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EXECL'TIVE SU!-.Pr!A.RY TME3153 

BACKGROC:\0 

The Waste !solation p;\ot Plant t \VIPP) 
project is a C. S. Department of Energy 
(DOE) re-search ;;nd development facility to 
demonstrate the safe d~sposal of radioactive 
wastes resulting from the defense activities 
.:.:nd pr<igrams of the l'nited States. This 
demonstration consists cf t•;.o parts. First, 
3bout six million cubic f.:et of TRC waste 
"-Ail! be: emplaced in the thick bedded-salt 
cq::osits of the Salado Formation in south
t~stern ~ew ~"1exico at a depth of :!bout 2150 
ftet. Sec:ond. the WlPP will provide for 
1esearch relative to the interactions of 
,.:Jc-fem,; high -kvel \\ 2ste v. ith bedded salt. 
:hough all-high-k,·e! '.~aste will be remo,·ed 
prior to faci!ity dccornm!s~.iuning. 

A potential \o(·aiion \\as selected for the 
WIPP in the northern Ddaware Basin of 
~ew Mexico. and three exnloratorv core 

c -holes \\"ere drilled {AEC-7, AEC-8, and 
ERDA-6; Figure I). While drilling the third 
such hole (ERDA-6). substantial geologic 
structural deformation was noted, and brine 
and gas sufficiently pressurized to flo~>,.· to the 
surface v<'ere erKountered. The unpredict
ability of the geology led t0 rekcation of the 
site to its pre-sent k.:-ation in 1974 (Figure I). 
Since relocation, an extensive site character
ization program has b.:en conducted, and the 
;;dequacy of the site he.~ generally been 
demonstrated. 
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In 1981, ::n agreement was signed between 
the State of ~'C\'r' Mexico, the DOE, and 
others which included sev~ral studies 
intended to address the State's concerns 
relative to the s!.litability of the proposed 
WIPP site. Some of these studies addressed 
an area of geologic interest north of the 
proposed site, and pressurized brine 
reservoirs in the Delaware Basin. The work 
•,vas begun in October 1981 and included the 
reopening and testing oi ER DA-6, and the 
d•?epening and testing oi WIPP-12, an 
exploration borehole vvhich also encountered 
pressurized brine and gas. This report 
proYides an a.;count of these st,.ldies. 

These studies ar.d preparation of the brine 
reservoir report were per1"ormed by the 
WlPP T·:chnical Suppvrt Contractor (TSC), 
f:,rin~arily by D'~-\ppolonia Consulting 
E:.1gi;iecrs. Inc. (a :;:ember of the \VIPP
TSC) urider ~u!:lcontract t(' the Westinghouse 
Electric Corporation (the TSC prime 
contr3ctor). Sandia :'-\ational Laboratories. 
Albuquerque, :S.M. provided ..:ritical review 
of the studies and report; the U. S. 
Geological Survey also made comments. 

The occurrence of pressurized brine 
reservoirs in the Castile Formation 
(underlying the Salado Formation) of the 
Del:n~:are Basin has been documented over 
the past 4.0 years by reports of reservoir 
encounters by hydrocarbon exploration 
drilling. In general, these reservoirs were 
known to be contained in fractun~d anhydrite 
\.\ith associated hydrogen suifide gas and 
were thought to be related to antiforms in the 
Castile. 

Various theori-es were advanced to explain 
the origin of reservoirs, which included 
dissolution of evaporites by recent ground 
waters, dehydration of gypsum to form 
anhydrite, entrapment of ancient seawater 
during evaporite deposition, and ancient 
dissolution and reprecipitation of evaporite 
minerals. Should certain of these theories be 
correct, the suitability of the WIPP site could 
be in question. Thus, the purpose of this 
study ·;~,·as to determine the characteristics 
and origin of these reservoirs and evaluate 
their poti:nt!al impact on the integrity and 
stability of the WIPP &ite. 

., 

Data used in the pe:iormance of this study 
were obL>ined from driiling and hydrological 
:esting in boreholes fRD,.i,-6 and WJPP-12 
and from chemica! a;-:alysr~s of samples of 
ro;:senoir brine and gas collt•.:ted at these two 
wells. Information was also obtained from a 
review of publishtd and unpublished 
literature on the geology and hydrology of 
the basin. The principal data reviewed and 
analyzed in this report are contained in 
"Data File Report- ERDA-6 and WIPP-12 
Testing'' (D'Appolonia, i982, 1983). 

The analyses and interpretations by three 
disciplines- geolo!!v, h·drolo~::v, and 
chemistrY- ha\e t~;en i'ncegrat~d to form a 
model of brine reserY.:•i: g-:r:~esis, and to 
assess the current ;;nd future status of brine 
reservoirs as they relate to the WlPP site. 
The development of the brine 1eservoirs 
began in the Permian Period about 235 
million years before pr.:~e"l!t. The Castile 
evaporites, consisting primariiy of anhydrite 
and halite as shown in Figure 2. \lrere 
deposited at that time. During the initial 
chemical sedimentation (or precipitation) 
period, the solids ·~·ere poor!v consolidated 
and highly porous. Much or ·a II of this pore 
space was filled with Permian seawater that 
had l:>een enriched in dissolved solids, 
cxygen-18, and probably deuterium by 
evaporation. As so:dimer.tation in the basin 
continued. the seawater became trapped as 
an interstitial nuid DC!\Veen individual grainS 
of anhydrite and halite. A~ compaction 
increased. grain bou0dary accretion of halite 
probably surrounded some of the pore fluids 
and gave rise to fluid inciusions in halite 
crystals. Examination of ratios of major and 
minor element concentrations in the brines 
leads to the conclusion that the reservoir 
brines originated from ancient seawater with 
no evidence for tluid contribution from 
present meteoric waters. 
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Subsequent to compaction and lithification 
of the sediments, the evaporite sequence was 
deformed. Deformation is represented, in 
part, by the localized elongate, salt-cored 
anticlines associated '.'lith the Castile brine 
reservoirs (e.g., Figure 2). These features 
were probably generated by tlow of halite in 
response to differential stress. Several 
plausible mechanisms for salt flow have been 
proposed which wouid lead to the observed 
deformation. By whatever mechanism, the 
upward flow of salt locally deformed the 
overlying anhydrites and caused them to 
fracture as a result of extension (see Figure 
3). 
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The v•aste disposal horiz.on, which is 
separated from the locally fractured anhy
drite by about 600 feet of unfractured, low
permeability halite of the Salado Formation 
(Figure 2), 'Nas minimally deformed by the 
flew of Castile salt. The open fractures in the 
anhvdrite acted as unfilled voids to attract 
the most mobile phases (i.e. brine and 
associated gases) present in the evaporite 
sequence. Flow into the fractures of the 
anticlines relea~cd some of the pressure on 
the brine and resulted in the current reservoir 
pressures which are somewhat less than 
present lithostatic pressure, but greater than 
present hydrostatic pressure. 
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Figure 3 - Schematic of Brine Reservoir Formation 

As the pore waters migrated toward 
fractures, they reacted with calcite to yield 
dolomite. This accounts for the presence of 
dolomite in the anhydrite and the relative 
depletion of magnesium in the brine. The 
reaction also further enriched the brines in 
oxygen-18 to give them the isotopic 
compositions observed. Additionally, during 
this local flow of brine, some halite, and in 
the case of WIPP-12, 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-12 reservoir. 

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 WIP P-12 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-
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genic origin and been trapped similarly to the 
methane. At this stage, the evolution of the 
brine may have been complete. 

The ERDA-6 and WIPP-12 brine reservoirs, 
which are located in fractured anhydrites 
above thickened halite (Figure 2), may be 
modeled as fractured heterogeneous systems. 
The volumes of the ERDA-6 and WIPP-12 
brine reservoirs are estimated, within an 
order of magnitude, to be about 630,000 
barrels and 17,000,000 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 microfr3ctures p;vvide a slow, sustained 
rc~ponse. Given sufficient time, flow from the 
microfractures can largely replenish any 
depletion '.\hich has ~)..::curred in the large 
fractures. 

At present, the c~stile brine reserYoirs 
::.ppear to be isolated. Th.::re is no evidence to 
suggest hyd~aulic or chemical connection 
bet·,~.·een reservoirs. or between reservoirs and 
oiher ground-water systems, either at the 
pre>ent or in the past. The persistence of high 
and different hd~au\ic heads in Castile brine 
reservoirs for at least one million v;:>ars (the 
age of the most recent tectcnic actfvit•.') is the 
p~incipal h) d rologic cYid ence for their 
isolation. The four Castik brine reservoirs 
for which accurate da~a are aYailable show 
differences in h)draulic head r;;nging from 
.2SO to hil f.::ct of water. Simi!ar!v. rn~asured 
heads in the brine res..::n oirs are at least 1330 
feet higher than b.:ads in aquifers in the 
subjacent De!aware Mountain G~oup, ::.nd at 
least 1530 feet higher tban beads in the 
O\erlying R ustkr Formation (Figure 4). 
Hence, there is no ph;.·sical mechanism for 
the brine reservoirs to receiw recharge from 
these underlying r:nd overlying units. 

As regards chemica! mechanisms, the gas and 
brine chemistries of the two reservoirs are 
distinctly different from each other and from 
local ground waters. For example, large 
differences in the reservoir ga~ compositions 
exist bet\veen \VIPP-!2 and ER DA.-6. The 
gas in Wl P P-12 is composed mostly of 
rnethanc aDd has iittle or no carbon dioxide. 
The ER DA-6 reservoir contains substantial 
quantities of carbon dioxide, and more 
hydiogen sulfide than WIPP-12. Differences 
observed in the brine composition include 
boron, bromide, magnesium, potassium, and 
lithium concentrations. Connection bet\t,·ecn 
reservoirs v.: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 gas) compositions of the two 
reservoirs would be more similar. 

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). 

T\1E 3153 

\\'lPP-12 brine also appears to be saturated 
with haliie. the principal phase of the 
confining strata. Funh;;rmore, calculations 
indicate !Julk sys:em equilibrium among 
$Olid. liquid. and gas. 

