P a r t  111, S e c t i o n s  3.4.3 and 3 .4 .4 ) .  The m i c r o f r a c t u r e s  

p r o v i d e  a  s low,  s u s t a i n e d  response .  Given s u f f i c i e n t  t ime,  f low from t h e  

m i c r o f r a c t u r e s  can l a r g e l y  r e p l e n i s h  any d e p l e t i o n  which h a s  o c c u r r e d  i n  t h e  

l a r g e  f r a c t u r e s .  

The Delaware  B a s i n  h a s  been t e c t o n i c a l l y  s t a b l e  f o r  a t  l e a s t  t h e  l a s t  m i l l i o n  

y e a r s .  A t  p r e s e n t ,  t h e  C a s t i l e  b r i n e  r e s e r v o i r s  appear  t o  be i s o l a t e d .  There  

is  no e v i d e n c e  t o  s u g g e s t  h y d r a u l i c  o r  chemica l  connec t ion  between r e s e r v o i r s ,  

o r  between r e s e r v o i r s  and o t h e r  ground-water sys tems,  e i t h e r  a t  t h e  p r e s e n t  o r  

i n  t h e  p a s t  ( P a r t  111, S e c t i o n  3.4.1; P a r t  I V ,  S e c t i o n  5 .3 ) .  P r i o r  t o  

t e s t i n g ,  t h e  h y d r a u l i c  head i n  WIPP-12 was 4680 f t  MSL ( f o r  p u r e  w a t e r )  w h i l e  



i n  ERDA-6 i t  was 5551 f t  ?fSL. I f  good h y d r a u l i c  communicat ion between t h e  two 

w e l l s  e x i s t e d ,  t h e s e  h y d r a u l i c  heads  would he n e a r l y  e q u a l .  Fu r ths rmore ,  t h e  

h y d r a u l i c  heads  i n  both  t h e  ERDA-6 and IJ'IPP-12 r e s e r v o i r s  exceed  t h o s e  of 

l o c a l  ground w a t e r s ,  i n c l u d i n g  t h e  h i g h e s t  ground-water  r e c h a r g e  zones  of t h e  

5 a s i n .  Thus ,  ground w a t e r  c a n n o t  be r e c h a r g i n g  t h e  b r i n e  r e s e r v o i r s .  The 

ma in tenance  of t h e s e  e l e v a t e d  h y d r a u l i c  heads  f o r  a t  l e a s t  a  m i l l i o n  y e a r s  

w i t h  no r e c h a r g e  p o t e n t i a l  a t t e s t s  t o  t h e  l a c k  o f  f l o w  from t h e  r e s e r v o i r s  t o  

t h e  l o c a l  ground w a t e r s .  With f l o w  o c c u r i n g  n e i t h e r  t o  n o r  from the' 

r e s e r v o i r s ,  h y d r a u l i c  i s o l a t i o n  i s  ma in ta ined .  F i n a l l y ,  t h e  g a s  and b r i n e  

c h e m i s t r i e s  of t h e  two r e s e r v o i r s  a r e  d i s t i n c t l y  d i f f e r e n t  from each o t h e r  and 

Erom l o c a l  ground w a t e r s .  F o r  example ,  l a r g e  d i f f e r e n c e s  i n  t h e  gas  composi- 

t i o n s  e x i s t  between WIPP-12 and ERDA-6 ( P a r t  I V ,  S e c t i o n  5 .1 .4) .  The gas  i n  

'JIPP-12 i s  composed mos t ly  of  methane and h a s  l i t t l e  o r  no carbon d i o x i d e .  

ERDA-6 c o n t a i n s  s u b s t a n t i a l  q u a n t i t i e s  of ca rbon  d i .oxide ,  and more hydrogen 

s u l f i d e  t h a n  WIPP-12. D i f f e r e n c e s  obse rved  i n  t h e  b r i n e  composi t ion  i n c l u d e  

bo ron ,  bromide ,  magnesium, po ta s s ium,  and l i t h i u m  c o n c e n t r a t i o n s  ( P a r t  I V ,  

S e c t i o n  3 . 3 . 2 ) .  Connec t ion  between r e s e r v o i r s  would e l i m i n a t e  t h e s e  

d i f f e r e n c e s ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  t h e  h i g h l y  mobi le  g a s e s .  Accord ing ly ,  

i f  connec ted  i n  t h e  p a s t ,  t h e  c u r r e n t  b r i n e  (and a s s o c i a t e d  g a s )  compos i t i ons  

o f  t h e  two r e s e r v o i r s  would be  e q u i v a l e n t  o r  more c l o s e l y  r e l a t e d .  