In summary, the brine reservoirs appear to 
be !ocal, isolaicd features that have reached 
equilibrium with their ~nvironment. Esidence 
for !ong-ttrm hydraulic and chemical 
isolation includes: 

' Hvdrau!ic heads that are substantiallv 
differen! from reservoir to reserYoir -
and higher than the heads of local 
gro:Jrd \:.aters. 

o The containment of gas by the 
reservoirs. 

" Brine and a~~ociated gas chemistries 
that differ from rc~ervoir to reservoir. 

t Geographic ~'~pration and non
uniform dis\ribution of reservoirs. 
i.e., extensi\·e drilling has taken place 
in this area, but only a few wells have 
intercepted pressuriz.ed brines. There 
is no evidence for a continuous, 
extensive aquifer in the Castile. 

• Bulk chemic.al equilibrium between 
the brine, gas, and reservoir rock in 
the ERDA-(, and WlPP-12 reservoirs. 

Portions of the study presented in sections of 
th:s report centered around natural factors 
which could cause pressurized brine to 
contact the radioactive waste stored in the 
WIPP underground facility, and eventually 
transport radionuclides to the biosphere. 
Specifically, the potential for migration of 
brine as a result of hydraulic and/ or 
chemical disequilibrium, with resuhant 
dissolution of halite, was evaluated. At 
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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 consequently have 
little or no halite-dissolution potential. 
Additionally, the brine reservoirs have 
maintained hydraulic heads greatly in excess 
of those in neighboring ground-water systems 
over at least a million years. These factors, 
combined with the extremely low perme-

ability of intact halite and the absence of 
fractures which would increase that 
permeability 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. 
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1.0 PREFACE 

1.1 RACKGROUND 

?ART I - PREFACE AND INTRODUCTION 

r:--n:: 3 15 3 

The Waste Isolation Pilot Plant ('."'PP) project 1s a U.S. Department of Energy 

(DOE) research and development activity designed to demonstrate safe disposal 

of radioactive wastes resulting from the defense programs. The 1-.'IPP project 

mission consists of two parts. First, safe disposal of TRU waste in bedded 

salt ~ill be de~onstrated by placing approximately six million cubic feet of 

r3dioactive material in the facility. Second, a research facility for in-situ 

examination of the interactions b~tween ~edded salt and high-level radioactive 

~•3ste •.,;iil he provided by the \:..'IPP. All high-level ·,.;aste '"'ill be r.=::;,oved from 

the WIPP prior to decommissioning. A description of t~e ?lanned ~IPP is given 

in the \..;'IPP Final Enviror:r..ental I;npact Statement (DOE, l980a) and t!-:e WIPP 

Safety Analysis Report (SAR, DOE, l980b). 

The site for the WI?P is located 1n the Los Medanos area of the northern 

Delaware Basin, Eddy County, New Mexico (Figure l). 1"ne selection of a bedded 

salt site ,,.as initiated in 1957 ;;hen the National Acadamy of Sciences (NAS) 

and the Atomic Energy Commission (AEC) stated that salt deposits provide the 

most promising medium for disposal of radioactive waste. Subsequently, 

several years of research associated with waste disposal in salt ~ere under

taken, and led the NAS to reaffirm its 1957 position on radioactive waste 

disposal. Initially, a Lyons, Kansas salt mine was used for in-situ experi

mentation and was identified as a P•)tent ial waste disposal site; ho...,ever > the 

site was a~andoned in 1972 due to the number of drillholes penetrating the 

beds and the likelihood that the salt beds were highly fractured. After a 

comprehensive search for a suitable disposal site, the Los Medancs area was 

chosen and field ir:vestigations were b-::gun in 1974. Two core holes (AEC-7 and 

AEC-8) were drilled, 'both of which indicated acceptable subsurface geology 

(Figure 1), The third exploration hole • ERDA-6, reve&led severe de format ion 

of salt and anhydrite beds wnich dip up to 75 degrees. Additionally, frac

tured anhydrite produced a significant volume of brine and associated gas to 

1 
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the surface from a depth of 3bout 2700 feet. nue to the unpredictability of 

the subsurface geology and the difficulty that ~ould result fro~ underground 

construction in the steeply dipping strata at ERDA-6, the site was ~oved about 

six miles to the southwest, to its present location, in 1975. 

An extensive site characterization program has been conducted for the past 

seven years. It has required drilling many (;:1ore than fifty) boreholes, 

conducting nurnerous geological, geophysical, geochemical, and hydrological 

studies, and performing a multitude of experiments on the suitability of 

bedded salt as a waste disposal wedium. The results of t~ese studies gener

ally demonstrate the adequacy of the WIPP site far safe storage of radioactive 

·~·aste; they are sum.rr;arized in the iHPP Geological Characterization P.eport 

(GCR, Po1vers et al., 1978) and the \.JIPP SAR (DOE, l980b). 

In May, 1981, the State of New Mexico filed a lawsuit in Federal District 

Court 2gainst t~e DOE and the U.S. Department of the Interior (DOI) to enjoin 

WlPP activities. As a result of this filing, the DOE and DOI entered into a 

Stipulated Agreement with the State in July, 1981. Under this agreement, the 

DOE undertook studies addressing the State's concerns relative to the safety 

of the WIPP site. Three of these studies follow: 

• T~st Brine Reservoir in Deformation Zone: ~eopen 

ERDA-6 and allow it to flow for at least ten days to 
~easure the depletion of pressure at regular inter
vals in this well, and if access can be obtained, in 
Pogo #1 Federal well. Perform other necessary tests 
to determine the size, age, origin, and possible 
association with aquifers or other brine pockets. 

• Report on Brine Reservoirs: Provide a comprehensive 
topical report on available information concerning 
brine reservoirs in evaporite beds in the Delaware 
Basin, including the results of tests at ERDA-6. 
This should include available information on the 
location, sizes, quantity, pressures, quality, ideas 
on origin, and methods of handling in mines. 

• Horizontal Exploration of the Disturbed Zone: At the 
earliest possible stage of construction, and before 
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emplacement of w.as te at the WIPP repository, provide 
for an additional 3000 feet of drift north of 
presently planned station 02, which is approximately 
2500 fe.et north of EP.DA #9, and drill 3000 fo;;et 
horizontal cores to the north from this new location. 
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An alternative to the horizontal exploration of the "disturbed" zone was 

proposed by the DOE because the ability to drill 3000 feet, interpret the 

core, and seal the coreholes ~as questionable; the new plan included deepening 

ERDA-6 2.nd \-.'IPP-12 at least to the base of the Castlle For.natf.on. The State 

of ::ew i<e:dco accepted the DOE proposal and work began in October, 1981. 

Tn ~ovember, 1981, durin~ the deepening of WIPP-12, pressurized brine was 

socountered at a depth of about 3000 feet in fractured anhydrite in the 

Castile; testing of this reservoir was added to the investigation. 

This report is an account of the above-mentioned studies performed under the 

Stipulated Agreement bet~een the DOE and the State. 

1 .2 PROJECT ORGANTZATION 

The DOE assembled and ~nages a project team which consists primarily of the 

follo~ing organizations: 

• Sandia National Laboratories (SNL) - the scientific 
advisor to the DOE on the WIPP project. 

o Bechtel, Inc. - the architect/engineer for under
ground and above-ground facilities. 

o WIPP Technical Support Contractor (TSC) - a group 
consisting of the prime contractor, t-i'estinghouse 
Electric Corporation (Westinghouse), and subcon
tractors, D'Appolonia Consulting Engineers, Inc. 
(D'Appolonia), Dravo Engineers, and Gibbs and Hill, 
Inc. that provides technical support to the DOE on a 
variety of WIPP technical matters. 

• U.S. Gaological Survey (USGS) - responsible for site 
hydrology and an independent review of certain facets 
of site characterization. 

3 
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e U.S. Army Corps of Engineers - responsible for site 
construction mdnagement. 

The relationship among these groups is shown on Figure 2. 

The studies reported herein \lere conducted for the DO£ by the WIPP-TSC, ;:>rim-

arily by D'Appolonia, under su~contract to westinghouse Electric Corporation, 

Advanced Energy Systems Division. The objectives of these studies and the 

cethods used <.¥ere outlined by SNL and the WIPP-TSC ,,dth significant i.nput from 

the USGS. Analysis and interpretation of the field data were performed by the 

WIPP-TSC, primarily by D'Appolonia, under Westinghouse direction, ~ith sugges-

tions and recommendations from S!'-<"1. and USGS. 

~ost of the background infoL~ation on the geology and hydrology of t~e 

northern Dela.,..are Basin was derived from the exploration efforts of S:"-.'L and 

the USGS during the period from 1975 to the present. ~eferences for informa

tion extracted from docu~ents prepared by these organizations are cited 

frequently in the text. 

2.0 INTRODUCTION 

2.1 BRUT£ OCCUIL!{ENCES IN THE CASTILE FOR!-',ATION 

The \{IPP site is locat~d within the northeastern part of t~e Dela~ar~ Basin, a 

structurally downwarped crustal area of about 12,000 square ~iles. The 

Delaware Basin contains about 18,000 f~et of sediments. dominated by strata of 

?ermian age. It is a subbasin of the much larger Permian Basin, which 

includes the Midland Basin to the east, and the Palo Verde Basin to the 

northeast. The Capitan reef bounds the Delaware Basin on the north, ~est and 

southwest and is, in effect, the boundary of the basin. The Castile Formation 

halite and anhydrite beds were deposited in a deep inland sea within the 

Delaware Basin delimited by the reef, while the overlying Salado Formation 

bedded salt was deposited over the reef and ultimately covered a larger 

area. The Salado Formation is the unit currently under investigation as a 

containment for radioactive waste. 
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The occurrence of pressurized brine reservoirs in the Castile ?ormation has 

been documented over the past 40 years. Most of these reservoics ~ere 

encountered during exploratory drilling for hydrocarbons, and reliable 

information on reservoir flow rates, volumes, and pressures is not avail

able. In general, the reservoirs encountered were contained within fractured 

anhydrite layers in the Castile Formation, and they were sufficiently 

pressurized for brine to flow to the surface. FrJrther, all known reservoirs 

contain hydrogen sulfide g~s and are associ1ted with antiforms in the 

Castile. The occurrence of reeervoirs is unpredictable ho·.;ever, in that 

reservoirs are not found in association with all antifor~s. Available 

information on these reservoirs is included with this report. 

2.2 PURPOSE OF STUDY 

Various theories proposed for the origin of brine reservoirs in the Dela~are 

3asin include: 

e Dissolution of evaporites by fluids from underlying 
aquifers followed by fracturing of overlying anhyd
rite and migration of aquifer fluids into the 
fraetures. 

• Dehydration of gypsum to form anhydrite, accompanied 
by fracturing due to volume change and storage of 
fluids of dehydration in the fractures. 

• Collection of 2ntrapped ancient seawater in fractures 
formed during the structural evolution of the basin. 

• · Dissolution of evaporite minerals by meteoric water, 
closely followed by recrystallization, and fluid 
entrapment; subsequent fluid migration into fractures 
formed during salt flowage or tectonic activity. 

At issue is the potential impact the brine reservoirs might have on the WIPP 

facility. Questions related to this impact include the following: 

• Is there interconnection of local aquifers with brine 
reservoirs? 
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• Are brine reservoirs in the basin interconnected by a 
regional hydrologic system? 

• Is brine. reservoir formation an ongoing process, or 
has the system remained essentially static during the 
recent geologic past? 

e Is the occurrence of brine reservoirs structurally 
controlled? 

The purposes of this report are to address the above questions and i~ doing 

so, develop a supportable hypothesis on the origin of the r2servoirs. 

Included is a prediction of the potential izpacts of the reservoirs on the 

integrity of the WIPP site based on this information. 

2.3 SCOPE OF STUDY 

Infor~ation relative to pressurized brine reservoirs was obtained fr~m two 

sources -- drilling reports, and extensive testing of the reservoirs inter

sected by ERDA-6 and WIPP-12. The investigations at the two boreholes 

required the integration of geology, hydrology, and chemistry. Geologic 

information on the reservoir rock and associated structures was obtained 

largely through examination of core from the boreholes and from geophysical 

logs. Hydrologic data were obtaiaed by performing reservoir tests in the 

boreholes, and chemical data were gathered by analyzing brine and gas samples 

i.n the field and i<1 vario•Js lc.boratodes. Additional information on the 

topics of study was obtained from materials published on the Delaware Basin 

and WIPP site. 

ERDA-6 and WlPP-12 field and laboratory data have been reviewed, reduced, and 

interpreted. A hypothesis explaining the characteristics and genesis of brine 

reservoirs in the Delaware Basin has been developed and substantiated. Though 

many data were considered, the focus of the studies is on recent data collect

ed from ERDA-6 and WIPP-12. 

During the testing activities conducted at ERDA-6 and WIPP-12, the New Mexico 

Environmental Evaluation Group observed portions of the tests and obtained a 
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small number of samples for lim! ted chemical <'lnalysis in the New ;,~ex! co Eureau 

of Mines laboratory at Socorro. The results of the State's studies have not 

been included in this report because the Environmental Evaluation Group is in 

the precess of publishing its Owll t-eports. T~1e results of the State's studies 

are not expected to conflict in any uay with the analyses and conclusions 

presented in this report, ~ecause their ~ork is a subset of the studies 

performed by the TSC. 

2.4 ORGANIZATION OF REPORT 

:-:1e r.::ain body of the report ts divided into four IJarts, .2ach ><ith a table of 

contents, tables, and figures. The final section of the report integrates and 

summarizes the findings. 

Part II, Geology, presents the regional seologic setting and history of the 

Delaware 3asin, and the WIPP site vicinity geology and history. In addition, 

features of note in the cored intervals are described and discussed in 

relation to the occurrence and genesis of brine reservoirs and deformation of 

the basin. 

Part III, Hydrology, describes the data obtained from reservoir testing at 

ERDA-5 and UIPP-12, and from the literature. It also includes a discussion of 

the methods used to evaluate t~e data and presents a hydrologic model of the 

reservoirs which includes degree of connectivity and esti~ates of reservoir 

volume. A discussion of the hydrologi~ evidence on brine reservoir forr~tion 

is included. 

Part IV, Chemistry, is a summary of the data obtained on the chemical and 

isotopic composition of the reservoir brine, gas, and rock. A detailed 

discussion of the significance of the chemical data is included and an 

hypothesis is developed and supported to explain the origin and history of the 

reservoir fluids. 
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Part V, Summary and Conclusions, is a synthesis of the conclusions reached in 

Parts II, III, and IV, and presents a description of the evolution of brine 

reservoirs in the basin and the potential impact that these reservoirs could 

have on the WIPP facility. 
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PART II - CEOLOGY 

1 .0 l~TRODUCTION AND SUHHARY 

The geology section presents the interpretation and analysis of geologic data 

acquired during WIPP-12 and ERDA-6 testing, and related information from other 

pressurized brine occurrences in the Castile Formation, deep boreholes 

penetrating the Castile, and pertinent published information. 

The geologic framework of southeastern New Mexico IS formed by the Delaware 

Rasin, the Central Basin Platform, Midland Ra~in, Capitan reef zone, 

Northwestern Shelf and Guadalupe Mountains. The WIPP site is located 1n the 

northeastern quadrant of the Delaware Easin, a structurally-do~n~arped basin 

of 12,000 square miles, approximately 90 miles from east to west and 150 miles 

north to south. The Delaware Basin is hounded on the north, west and 

southwest by the Capitan reef, an extensive basin-margin reef deposit. About 

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

complete record of Paleozoic sedimentation. The P~nnian strata are the 

thickest of these sediments and include a thick s~ction of evaporites that 

consist primarily of intercalated halite and anhydrite beds. The Castile and 

Salado formations comprise the major portion of this evaporite section. 

At WIPP-12 the Castile Formation is comprised of five rr:embers (in .:oscending 

order): Anhydrite I, Halite I, Anhydrite II, Halite II, and Anhydrite III. 

Halite I is somewhat thicker than the typical section in the b3sin. The 

anhydrite rock is microcrystalline and dense, with thin bedding laminae made 

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

Anhydrite III, Anhydrite II, and an anhydrite stringer within Halite II, which 

dip between 70° and vertical. The fracture at 3016 feet depth produced 

brine. No fractures were detected in the halite members. At ERDA-6, the 

Anhydrite III member is apparently missing, based on previous geologic 

interpretation (Jones, 198la). High-angle fractures are located in Anhydrite 

II which contain pressurized brine. 

G-1 



~------------------------

TME 3153 

Information on other brine occurrences was analyzed and compared with WIPP-12 

and ERDA-6 data to determine any basic patterns. ~rine occurrences are 

associated with a belt of deformation in the Castile that parallels the 

Capitan reef subcrop and underlies the WIPP site. The brines appear to be 

located in the uppermost Castile anhydrite unit present at each location. At 

WIPP-12, Anhydrite III produced brine; at ERDA-6 the ~rine 1s thought to be 

located in Anhydrite II. Rrine occurrences are associated 1n every known case 

with anticlinal structures of varying size within the belt of deformation. 

The cause of fracturing of the anhydrites 1n the Castile Formation is thought 

to be the result of salt movement 1n the intercalated halite units. Examina

tion of the anticlinal ~tructures at WIPP-12, E~DA-6, and several other 

reservoir locatior.s where data are available, shows that t;-;e halite units 1n 

the Castile vary in thic~ness. Thickening of the halite resulted from salt 

deformation, Initiation of deformation was caused by one of the following 

mechanisms: (1) gravity foundering of anhydrite; (2) tilting of the basin due 

to tectonic stresses which led to ~ravity sliding of the salt: (3) dissolution 

mechanisms; or (4) fluid generated by gypsum dehydration to anhydrite. The 

age of deformation is subject to discussion, but can be widely bracketed 

between late Miocene and Pleistocene time. The defonr.ations appear to have 

created extensional fractures in the anhydrite overlying the halite at WIPP-12 

and ERDA-6. Interstitial fluids were probably present in the Castile and 

migrated to the developing fractures due to differential pressure. 

Geologic evidence alone cannot reveal the source of the fluids. However, 

there is no evidence of dissolution of evaporites by undersaturated fluids, 

which suggests that the brines are not of meteoric origin. 

2 .0 PURPOSE .AJ-m SCOPE OF STUDY 

The purpose of the geologic portion of this study was to investigate the 

geology of the Castile Formation near the WIPP site in terms of its signifi

cance to pressurized brine occurrences. The following issues or areas of 

interest were addressed: 
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• Detailed geologic d~~cription of the Castile Forma
tion, i~ the vicinity of WIPP. 

• The relationship between structure/stratigraphy and 
reservoir occurrence. 

• The mode of origin and timing of reservoir formation. 

• The origin of brine present in the reservoir. 

TXE 3153 

To address these items, WIPP-12 was re-entered and ~eepened into the bssal 

member of the Castile by c0ring. The geologic investigation included: 

• Logging of recovered core. 

• Analysis of geophysical logs run 1n the borehole. 

• Determination of the nature and intensity of defonna
tion at WIPP-12, based un microstructures observed in 
core and other evidence of disturbance. 

• veterminat1on of orientation of deformation struc
tures in oriented core intervals. 

The related geologic investigations undertaken at ERDA-6 were limited because 

a complete data report on the ERDA-6 geology was issued in 1931 (Jones, 

l98la). The investigations for the current program included: 

• Logging of recovered core through the previously 
plugged interval. 

• Logging of about 150 feet of drill cuttings samples. 

In addition to ERDA-6 and WIPP-l2 data, available data on deep boreholes 

penetrating the Castile which encountered pressurized brine were assembled and 

analyzed, as well as any data on deep boreholes not encountering brine. 

Numerous published reports and scientific literature concerning \.JIPP, the 

Castile Formation, and brine reservoir development were consulted. 
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3.0 GEOLOGY OF THE DELAWARE ~ASIN 

Following is a precis of numerous previous investigations of the regional 

geology in the \.JIPP vicinity. The area has attracted much geologic study not 

only because of WIPP siting considerations, ~ut also oil, gas, and potash 

resources, and a thick, well-preserved evaporite sequence. This geologic 

overvtew is provided here as a framework within which the site-specific 

geologic investigations are better understood. 