In a d d i t i o n  t o  b e i n g  i s o l a t e d ,  t h e  b r i n e s  a p p e a r  t o  be  i n  chemica l  e q u i l i b r i u m  

w i t h  t h e i r  s u r r o u n d i n g s ,  and  t h e y  a r e  s t a g n a n t  ( P a r t  I V ,  S e c t i o n  5 .2 ) .  

S p e c i f i c a l l y ,  t h e  E h ' s  measured  f o r  e a c h  w e l l  are c o n s i s t e n t  w i th  t h e o r e t i c a l  

e q u i l i b r i u m  c a l c u l a t i o n s  f o r  Eh u s i n g  thermodynamic d a t a  f o r  c o e x i s t i n g  g a s  

p a i r s  (methane-carbon d i o x i d e )  and  f o r  d i s s o l v e d  s u l f i d e  s p e c i e s  (hydrogen 

s u l f i d e - s u l f a t e ) ,  T h i s  ag reemen t  i n d i c a t e s  b u l k  sys t em e q u i l i b r i u m  among 

s o l i d ,  l i q u i d ,  and gas  p h a s e s .  Moreover,  t h e  b r i n e s  a r e  chemica l ly  s a t u r a t e d  

w i t h  t h e  p r imary  phases  of  t h e  r e s e r v o i r  h o s t  r o c k  ( a n h y d r i t e  and c a l c i t e ) .  

WIPP-12 a l s o  a p p e a r s  t o  be  s a t u r a t e d  w i t h  h a l i t e ,  t h e  p r i n c i p a l  phase of t h e  

c o n f i n i n g  s t r a t a .  These d a t a  f u r t h e r  s u p p o r t  t h e  c o n t e n t i o n  of e q u i l i b r i u m  

( P a r t  I V ,  S e c t i o n  5.2).  



The o r i g i n  of ~ a t e r  i n  C a s t i l e  b r ine  rese rvo i r s  preferred i n  previous work 

( L a i i r t ,  1978; Barr e t  a l l  1979; Lambert, 1983; Lzi-nSert and Car t e r ,  1983) is 

o ld  meteoric groundwater, scquiring its present  so lu t e s  and D/H and 1 80,160 

r a t i o s  during extensive i n t e r ac t i on  with minerals associated with t h e  evapor i te  

sequence, I f  t h i s  grouMwater is inferred t o  have o r i g i n a t d  i n  the  neares t  

highly p r d u c t i v e  groilndwater rese rvo i r ,  the  G p i t a n  Linestone, its probable 

a is 5.14 for  the  ac t i ve ly  recharged region near C a r l s h d  (Carlsbad Well 
0 

No. 7 ) .  

Hiss (1975) showed t l a t  o ther  nearby por t ions -of  the  Capitan hydrolcqical  sys- 

tem (near the p s t u l a t e d  groundwater d ivide)  a r e  proSably no t  a c t i ve ly  moving. 

The waters from the  Middleton and Hackberry wells, on e i t ! e r  s i d e  of t he  d iv ide  

apparently for;ned by the  Laguna Suh-narins Canyon sys tenr  b v e  a - v a l u e s  of 1.81 

and 1.22, respect ively  (Barr e t  a l l  1979). These wells a r e  in fe r red  t o  have 

no d i r e c t  interconnection with each other ,  because of t h e i r  d i s t i n c t  a -va lues .  

Further,  a s  discussed by Barr e t  a 1  (1979), these waters have k e n  i so la ted  

from t h e i r  inferred source of r d a r g e  ( a. = 5.14) for  500,000 t o  1,100,000 

years;  t he  Middleton and Hackberry wells a r e  developed i n  r e l a t i v e l y  s tagnant  

por t ions  of the  Capitan. Thus, it is not geologically reasonable t o  use t h e i r  

a v a l u e s  f o r  ca lcu la t ing  ages of i so l a t i on  fo r  the  b r ine  rese rvo i r s ,  s ince  

t h e i r  observed a values 

(a)  do not represent  a values  of ac t ive ly  recharged groiuldwater, 

(b) have t!emselves decreased by radioact ive  decay s ince  t!!e formation of 

the  br ine  rese rvo i r s ,  and 

(c) were probably s i g n i f i c a n t l y  d i f f e r e n t  from the i r  &ern (observed) 

values a t  t he  time t he  b r ine  rese rvo i r s  formed, 

Given a reasonably f a s t  t r a n s i t  time fo r  water i n  the  "active" por t ions  of the 