3.1 REGIONAL GEOLOGIC AND PHYSIOGRAPHIC SETTING 

The WIPP site is located in Eddy County, ~ew Mexico, about 3n miles southeast 

of the city of Carls1Jad. The site is .,,ithin the Pec0s Valley subdivision of 

the southern Great Plains physiographic province. The Pecos Valley is flanked 

to the west by the Guadalupe and nelgware Mountains w~ich are within the Basin 

a,d ~ange physiographic province. To the east lies the relatively flat and 

undissected High Plains of the Great Plains ?hysiographic province, kGown in 

southeastern ~ew Mexico as the Llano Estacada. The significant topographic 

features are formed by the mountainous terrain to the west, the Pecos River 

Valley, and scattered swales and sinks, formed by dissolution of soluble 

strata underlying the area (Powers et al., 1978). 

The 6eologic framework of the reg1on 1s fanned by the Delaware Basin, the 

Central Basin Platform, Midland Rasin, Capitan reef zone, ~orthwest Shelf, and 

Guadalupe Mountains. The WIPP site is located in the northeastern quadrant of 

the Delaware Basin (Figure G-1), a structurally-downwarped ~asin of 12,000 

square miles approximately 90 miles from east to west and 150 miles north to 

south. The Delaware Basin forms a part of the much larger Permian Basin. 

During its development, the Permian Basin was split into several subbasins, 

two of which are the Delaware Basin and the Midland Basin to the east, which 

is similar to the Delaware Basin but shallower. They are separated by the 

Central Basin Platform, an uplifted horst block bounded by faults. 

The Delaware Basin 1s bounded on the north, west, and southwest by the Capitan 

reef, an extensive basin-margin reef deposit. The reef crops out and forms an 
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escarpment to the west of Carlsbad; this escarpment f~rms the eastern boundary 

of the Guadalupe Mountains. Behind the reef to the northwest of the Delaware 

Basin is the Northwest Shelf 1rea, und~rlain by flat-lying rock strata 

deposited in shallow water (~ing, 1942). The Northwest Shelf is considered 

part of the Permian Basin, but ~as an area which did not undergo subsidence 

like the Delaware Basin. 

Other structural features which played a role tn the development of the 

nelaware Basin are the Ruapache, Bone Spring, and Victoria flexures (Figure 

G-1). These features are related to the deformation which accompanied the 

rapid subsidence of the Delaware Basin (King, 1942). All of the elements 

which comprise the geologic framework will be discussed in greater detail 1n 

the following three sections. 

3.2 REGIONAL STRATIGRAPHY 

The Delaware Basin historically has been an important oil-producing area, as 

well as an important source of potash. The stratigraphy of the basin is 

therefore well docum~nted in numerous published reports as well as un?ublished 

oil exploration drilling data. Briefly summarized, about 18,000 feet of 

sediments are present in the Delaware Basin. A nearly complete record of 

Paleozoic sedimentation has been preserved (with the exception of Cambrian 

strata). In particular, the Permian evaporite sequence 1s one of the thickest 

and best preserved in the country. Figure G-2 is a re~ional east-west cress 

section across the Delaware and Midland basins, showing the thickness, extent, 

and continuity of the various rock strata. The Permian Age was obviously the 

dominant interval of deposition, indicated by comparison of thickness of 

Permian and Pre-Permian strata. The Mesozoic and Cenozoic eras are poorly 

represented, because erosion has removed most Xesozoic strata, and deposi

tional activity was very limited during Tertiary and nuaternary periods. 

Figure G-3 is a stratigraphic column of rock units underlying the WIPP site, 

describing in more detail the age, thickness, and characteristics of each 

stratigraphic unit shown in Figure G-2. The formations of primary interest to 
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the WIPP project are the Castile anrl Salado formations of Ochoan Age (upper 

Permian). The Salado F':)cmation, comprised pcimari ly of bedded salt, is the 

stratum proposed for waste disposal. The Castile, underlying the Salado, IS 

comprised of anhydrite \¥ith interherlcled halite and is the reservoir rock 

containing pressurized brine e~countered in several wells in the northern 

0elaware R3sin. The Castile Formation is of primary interest ctnrl was investi

gated tn detail in relation to hrine occurrences. Figure ~-4 is a simplified 

cross section of the Castile Formatic)n in the Dela•,¥are Rasin, showing the 

relati . .:mship of the halite c;nd anhyrlrite •Jnits from north to south. 

3. 3 REG IONAJ" AND LPCAL STRUCTURES 

~egional Structures 

The large-scale tectonic features which farm the structural fr;rnework of the 

region include the Delaware R~sin, Central B3sin Platform, Capitan reef, 

~orthwest Shelf area, and several monoclinal flexures, all of which developed 

from Late Pennsylvanian to Early Permian time. The Guadalupe and Delaware 

Mountains and regional tilting of the region were developed during middle to 

late Tertiary time. The follO\~ing are brief summary descriptions of the major 

structural elements. 

Delaware Basin - As descri~ed earlier, the Delaware Rasin ts a structural 

downwarped basin encomp3sstng southeastern New Mexico and western Texas. The 

b.:1sin is oval and slightly asymmetrical ,.,.ith a northerly trend and south•.¥ard 

plunge (Powers et al., 197R). The Delaware ~asin is the area of maximum 

subsidence of the larger Permian Basin, ~ith more than 20,000 feet of struc

tural relief (Powers et al., 197R) and contains the thickest sequence of 

Permian strata in the Permian Rasin. 

Faults and flexures developed in the Delaware Basin as a result of rapid basin 

subsidence in late Pennsylvanian - Early Permian time. These include the 

faults bounding the Central Rasin Platform, and several monoclinal flexures 

including the Bone Spring and Buapache monoclines, which in part determined 

the configuration of the Delaware Basin. 
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Central Basin Platform- The Central Basin Platform is a subsurface structural 

feature that separates the Delaware and Midland Basins (Figure G-1). It may 

represent a structurally '"''eak zone which under~"'ent r:~ovement from Precambrian 

through early Permian tiille (Powers et al., 1978). According to Adams 0965), 

the uplift of the platform was necessary to c.o:npensate for compressional 

stresses generated by rapid, de.ep s•Jbsidence in the ad.iacent basins. The 

faults bounding the platform trend north to northwest, and predate the Permian 

evaporite deposits of the Delaware and Midland basins. ~aximurn structural 

relief bet-.·een the Platf.:>rm arrd the Dela<..;are Basin is ahout 9000 feet and is 

fairly uniform from north to south (Powers et al., 1978). Because of rnove

r:Jents of the Central Basin Platform from Precambrian through ?ennsylvanian 

time, it exhibits a greater degree of structural disturbance, such as folding 

.:.nd faulting, than do adjacent basinal areas. The Platform has been rela

tively stable tectonically since early Permian time (Powers et al., 1978); 

minor lo~ magnitude seismic activity has been recorded historically in tne 

vicinity, but is generally attributed to hydrocarbon extraction activities in 

the area (Powers et al., 1978). 

Capitan Reef Zvne - Growth of the Capitan reef, and its predecessor, the Goat 

Seep reef, appears to have been controlled by fl~xures near the margins of the 

Delaware Basin (King, 1942). ~eef growth during middle and upper Guadalupe 

time initiated on sloping sea floor overlying the flexures, at the transition 

between the shallow shelf area and the deeper, subsiding basin area. Accord

ing to King (1942), the Goat Seep limestone reef is approximately 1200 feet 

thick, and the Capitan reef approximately 1800 to 2500 feet thick. Both of 

these reefs overlie an even older reef deposit (Abo reef) of Leonardian (early 

Permian) time, probably also controlled by the same flexures. 

Erosion and Cenozoic uplift have acted to exhume the Capitan reef along the 

eastern edge of the Guadalupe Mountains k'here it forms an escarpment. The 

Castile Formation crops out adjacent to the escarpment. The Capitan reef 

outcrop disappears below Salado and younger sediments in the vicinity of 
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Carlsbad, continuing to subcrao in a horseshoe shape around the northern and 

eastern limits of the Castile Formation (Figure G-1). 

~0rthwestern Shelf Area - This structural area extends northward and north

~estward of the Delaware 3asin. Some investigators consider the Capitan reef 

the ele1nent which divides the Nort~n;estern Shelf from the Deh1.;are 5asin 

(Brokaw et al., 1972), while others argue that the Delaware Basin extends some 

distance into the back reef area (Powers et al., 1978). The shelf ~as in 

existence prior to Permian time, based on the rocks present. It probably 

formed the shelf margin of t~1e early Tobosa sag, or Pe~ian Basin (Powers et 

al., 1978). The shelf area exhi\:lits many small flexures, folds, dod domes, 

some of which may be related to the large basin-margin flexures such as the 

~one Spring rnanocline discuss~d below. 

Flexures - Near the western margin of the Delaware Basin, several structural 

flexures or monoclines are present v1hich appear to have fonned in response to 

rapid subsidence of the Delaware Basin (King, 19~2). Two easily-identified 

features are the Bone Spring and Huapache monoclines, The Bone Spring 

directly underlies the Capitan r~ef escarpment, just south of the New Mexico -

Texas border. The Huapache flexure is southwest of Carlsbad, along the 

eastern edge of the Guadalupe Mountains. Both features reflect similar 

flexures in the Precambrian basement, and may indicate historical zones of 

weakness dating from the Precambrian (King, 1942). Although the Huapache 

structure has the configuration of a monocline at the surface, evidence 

indicates that it overlies a thrust fault or series of faults in the Paleozoic 

section, thus representing draping of sediments over a fault zone (Powers et 

al., 1978). The fault zone was active up to Leonardian time in the Permian. 

Subsequent deposition over the fault zone produced the low eastward-dipping 

flexure configuration ranging from 0.5 to 2.5 miles in width. The Bone Spring 

and other similar flexures probably have a similar history (King, 1942). 
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GuadAlupe-Delaware Mountains Uplift -The Guadalupe-Delaware Uplift is a fault 

block dipping gently northeastward, extending from Van Horn, Texas northwest

~.~ard for about 110 miles. In New :·1exico, the ·,.,estern boundary of the uplift 

1s a great fault scarp produced by a system of nearly~ echelon normal faults 

with displacements ranging from 2000 to 4000 feet (Powers et al., 1978). The 

eastern margin conforms to the Huapache Monocline, Bone Spring Monocline, and 

Capitan Reef Escarpment, discussed above. In cross section, the mountains 

exhibit an asymmetric profile tvith the fault scarp forming the steep western 

slope and the eastern slope dipping gently eastward at about 3 degrees. 