Capitan ( H i s s ,  1975), and i n f e r r i ng  t h a t ,  fo r  a period of time, t he  f rac tu red  

Cas t i l e  anhydri te was a t  .one time hydrolzgically connected t o  the Capitan, t h i s  

&el al lows ca lcu la t ions  of the age of the  end of the hydraulic connection, 

i-e., entrapnent of the f l u i d s  within Cas t i l e  anhydrites. For WIPP 12, the 

r e s u l t a n t  age range is 360,000 t o  610,000 years,  and f o r  ERDA 6 700,000 t o  

880,000 years.  The l a t t e r  age is i n  c lose  agreement with t he  work of  Barr e t  

a 1  (1979). 



e M i g r a t i o n  o f  b r i n e  made p o s s i b l e  by h y d r a u l i c  a n d / o r  
chemica l  d i s e q u i l i b r i u m  and d i s s o l u t i o n  of  h a l i t e  
( P a r t  I V ,  S e c t i o n  3 . 3 . 5 ) .  

N e i t h e r  o f  t h e  above  mechanisms a r e  f e a s i b l e  i n  t h e  s t u d y  a r e a .  The proposed  

h o r i z o n  f o r  t h e  WIP? f a c i l i t y  i s  s e p a r a t e d  From t h e  b r i n e - b e a r i n g  a n h y d r i t e  

h o r i z o n  by a p p r o x i m a t e l y  s i x  hundred  v e r t i c a l  f e e t  O F  h a l i t e  w i t h  minor c l a y  

i n t e r b e d d i n g s .  The e x t r e m e l y  low p e r m e a b i l i t y  of  h a l i t e ,  combined w i t h  t h e  

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

s a t u r a t e d  w i t h  h a l i t e ,  removes f rom f u r t h e r  c o n c e r n  t h e  p o t e n t i a l  For v e r t i c a l  

b r i n e  m i g r a t i o n .  

A t  p r e s e n t ,  t h e  b r i n e  r e s e r v o i r s  a r e  s t a b l e .  Yoreove r ,  b r i n e  r e s e r v o i r s  

a p p e a r  t o  h a v e  been s t a g n a n t  f o r  a t  l e a s t  a  m i l l i o n  y e a r s ,  a s  ev idenced  by 

p e m a n e n t  h y d r a u l i c  d i s e q u i l i b r i u m  and d i s t i n c t l y  d i f f e r e n t  c h e m i c a l  cha rac -  

t e r i s t i c s .  No f e a s i b l e  c o u r s e  o f  e v e n t s  can  he  a n t i c i p a t e d  which c o u l d  c a u s e  

t h e  C a s t i l e  b r i n e  r e s e r v o i r s  t o  h a v e  a s i g n i f i c a n t  a d v e r s e  e f f e c t  on t h e  

s u i t a b i l i t y  of  t h e  WIPP s i t e  For  t h e  d i s p o s a l  of TRU waste. 
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Q p n d i x  A 

Groundwater Residence Time 

Introduction 

The uranium-isotope d i squ i l ib r ium i ~ t h d  ( the U method) of deternining tkie age 

of entrapment of sroundwaters is dependent on the systerriitic &re fe ren t i a l  
238 bcildup of 2 3 4 ~  with respect t o  u i n  one par t  of the groundvater system, 

and the radioactive decay of 2 3 4 ~  ( fas te r  than tha t  of 2 3 8 ~ )  i n  another 

par t  of the system. Dtviations of the 2 3 4 ~ / 2 3 8 ~  f i c  a c t i v i t y  r a t i o  

( U )  f s m  unity provide the bsis for tracing groundwater flow paths (Kronfeld 

e t  a l l  1979) and estimating l imi t s  t o  the age of confineqent of the water (Earr 

~t a l ,  1979). Note specif ical ly  Llat  the age given is that  of entrapment of 

the water, - not necessarily that  of i n i t i a l  or igin,  and that  entrapment is 

defined a s  the process by which the groundwater ceases t o  be e q s e d  t o  new 

surfaces of f resh,  u ~ a l t e r e d  rock. I t  mus t  be kept in mind L!at f resh  rock 

silrfaces can be exposed t o  f lu id  contact by continuous processes, sgch a s  minor 

f ractur ing,  a s  well a s  by more d iscre te  or singular events. Like the well- 

known carbon-14 method, the U method does not yield an absolute age from a 

s ingle  data  point; rather age is some function of the inferred i n i t i a l  and 

measured f i n a l  s t a t e s  of the system. Unlike the chlorine-36 and carbon-14 

metho6st the U method does not depend on a component of groundxater t h a t  is 

purely atmospheric in  origin.  

The U nethod allows calculations of residence times t o  a itlaxinurn of approxi- 

mately 2,000,000 years, well beyond the l i m i t  of C-14 (35,000 t o  45,000 years) .  

The maximum measurable age is s e t  by analyt ical  l imi t s  result ing from the rela-  

t ively rapid decay of 2 3 4 ~ .  Even for groundwaters of very high a ,  say 15, 

the calculated a c t i v i t y  r a t i o  decreases t o  a value a a l y t i c a l l y  indistinguish- 

able from t h a t  a t  secular equilibrium (1.0) well within 2,000,000 years. 'Ihe 

i n i t i a l  conditions inferred in  the U method need not be a m s p h e r i c .  Instead, 

t r ans i t  times can be calculated b s e d  on the inference t h a t  two bodies of 

groundwater with d i f fe ren t  a 's are  now comected or have been connected in the 

Past. The "age" calculated from the u method, based on decrease i n  a from an 

inferred i n i t i a l  value a t  the time of entrapment, is thus en t i r e ly  dependent 

on the inferred incdel of or igin and emplacement of the groundwater. 



P , e  assujirptions f~mda,wnta l  t o  t!!e U methcd involve t ! e  processes gotterning the 

changes i n  234u concentrat ion in  solut ion.  F i r s t ,  i t  m u s t  be assulaed tha t  

only radioact ive  decay diminishes the 2 3 4 ~  a c t i v i t y  r e l a t i v e  t o  t h a t  of 
23aU . This a p p a r s  v a l i d ,  s ince ,  i n  the age r a g e  of the U method, i t  c a  be 

assumed t h a t  v i r t u a l l y  no 238u d s a y s .  Second, it is assilmed t h a t  only 

p r e f e r e n t i a l  leaching of 234u r e l a t i v e  t o  2 3 8 ~  r e s u l t s  in  a buildup, a s  

d i s c u s s d  by Kigoshi (19711, hdrews  and Kay (19821, and Fleischer (1982). 

Both of these asslmptions a r e  reasonable, since a .mss dif ference  of 4 out  of 

238 is i n s u f f i c i e n t  t o  g ive  rise t o  appreciable physiL-ochmical i so topic  

f rac t iona t ion  i n  exchange, d issolut ion,  or p rec ip i t a t ion  react ions  (Urey, 

1947). Ihus,  the p r e f e r e n t i a l  leaching of 2 3 4 ~  (daughter of 2 3 4 ~ h ,  i t s e l f  

a  daughter product of 2 3 8 ~ ) ,  a  r e s u l t  of d a i g e  t o  the  s~r round ing  c r y s t a l  

l a t t i c e  upon r e c o i l  during alpha-decay of 2 3 8 ~ ,  is not  reversible.  

The work of Barr e t  a 1  (1979) r e s u l t d  i n  the deve lopen t  of two geochronolog- 

i c a l  models, one involving no addi t ional  uptake of U froin rock along the  flaw 

path between inferred  soilrce and present occurrence, the other taking i n t o  

account continuoas leaching of addit ional  U from the  rock. The no-leaching 

model : 

depends only on the 234~/238u a c t i v i t y  r a t i o  i n  the groundwater of in te r -  

est (ab), its gealogical ly  in fe r red  o r ig ina l  a ( ao) , and ?, the  radio- 
-6 -1 2 ' 

a c t i v e  decay constant  f o r  2 3 4 ~  (2.806 x 10 a . ?he leaching nodel: 

i n  addi t ion  depends on r ( the  equilibrium r a t i o  of s p e c i f i c  a c t i v i t y  i n  rock 

to t h a t  i n  coexist ing water) and f (the c o w s i t e  f r ~ c t i o n s  of 2 3 4 ~  procur- 

Wfr 
23421 , and 2 3 8 ~  leaching from rat). 