Structurally, the fault block is part of the Northwest Shelf, and it lies 

within the Basin and Range physiographic prov1nce. Faulting occurred during 

late Cenozoic time as a result of Sasin and Range tectonic activity. 

Regional Tilting - At least three episodes of gentle regional tilting have 

taken place in the nelaware Rasin. The area ~.·as elevated and tilted slightly 

to the northeast during very early Tertiary time, during the Ldramide Revolu

tion which initiated mountain building in other parts of the Rocky Mountain 

Region. Minor igneous activity occurred in the Oligocene, producing the dike 

swarms observed in the northwestern Delaware Basin. Gentle tilting to the 

southeast occurred during late Tertiary (Pliocene) time, concurrent with basin 

and range activity to the west of the Delaware Basin. At this time, the 

?errnian evaporites 1n the western part of the basin were elevated and exposed 

to eros1on. During late Pliocene and early Pleistocene time, the main stage 

of uplift and faulting of the Guadalupe Mountains took place, which again may 

have contributed to minor gentle tilting of the basin to the southeast. 

Local Structures 

The preceding section focused on the major structural elements which form the 

tectonic framework of the Delaware Basin. On a smaller scale, structures tn 

the vicinity of the WIPP site are associated with the origin and development 

of the Delaware Basin. The following discussion, taken primarily from Powers 

et al, (1978), briefly summarizes the types of local structures in the 

vicinity of WIPP. 
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Structure in Pre-Evaporite Rocks - Pre-Permian strata underlying the WIPP site 

~ave a regional dip of about 100 to 150 feet per mile (1 to 2 degrees) to the 

southeast reflecting the Delaware Basin downwarp. Minor faulting ar.d warping 

is superimposed on this regional structural dip. The small faults tend to 

have a north-northeast trend, roughly parallel to regional strike, and are 

generally upthrown on the east. In Devonian strata, these small faults have 

~isplacements of up to 400 feet. Small arch-like swells are spaced several 

miles apart with amplitudes of several hundred feet and general east-west 

trends. These small-scale features are proba5ly the result of basinal adjust-

2ent during late Pennsylvanian and early Permian time which accompanied the 

uplift of the Central Basin Platform. T~e subdued east-west-trending arches 

C<j)parer!tly s~rve as reservoirs for gas produced from the >brrcw Formation of 

P2nnsylvanian age. Small-scale structures in the Permian Delaware Mountain 

Group, a~out 9500 feet above the Morrow, do not show correlation with pre

Permian f 2atures. \.Jarping is more stJbdued; small offsets of lo::ss than 50 feet 

are discontinuous and trand northwest. These small features, ;.mrelated to 

underlying strata, probably formed in response to the very rapid accumulation 

of massive aoounts of sediment during the Permian, which undoubtedly underwent 

differential subsidence, gravity creep, and other minor diagenetic adjust

ments. 

Structure in Permian Ochcan Series - The Ochoan strata show a relatively 

uniform dip of oue degree or less to the southeast, ·.Jhich is less than the dip 

of the underlying pra-Permian strata. Local variations in the regional dip of 

Ochoan strata have been observed in the underground excavations at the WIPP 

site (GFDR No. 7, 1983). Superimposed on the regional dip are areas of 

deformation attributable to mass migration or flow of salt. North and east of 

the w1PP site and ir:n:nediately adjacent to the buried Capitan reef front, the 

Castile and the underlying Delaware Mountain Group are depressed into a 

structural trough paralleling the base of the reef and plunging southeast

ward. The most intense deformation in the Castile is related to this trough; 

intraformational "folding" or deformation appears to be best developed in a 

northwest-trending belt about 4 to 5 miles wide which coincides in trend and 

extent with the trough. All Castile members with the possible exception 
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of Anhyd~ite I have been involved in the defo~mation. Several large salt 

"anticlines 11 •)r antif·Jr::nal str•1ctures have been recognized in the vicinity of 

the WI?P site on the basis of deep borehole data and surface seismic reflec

tion data. The ERDA-6 borehole penetrates the crest of a large structure 

about ten miles long and three miles wide in which the Ralite I meMber has 

apparently thickened from a normal 300 feet to over 1200 feet (Powers et al., 

tcl78). Another similar structure is located about q miles southeast of ERDA-

6, delineated by several deep oil exploration boreholes. A smaller similar 

structure was penetrated by borehole WIPP-12. Many investigators working in 

the area have noted these deformations in the Castile, and cbserved that the 

overlying Salado is also affected to a much lesser degree, as indicated by 

some ~'arping. The defocnation has been recognized through the use of deep 

~orehole data, &s well as seismic reflection data gathered during characteri

zation of the WIPP site. These structures will be discussed in greater detail 

in later sections, tn terms of the relationship of the structures to brine 

occurrences, the mode of formation, and time of formation. 

3.4 SL~~RY OF GEOLOGIC HISTORY 

The present configuration of the Delaware Basin was developed during Pennsyl

·;anian time. The large Tobosa sag (also called the Permian Basin), in which 

sediments had accumulated from Ordovician through Mississippian time, was 

split by the rise of the Central Basin Pl3tform; this ;nedian uplift c::-eated 

the Delaware Basin to the west and the Midland Basin to the east (Adams, 1965; 

King, 1942). During the early and middle Permian, the shelving ~argins of the 

rapidly subsiding basins were sites of extensive carbonate reef growth. The 

reefs eventually ringed much of the Delaware Basin, creating a nearly 

restricted, deep basin. 

During early and middle Permian time, the basin became evaporitic and the 

Castile Formation (and overlying evaporites) was deposited. The depth of the 

basin during this period has been variously estimated to have been between 

1000 and 2300 feet, with water depth ranging from several hundred to several 

thousand feet (Adams, 1944; Schmalz, 1969; King, 1947). Dean (1967, p. l30) 
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suggests that deposition in the Delaware Basin during Castile time proceeded 

slightly faster than subsidence, so that at the end of Castile tim~, the basin 

was filled. The uppermost portion of the Castile includes a thin tongue of 

!nagnesitic 2.nhydrite, locally know-n as the Fletcher anhydrite, which was 

deposited over the Capitan reef and the North~est Shelf area at the close of 

Castile time (Brokaw et al., 1972, p. 33; Adams, 1965, p. 2148). As a result 

of slight sagging and consequent rise in sea level following deposition of the 

Pletcher, deposition of evaporites conti~ued a~d c~eated the Salado Formation, 

which covers a much larger area than that occupied by the Castile Formation. 

The mineralogic composition of the Castile is believed to have resulted from 

deposition in a basin nearly enclosed by the Capitan reef. King (1947) pro-

?~sed the ''reflux" theory to explain the fact that th2 Castile contains a 

greater volume of anhydrite than halite, when the volume ratio of halite to 

anhydrite components is 30 to 1 in saa water. In a typical evaporative 

sequence, calcium carbonate precipitates when sea water is evaporated to one

half the original volume; calciu~ sulfate is precipitated when the volume 

reaches about one-fifth of the original, followed by halite at about one-tenth 

of the original volume. To account for thick sequences of anhydrite, King 

(1947) proposed that the Delaware Basin was connected to the open sea by a 

shallow barred channel, sometimes referred to as the Hovey Channel (King, 

1942, p. 665), in the southwest portion of the basin. New sea water was sup

plied by flow over the shallow bar through the channel to replenish water lost 

to evaporation. As evaporation proceeded and density of the water increased, 

the dense brine would sink below wave base. The heaviest brines enriched in 

sodium and chloride would, according to King (1947), reflux or percolate 

through the permeable bar back to the sea, maintaining the conditions neces

sary to precipitate calcium sulfate. Halite units within the Castile were 

precipitated subsequently in response to an increase in evaporation rates. 

Short-term fluctuations in salinity would result in fine laminations of dif

ferent salts, such as those observed in the Castile (Dean, 1967), It has been 

suggested (Borchert and Huir, 1964; Udden, 1924; Anderson and Kirkland, 1966; 

Adams, 1944) that these l3minations, or varves, of interlaminated anhydrite 
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and calcite with varying amounts of organic 8atter represent yearly deposi

tional cycles during which the carbonates and organics accumulated during the 

;;~"i.nter months. 

A point of considerable debate is whether the calcium sulfate of the Castile 

~as deposited originally as anhydrite or gypsum. The predominance of gypsum 

in recent evaporite deposits tends to support the interpretation that most of 

the anhydrite in ancient deposits probably formed by recrystallization of 

pri~ary gypsum (Dean, 1967). Experimental ther~ochemical and solubility data 

indicate that primary precipitation of anhydrite is entirely possible in the 

laboratory at normal ~asinal temperatures and pressures, depending on concen

trations of other salts (Posnjak, 1940), or on the presence of organic 

~ompounds (Cody and Hull, 1980). Anhydrite has been observed as a recent 

primary precipitate in a few locations (~ins8an, 1966). Some investigators 

feel that the anhydrite of the Delaware Basin Castile Formation is primary 

(King, 1947; Dean 1967; Dean and Anderson, 1982), since evidence is limited 

for wide-scale conversion of gypsum to anhydrite. 

Since the end of Permian time, the Delaware Basin has been relatively quies

cent in terms of sedi~ent accumulation and tectonic activity. During most of 

the Triassic the area was emergent; a thin blanket of sediments was deposited 

during late Triassic time (the Dockum Group) (Powers et al., 1978). During 

this period of emergence, some solution of soluble Permian rocks rr.ay have 

taken place. During Jurassic time, the area ·..:as uplifted slightly, with 

continuing erosion and solution of Permian formations (Powers et al., 1978; 

Bachman, 1980). Some sedimentation took place in the area during middle 

Cretaceous time. 

During early Tertiary time, the Laramide orogeny created the Rocky Mountains, 

but this cycle of uplift seemingly had little impact on the Delaware Basin 

area. The region of southeastern New Mexico was elevated and tilted slightly 

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

minor flexing and folding in the Gaudalupe Mountains. The rocks deposited 
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duriDg middle Cretaceous time were stripped off, and erosion of Triassic 

strata and solution of Permian evaporites continued. In late Tertiary, gentle 

11plift and tilting occurred again, creating an east-southeast regional dip 

throughout the basin. ~he Permian strata in the western part of the Delaware 

Easin were elevated as the \.;restern escarpment of the Guadalupe :·:ountains was 

uplifted due to basin and range activity, facilitating erosion, dissolution, 

and subsidence in the evaporites to the west of the Pecos River. The Ogallala 

Formation was deposited over ~ost of the region during Xiocene time, forming 

the High Plains surface (Powers et al., 1978). The main uplift and faulting 

of the Guadalupe Mountains occurred in late Pliocene to early Pleistocene 

time. 

Since the beginning of middle Pleistocene time, erosion has been dominant in 

the Delaware 3asin area. Most of the Ogallala s2diments were removed, and 

solution subsidence features, such as Nash Draw and San Simon Swale, were 

establis~ed. The Gatuna Formation present in the vicinity of the WIPP site 

represents a valley-filling deposit consisting of coarse de~ris, possibly the 

remains of 2rosion of the Ogallala. The Mescalero caliche for~ed during this 

period. In conclusion, the Dela,.<iare Basin area has been remarkably stable in 

terms of tectonic disturbance since deposition of the Permian sediments. 

4.0 GEOLOGIC ISSUES RELATED TO BRil'I"E OCCFRRENCES 

As described in Section 2.0, the geologic issues important to an understanding 

of the brine occurrences are: 

• Characterization of the Castile Formation 

• The relationship between brine occurrences and 
geology 

• The origin of the brine reservoirs. 

• The origin of the fluids in the reservoirs. 

The following major sections explore each of these issues in detail. 
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4,1.1 Investigative Methods 
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Characteristics of the Castile '¥ere detettnined in bot~ ERDA-6 and WI?P-12 from 

examination of rock core obtained during drilling. ERDA-6 was drilled 

originally in the summer of 1975 to a depth of approximately 2775 feet and 

partiatly plugged after brine was ~ncouotered (Jones, 1981~). SRDA-6 was re

entered during this study and the cement plug and surrounding rock were cored 

to the previous total depth and the well was reopened to the brine reservo1r. 

WIPP-12 ~as drilled initially in 1978 to a depth of about 2775 feet, just 

~elow the top of the Castile Formation. During the present investigation, the 

well was re-entered and deepened to about 3925 feet into the top of the 

Anhydrite I member of the Castile. 

The core obtained from both wells was logged by visual examination, and a 

lithologic description was prepared. This lithologic de~cription and the 

details of coring are presented in the Data File Report issued by D'Appolonia 

in February 1982 (D'Appolonia, 1982). 

Samples of the WIPP-12 and ERDA-6 core were selected for further testing, 

including microscopic analysis (petrography), X-ray diffraction, scann1ng 

electron microscopy, energy-dispersive X-ray spectroscopy, and isotopic 

analysis. This further testing was undertaken to determine: 

• Elemental and mineralogic composition of selected 
zones of interest. 

• Extent of brine-rock interactions 1n the fractured 
zones. 

• Evidence of the presence of fluids in the rock during 
rock diagenesis and reservoir formation. 
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Limitations 

~J,ost ·.)f the infor.n.ation presented, including hydrologic and geochemical •lata, 

is based on two 3-inch dritl ::oles locatd approximately.+ miles apart. ;....'hile 

t~e ass~..:.mpti,:>n has t>een made t~at the c!-',aracteristics of the host rock 

exhibited in WI?P-12 and ERDA-6 are representative of the Castile throughout 

the areal extent of the brine reservoirs, in reality the cores are specific 

only to the hole locations. Variations in stratigraphy and lithology are 

p~esent elsewhere due to structure and slight variations in depositional 

environment. The results and interpretations presented in this report should 

~e considered in this context. 

~.1.2 Stratigraphy of the Castile Formation at the WIPP Site 

:~en WIPP-12 was originally drilled in 1978, about 50 feet of the top member 

of the Castile Formation were penetrated. For this investigation, the well 

was deepened into t~e Castile, and bottomed about 25 feet below the top of the 

basal member of the formation. Referring to Figure G-5, the stratigraphic 

units intercepted in WIPP-12 are (in descending order) Anhydrite III (or 

Anhydrite III-IV), Halite II, Anhydrite II, Halite I, and Anhydrite I. The 

following short table presents depth below ground surface, elevation relative 

to sea level, and thickness of each stratigraphic member at WIPP-12, with the 

2xception of Anhydrite I, which w.ss not fully penetrated. The Halite I member 

is thickened, probably due to salt flow which is discussed in a later section; 

the typical thickness of Halite I in areas not affected by deformation is 

about 315 feet (personal communication, R. P. Snyder, 1982). T~e members 

overlying Halite I are consistent with typical regional thicknesses. 

~1ember Drilled Interval (Ft.) Elevation (Ft.) Thickness (Ft.) 

,;.nhyd rite III-IV 2 725.3 - 3053.9 746.2 - 417.6 328.6 

Halite II 3053.9 - 3281.8 417.6 - 189.7 227.9 

Anhydrite II 3281.8 - 3391.0 189.7 - 80.5 l09.2 

Halite I 339l.O - 3901.6 80.5 - -430 .1 510.6 

Anhydrite I 3901.6 - 3925 (T.D.) -430. 1 - ? ? 
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ERDA-6 ~,ras originally drilled in the summer of 1975, and about 42 feet of the 

assumed Halite I member of the Castile were penetrated. Juring t~e present 

Lwestigation, ERDA-6 was reopened and drilling did not proceed d.::eper than 

the 1975 investigation. Because of deformation in the vicinity of ERDA-6, the 

Anhydrite III ~ember is presumed to be missing from the section. 3oth Jcr.es 

(198la) and Anderson and Powers (1978) interpret the anhydrite intercepted in 

the borehole as Anhydrite II, based on correlation of lithology with that of 

~earby boreholes. The intense deformation observed in the core supports the 

conclusion that thi~kening and uplift of underlying halite has created 

~xtension and separation of Anhydrite III, so that it is not present at the 

ER.DA-6 location. ?ossible -:nechanisms for this deformation are discussed in 

Secticn 4.3. 1owever, the possi~ility exists that the anhydrite unit 

encountered during drilling is Anhydrite III. Drilling of WI?P-12 revealed 

that Anhydrite III exhibits bedding laminae previously thought to be present 

only in the lower anhydrites. Since the ERDA-6 anhydrite is also laminated, 

its stratigraphic identity cannot be readily determined. For this report, the 

interpretation of Jones (198la) and Anderson and Powers (1978) is accepted 

pending definitive borehole data from the ERDA-6 vicinity. 

The following table relates stratigraphic depth of the Castile seobers present 

in ERDA-6 (from Jones, l98la), as seen in Figure G-5. 

:1ember Depth Interval (Ft.) Elevation (Ft.) Thickness (Ft.) 

Anhydrite III t.fissing 

Halite II 2400.5 - 2555.1 1139.7 - 985.1 154.6 

Anhydrite II 2555.1 - 2732.5 985.1 - 807.7 177.4 

Halite I 2732.5 - 2775 (T.D.) 807.7 - ? ? 

Figure G-6 is a fence diagram of the WIPP site and vicinity, showing the 

stratigraphic relationships anong WIPP-12, ERDA-6, and other nearby boreholes, 

including the WIPP exploratory shaft, as interpreted for this report. This 

repre.sentation shows the relative continuity of the Castile members within an 

approximate 4-mile radius of the center of the WIPP site. Variations in 
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thickness of the Castile members within this radius are evident from the 

figure. Outside this radius, and approaching the Capitan reef, the Castile 

Formation begins to exhibit ~vidence of significant deformation, an example of 

·..vhich can be seen in the correlation b~tween the ERDA-6 and AEC-7 \:>)reholes. 

The structures shown in Figure G-6 are interpretations based on geophysical 

logs, surface seismic data, available structure contour ~aps, and literature 

review. The structures, along with their possible modes of origin, are 

discussed in Sections 4.2 and 4.3. 

~.1 .3 Lithology and Texture- WlPP-12 

The foll·:.wing is a summary description of the lithology and texture of the 

Castile Formation core recovered fcom WIPP-12, augmented with i;1tc:r;::.retation. 

Anhydrite - The anhydrite observed 1n the WIPP-12 core is dense and micro

crystalline, ranging in color from light gray (N7)(l) through ~edium-light 
gray (N6) light bluish-gray (5B 7/1), medium gray (NS), to dark ~ray (N3) and 

olive-black (5Y 2/1) in the Anhydrite II member. The anhydrite is translucent 

with a vitreous luster. Petrographic examination of the anhydrite reveals 

several crystal forms, ranging from very fine-grained granular to large blocky 

lath-shaped crystals to long acicular crystals. These acicular ccystals are 

sometimes found in radiating groups with sweeping extinction. The acicular 

anhydrite crystals may be pseudomorphs of anhydrite after gypsum, since tHey 

resemble the crystal fot~ of gypsum. Also, 0ther criteria for identifying 

gypsum pseudomorphs are the observation of remnant gypsum cleavage parallel to 

the long crystal axis, and radiating clusters of acicular crystals, a common 

growth habit of gypsum. Possible pseudomorphs were observed near the base of 

Anhydrite III, in anhydrite stringers within Halite II, at the base of 

Anhydrite II, and in Anhydrite I. An example of a possible pseudomocph group 

is shown in Figure C-18, in the Chemistry section. Although this suggests 

primary precipitation of gypsum, the criteria described a~ove are sub-

(!)Color designations taken from Geological Society of A~erica Rock-Color 
Chart, and used here for consistency of description. 
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jective. The acicular gro•,..th habit could also be the result of pnmary 

anhydrite precipitation, possibly due to rapid crystal growth. 

Some anhydrite crystals show weak pleochroism which is not characteristic of 

the mineral. Because pleochroism is differential absorption of transmitted 

light in different crystallographic directions, pleochroic anhydrite probably 

possesses a slight structural defect which creates unequal absorption. This 

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

metals which deform the lattice slightly (Stoiber and Horse, 1972, p. 202). 

~icroprobe analysis would he necessary to detect foreign cations in the 

anhydrite crystals. Lattice defects as described above may have been 

compounded due to strain caused by post-depositional 8ove~ents or tectonic 

stresses during crystallization or recrystallization, but this is purely 

speculative. 