The l a t t e r  equation i s  equivalent t o  that developed by AqdI2ws a d  Kay (1962) 

for the increase of ct in  solution as  a function of ti*: 

where 234A I 238A - - a c t i v i t i e s  of 2 3 4 ~  and 2 3 8 ~  dissolved from 

rock by chemical e tch prmesses (no recoi l -  

f ac i l i t a t ed  preferent ia l  leacling) 
234 - - 

rn decay constant of 2 3 4 ~  (10.5 yr'l) 
238A = 

U 
decay constant pf 2 3 8 ~  (1.537 x 10-loyr-l)  

234 a -6 -1 
h u  

decay constant of 2 3 4 ~  (2.E06 x 10 yr ) 

23eU = nmber of 2 3 8 ~  atoms w i t h i n  the 
s 

2 3 4 ~ h  recoi l  

range of the continuously leached rmk  surface. 

Discussion 

Lambert and Carter (1983) applied both the "leachingn and the "no-leaching" 

models of Barr e t  a 1  (1979) t o  the EU)A 6 and h?PP 12 brine reservoirs  in  

calculating residence times of the respective waters i n  their  anhydrite host 

rocks. I n  the "no-leachingn model, it is assuwd that  trap@ f l u i i s  do not 

equi l ibrate  with t5e rock rrass in  which they a re  found, e i ther  during flow t o  

the present location or a f te r  en t rapxnt .  I n  the "leachingn model, it is 

assumed tha t  in-place equilibrium is approached. The a for E ! A  6 is between 

1.34 and 1.58 a t  the 95 percent confidence leve l ,  (3 rep l ica tes ) ,  and for WIPP 

12 is  between 1.74 and 2.54 (8 rep l ica tes ) .  

One p r o p s 4  d e l  for the or igin of the Cas t i le  brine reservoirs is the migra- 

t ion  of pr imary intergr anular pore water (Permian seawater) into the  fractures.- . . ... . , 

position a s  present seawater, the i n i t i a l  

is constrained t o  be 1.15 (Osmond and Cowart ,  1976). 

-values in the range 1 .) t o  2.6. An STparent nqative age 



the observed cr a re  taken to  represent the i n i t i a l  and f ina l  s ta tes  of the 

system i n  this &el. The apparent negative age ar ises  kcause the a. is 

l e s s  than the observed a. Since negative ages are  of course not real ,  th i s  

implies the a, selected is wrong (wrong origin) or the no-leaching node1 does 

not apply, or bth. 

An age or residence time can be calculated based on a buildup in a closed, 

stagnant systen of groundwater i n  contact with host rock; th is  is the "leach- 

ing" .&el. This is done here using the method of Andrews d Kay (1983) and 
6 the values for U content for rock i n  the EFiDA 6 reservoir, 2 par ts  in 10 by 

vt (Barr e t  all 1979) and 0.22 x g/kg for the water. 

Mdit ional  specif ic  a s sap t ions  mde are that:  

a) The brine reached secular ecpilibrilm ( a  = 1.0) a t  i ts  formsr 

location. 

b) The brine was ev laced  a t  its present location "instantaneously," 

i.e.,  rapidly enough so that  no leaching took place along the path of 

injection. 

By t h i s  mthcd and under these asslmptions, the closed-system "leachingn calcu- 

la t ion  predicts  t h a t  the a value of the water should have risen from a,= 1.0 

t o  1.3 in only 25,000 years and t o  1.58 in  50,000 years. 'ihus, residence times 

i n  ERDA 6 and WlPP 12 under: these assumptions do not exceed 50,000 years. 

I f ,  on the other hand, it is assuined tha t  brir.e e q l a c e m n t  has k e n  a resul t  

of ongoing s t ruc tura l  deformation, and that  brine continuously equilibrated 

with the surrounding rock mass u n t i l  entrapnent, the i n i t i a l  a value is inde- 

terminate. Tne maximm measurable residence time, a s  described above, becomes 

no more than 2,000,000 years. In fact;for the specific rock sys tms  of inter- 

e s t  here, the maximum ineasurable age appears to  be approximately 800,000 years. 

The fac t  tha t  measillred a's i n  ERnA 6 and WIPP 12 are  dis t inct ly  greater than 

1.0 thus strongly indicates that  local  residence times for LFlese brines are 

less than 800,000 to  2,000,000 years, regardless of assumptions about original 

brine origin and mde or r a t e  of brine emplacement. 