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

carbonates found in the bedding laminae are discussed below. Quartz was 

identified in the vicinity of the contact between Halite II and Anhydrite II, 

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

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

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

rich in magnesium. 

The core damcnstrates some textures often noted 1n anhydrite such as mosaic or 

"chicken-wire" texture (Riley and Byrne, 1961). The mosaic effect is created 

by small masses of anhydrite separated by thin stringers of dark organic (?) 

material. This texture is most apparent between 2818 and 2830 feet (depth 

below ground s•Jrface). Another texture noted in \o/IPP-12 resembles flocculent 

texture (Riley and Byrne 1961), in which irregular feathery masses of yellow

ish-gray (5Y 7/2) to light olive-gray (5Y 5/2) anhydrite float in the matrix 

of gray anhydrite. This texture is common between 2830 and 2940 feet. 
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The most notable textural feature in the anhydrite, other than the fractures 

discussed in Section 4.1.4, is the layering formed by very thin bedding 

laminae, probably a result of minor, short-term salinity variations during 

deposition (Section 3.4). The laminae range from white (~9) to yellowish-gray 

(SY 7/2) to dusky yellowish-brown (10 YR 2/2) to dark yellowish-brown (lOYR 

4/2) and range from less than 0.03 inch to 0.5 inch thick. The laminae are 

composed primarily of calcium and magnesium carbonate, with minor amounts of 

clays and organic material. The carbonate is usually extremely fine grained 

tn the form of wispy lamellae dispersed around anhydrite crystals. Dolomite 

ts found in laminae adjacent to anhydrite/halite CJntacts; its abundance 

decreases away from the contacts and calcite becomes the dominant carbonate 

(?art IV, Chemistry, T~ble C-11). For example, Sample l8A was taken about 12 

inches above the Anhydrite II/Halite I contact; x-ray dgta show that all the 

carb•)nate is calcite. Sample 18'0, ta'«.en about 1 inch above the c~)ntact, 

contains roughly 2qual 2mounts of calcite and dolomite. Samples from the mid

parts of anhydrite units have laminar material of predominantly calcite with 

trace amounts of dolomite. Adams (1944), as well as Kirkland and Anderson 

(1970), report that the carbonate material is calcite, based on examination of 

cores from other parts of the basin. However, petrographic examination of 

both ERDA-6 and WIPP-12 core, as well as X-ray dtffraction data and scanning 

electron microscopy, indicate that some of the material within the dark 

laminae is clearly dolomite, particularly in the vicinity of halite con

tacts. The presence of dolomite as opposed to calcite may be related to the 

chemical •.::omposition of the brine and its interaction with the rock (see Part 

IV, Chemistry, Sections 3.3.2 and 5.1.2.). 

Anhydrite Microstructure - There are noticeable variations 1n the appearance 

of the laminae with depth. Throughout the anhydrite section (as noted belo·;o~), 

the ldminae locally exhibit evidence of deformation referred to here as 

"microstructure11
• Hicrostructure is used here to describe small folds and 

crenulations with amplitudes generally ranging from less than one inch to 

about one foot. The term microstructure was chosen to distinguish small-scale 

deformation features from the macrostructures or salt-cored antiforms in the 

Castile as described in Section 3.3. 
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The bedding laminae ar~ indistinct 2nd generally ill-defined in the upper 

?Ortion of Anhydrite III. Below 2940 feet, thin bedding laminae become 

apparent, snd were noted in groups of several laminae, spaced about one inch 

apart. Selow 2943 feet, bedding laminae appear to be a result of cycles of 

deposition and are spaced quite regularly 1/2 inch apart. The laminae are 1n 

some cases slightly undulatory and slightly inclined from the horizontal. 

Below 3000 feet, some small microfolds are observed in the bedding laminae; 

these small defomations become r.~ore apparent with depth, particularly below 

3030 feet. Three feet above the contact with Halite II, the bedding laminae 

~ecome more steeply inclined until, at the contact, they are dipping about 30° 

from the horizontal (parallel to the contact). 

In contrast, the Anhydrite II member exhibits thin bedding la'ilinae throughout, 

generally consisteat in appearance. Anhydrite II shows the m0st abundant 

~vidence of microfolding of bedding, the small folds generally h3ving an 

amplitude of less than 0.25 inch. In some cases these microfolds are very 

r~gular and sy~metrical in appearance, ~bile in others, such as at a depth of 

3302 feet, the laminae appear irregularly contorted, resembling flow struc

tures. The microfolding is disharmonic, meaning that adjacent layers show 

varying fold amplitudes. Figure G-7 shows a typical example of microfolding 

style in Anhydrite II. 

T~e Anhydrite I member is similar to Anhydrite III ~n that t'he bedding laminae 

are very irregular and poorly defined in the upper part of the unit. From the 

contact of Anhydrite I with Halite I at 3902 feet to 3918 feet, the laminae 

vary from 0.25 inch to less than 0.04 inch in thickness, and are spaced from 

0.13 to 2 inches apart. The laminae are undulatory and do not show uniform 

thickness, and in some cases are microfolded. However, below 3918 feet, the 

laminae are parallel, spaced regularly at 0.06 inch apart with no indication 

of deformation or folding. 
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Several explanations have been offered by various investigators to explain the 

origin of the microstructures in the Castile Formation. The excellent 

preservation of the laminae and accompanying microfolds suggests stagnant deep 

~ater, and appears to preclude strong currents or wave action. For example, 

current or wave action should have produced recognizable ripples, cross

bedding, or scour marks. .\s shown in Section 3.4, many investigators agree 

that the Castile sea vas deep (up to several thousand feet) to allow for 

operation of the reflux precipitation model, and to be consistent with the 

observed elevation difference between the top of the Dela~are Mountain Group 

and the top of the Capitan reef. 

7he microfolds may be a t·esult of s;nall :rroveme:1ts due to sliding or slumping 
, i •:}'J r ng or immediately following ~eposition. These penecontemporaneous 

:n•)Vements could explain the presence of deforr!!ed laminae surrounded by 

o;pparently undeformed anhydrite. Kirkland and Anderson (1970) argue that the 

apparent correlation of deformed laminae over a dista0ce of roughly 70 miles 

indicates that sliding would have to be uniform over large distances within 

the basin. However, they do not rule out mass gravitational gliding in 

response to tectonism or an initial slope as a cause of folding. Earthquakes 

could be a trigger which would result in widespread and consistent small-scale 

adjustments. Riley and Byrne (1961) have suggested on the basis of laboratory 

experiments that microstructures similar to those observed in the Castile 

could form by flcwage due to slight density differences between anhydrite 

laminae and more dense carbonate and bituminous material. 

The microstructures probably did not form during conversion of primary gypsum 

to anhydrite. This is not to suggest that this conversion did not take place; 

petrographic evidence in the form of crystal pseudomorphs (Section 4.1.3) 

suggests that at least some primary gypsum may have been replaced by 

anhydrite. Geochemical data also do not rule out the conversion process as a 

minor source contributing to the reservoir fluid. However, in spite of the 

fact that gypsum-anhydrite transitions have been cited historically as the 

cause of microfolding, there is no evidence of this in the Castile. As 
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A~derson and Kirkland (1966) point out, the microfolds are o~served in both 

anhydrite at1d gypsum; the appearance of the folded ~a;ninae is the same whether 

o~served 1n core or at the gypsified Castile outcrop southeast of Carlsbad on 

Route 62 just north of the Texas-~ew Mexico border. 

Another explanation proposed by Kirkland and Anderson (1970) 1s that the 

microstructures formed due to tectonic stresses. ~icrofolds formed, according 

to their analysis of folding style, in the hinge areas of larger scale folds 

formed probably during Tertiary time. This mechanism does not appear to fully 

~X?lain the presence of microfolded laminae intercalated with undisturbed, 

unfolded laminae, as 1s often observed in WIPP-12 core. Anderson and Powers 

(1978) have shown that microfolds have ~een subjected to exte~sion at S~DA-6, 

which indicates that the formation of microfolds probably predated the 

development of the structure at ERDA-6 and by inference the structure at WIPP-

12. Thus, s2veral explanations exist for the ori~in of microstructures of the 

type observed at WIPP-12. 

Halite - The halite present in the Castile Formation is typically slightly 

translucent with a faint light gray (N7) to olive-gray (5Y 4/l) cast. Purer 

halite sections are colorless and transparent. Halite crystal size varies 

from 0.125 to 0.5 inch along the longest crystal dimension, although some very 

l~rge crystals up to 3 inches long were observed in Halite I. ~he halite 

contains an appreciable amount of anhydrite. According to a report which 

i~vestigated halite impurities (Gevantman et al., 1981) the percentage of 

impurities in a halite deposit can range from less than one percent to thirty 

percent; the Salado Formation generally contains about 10 percent impurities 

(Gevantman et al., 1981). A reasonable estimate of the percentage of anhy

drite within the halite units of the Castile at WIPP-12 based on core examina

tion would be about five percent. The anhydrite impurities typically appear 

~s white (N9) to medium gray (NS) thin beds and laminae 0.125 to 0.25 inch 

thick, within a band or zone of dark olive-gray (5Y 4/l) halite. Invariably 

the thin anhydrite beds, although often indistinct, are folded and display 

evidence of slight to intense deformation. 
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Halite crystals are typically anhedral, with irregular crystal boundaries. 

~asses are very friahle. Cubic crvst3ls are rare; hopp~r cubes Yere not 

observed, At the contact between Anhydrite II and Halite I, petrographic 

examination revealed cubic halite molds filled with fine-grained granular 

-;nhydrite; these molds ;nay represent relict hopper cubes '""hich could have 

subsequently been dissolved by fluids saturated in anhydrite. In many places, 

the elongated halite crystal axes sh0w a lineati.:>n or fabric. These types of 

halite crystal textures suggest that the halite has recrystallized under the 

influence of stress and subsequent flow, possi~ly aided by i~terstitial fluids 

(Ode, 1968). 

Halite Microstructures - As with the anhydrite, variations occur 1n the 

appearance of the halite and its impurities with depth. ~hese variations 

might lend evidence of the de format i•)n hist:)ry of t'!e strata and the origin of 

the brine reservoir. The Halite II member exhibits the great2r amount of 

included anhydrite when compared to Halite I. The U?~er interval in Halite II 

between the contact with Anhydrite III and 3118 feet contains numerous 

anhydrite impurities which appear to have undergone considerable deforma

tion. The most common p'lttern of anhydrite stringers or thin beds observed 

through this interval is a semi-circular or arc pattern. The core appears to 

have intercepted portions of small recumbent folds in the halite (with 

amplitudes of several inches to three feet) with their axial planes perpend

icular to the long axis of the core. The folds are made visible by the more 

easily discerned anhydrite stringers, even though the halite is similarly 

deformed. For example, at a depth of 3074, the elongated halite crystals are 

aligned parallel to the deformed anhydrite stringers. 

Between 3118 feet and 3198 feet, Halite II contains considerable amounts of 

anhydrite, including several beds up to three feet thick. The anhydrite beds 

through this interval contain crystals and blebs of halite, and bedding 

laminae containing calcium carbonate are present. Because of the greater 

thickness of anhydrite impurities which increases the strength of the halite 
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(Ode, 1962, p. 576), deforT.ation is less through this interval. l1.)wever, 

~edding laminae within the anhydrite beds are often inclined, as at Jl2R feet. 

Below 3193 feet to the contact with Anhydrite II, Halite II exhibits structure 

and patterns indicating considO?rable deformation. A C•:Ommon fe3ture is a 

circular or elliptical thin bed or stringer of anhydrite, surrounded by halite 

as shown 1n Figure G-R. This type of feature could be a section through a 

s~eath fold or closed fold. An analogy of this type of structure would be to 

take a flat hankerchief, pull it upward through the closed ring of your 

fingers, cut off the tip, and observe the closure outlined by the cloth, which 

would re?resent one of the thin anhydrite stringers C~uehlberger, 1968). 

Small isoclinal folds are also common, as at a depth of 3218 and 3223 feet. A 

secti•Jn of core th·rough one of these folds with an undefoiT.led axial plane 

could also produce a circular outline in the core. The thin anhydrite 

stringers a!so show evidence of rigid behavior such as boudinage, as observed 

at a depth of 3218.3 feet. An interesting feature is that defot~ed intervals 

are often separated by inches from horizontal, apparently undeformed anhydrite 

impurities. 

The Halite I member contains fewer anhydrite impurities than Halite II, 

especially in the upper portion. Anhydrite impurities ~hich are present are 

indistinct, and evidence of salt flow or d~fonnation is rare. Cubic halite 

crystals were observed throughout the interval. An isoclinally-folded, thin 

anhydrite stringer is locally observed, with an amplitude of one inch or 

less. Below 3600 feet, Halite I begins to show more evidence of deforma

tion. Anhydrite impurities appear as very light gray (N8) or moderate 

yellowish-brown ClOYR 5/4) mottles, circular patterns, and tight isoclinal 

folds. A commonly observed feature is a mass of highly contorted, fragmented 

anhydrite stringers, usually about 0.125 inch thick, such as in Figure G-9. 

Zones or bands of sulfate-rich impurities are spaced from 0.5 to three feet 

apart 1n the halite. The halite crystals exhibit elongation and a distinct 

lineation. Below 3750 feet and down to the lower contact with Anhydrite I, 

large macrocrystals of halite are often observed, up to 3 inches in length. 

G-25 



nfE 3153 

The variations 1n texture and microstructure 1n the halite units indicate that 

different intervals within the halite deformed or were ~tressed with varying 

intensity. Differences in amounts of impurities within the halites also 

contributed to variations in deformation styles ~ue to differing properties. 

Significance of lithology and texture to brine occurrence -- No evidence of 

dissolution of halite or anhydrite was encountered during analysis of the 

WIPP-12 core. All core ~as fresh and unweathered (fractures did exhibit some 

microscopic evidence of fluid movements and are discussed ~elowl. In parti

cular, the contacts between the anhydrite and halite units were exceedingly 

clean, tight, with no open space or 'deathering. Ho•.o~ever, ;nicr.Jscopic evidence 

of fluid ~ovement exists, such as the halite molds filled with anhydrite at 

the Halite !/Anhydrite II contact. Thus, the ~ock matrix at WIPP-12 shows no 

evidence of large-scale undersaturated meteoric fluid flow having occurred. 

4.1.4 Fractures- WIPP-12 

Several fractures were encountered in Anhydrite III and in an anhydrite 

stringer near the top of Halite II during drilling of WIPP-12; one fracture 

was observed near the base of Anhydrite II. All fractures were readily 

observed in the rock core; the majority of fractures were also detected using 

a U.S. Geological Survey televiewer log, an acoustic electrical log which 

detects rock discontinuities at the borehole surface. No fractures were 

detected in halite units. 

Fracture Characteristics - Table G.l contains a summary of fracture data and 

characteristics of all fractures detected in the core. The fractures are all 

high-angle breaks, ranging from about 70° to vertical. An average true 

fracture spacing (as opposed to apparent) through the lower part of Anhydrite 

III (fr~ctures C-G) has been estimated, based on the fracture distribution, at 

about two to three feet. The persistence of individual fractures is unknown; 

based on the properties of halite, none would be expected to extend into 

overlying and underlying halite units, and in fact, noni were observed in 
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halite. The fractures are generally planar and fairly smooth. \vall strength, 

although not measured, would appear to be unaltered. An exception is the 

major brine-producing fracture (fracture D) with severely broken and crushed 

rock in the middle six inches of the fracture interval. Rock strength may 

have been reduced in this interval due to the presence of brine, or drilling 

could have crushed the interval. Fracture F includes an interval also crushed 

into small fragments. Fractures H and J are closed with visible halite 

filling. Fracture B is partially filled with halite, fracture G has a gapped 

appearance, and fractures A, C, D, E, F, and K have no filling. 

In general, the apertures of all fractures appear to be quite s~all, although 

they were detected on the televiewer log as attenuations of acoustic sig

;1als. lbwever, core fragments acr'.)SS open fractures ca:1 be mated t')gether 

with either undetectable or very small displacement. As shown in Table G.l, 

the estimated aperture of fractures A, C, E, and K is less than 0.06 inch (2 

mm). The estimated aperture fvr the brine-producing fracture D is less than 

0,2 inches (5 rom) The aperture for fracture F could not be estimated because 

of severe breakage. 

Fracture B is filled with halite; filling thickness is not greater than 0.03 

inch. Petrographic examination reveals that there is bridging of anhydrite 

grains across the fracture plane. Drilling fluid may have dissolved the 

halite filling in several areas, especially at the upper extremity of the 

fracture, creating the appearance of gspped filling, and creating an open 

aperture of about 0.03 inch. 

Fracture G is closed in the sense that the core is intact and not separated, 

However, visible open space, up to about 0.03 inch (1 mm), exists along the 

fracture, creating a gapped appearance. No filling is visible within the 

gaps. Anhydrite grains appear to have bridged across the fracture plane. 

Fracture filling is also evident in fractures H and J. These are located in 

an anhydrite layer just below the top of Halite II. The filling is halite, 
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about 0.1 inch thick, clear, transparent, and very smooth; no other minerals 

are present. The very smooth and optically continuous halite suggests 

?Ossihle deposition by fluids. The filling 1s contin~ous with the halite beds 

h2low in the lower fr~cture. Short horizontal breaks associated with the 

~ertical break are also halite-filled. 

Evidence of seepage, such as obvious dissolution, dissolution residue, clays, 

or iron staining, 1s not readily apparent along any of the fractures, even 

though fr3cture D contains brine. The crushed interval at 3017 feet contains 

anhydrite fragments with powdery, apparently weathered or dissolved anhydrite 

on the surface, ~hich may indicate some dissolution along this fracture. 

As apparent from drilling records, gas was encountered at 3006 feet, presum

g~ly contained in fracture C. Fluid was reported at 3017 feet, from fracture 

D. Both fractures were examined for evidence of brine/rock interaction. No 

evidence of fracture coatings was apparent from meg3scopic examination of the 

core. Petrographic examination revealed some growth of anhydrite crystals 

radiating outward from the fracture plane at 3017 feet. However, ~inor 

dissolution by the drilling fluid (as evidenced during electron microscope 

examination by pitting and the presence of barium) along the fracture may have 

destroyed other subtle evidence of brine/rock interaction. Fractures E, F, 

and G may have also contained brine because of their proximity to the main 

fracture D, but again no direct evidence of fluid was indicated. 

Fracture Orientation - Four core runs were drilled using an oriented core 

barrel: 3000.7 to 3016.1 feet; 3016.1 to 3047.3 feet; 3047.3 to 3107.2 feet; 

and 3349.2 to 3410.2 feet. The orientation of the fractures, as well as 

bedding and textural features, were measured using the core orientation 

information. Fracture orientation was also obtained from interpretation of 

the televiewer log run by the U.S. Geological Survey. Figure G-10 shows the 

fracture data from both sources, projected onto a Schmidt net or hemispherical 

projection. \,~en the fracture orientations derived from both methods are 

compared, they are not in complete agreement. The core orienting mechanism 
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may not have functioned properly, producing inaccurate data, or conversely, 

the televiewer magnetic north nay have malfunctioned, causing drift and 

resultant inaccurate data. The source of the discrepancy ~etween the two 

methods cannot be determined. 

The orientation of the fractures based on the televiewer log ran~es from about 

~ 10• r. at 85 degrees dip to the west, to N so• W at 70 degrees dip to the 

west. The orientation of the f~actures based on the oriented core ranges from 

a~out N ts• W at SO degrees dip to the east, to S &o• E at 80 degrees dip to 

the sout~· ... est. 

Cther Rock Discontinuities - ln addition to the conspicuous near-vertical 

frectures discussed ahove, discontinuities or joints are present in Anhydrite 

III along bedding laminae. Hairline joints are present 1n Anhydrite II, but 

are not as numerous as in Anhydrite lii. 7hey are rare 1n Anhydrite I. In 

Anhydrite III, these "hairline" discontinuities are typically closed and 

tight, with no detectable secondary filling. Apertures are hard to detect 

macroscopically because of t~eir small size: when stressed, the core invari

ably breaks along these joints. They are present belo~ 2994 feet, typically 

spaced about one inch or less, although the frequency of occurrence varies. 

For instance, joints are absent between 3012 and 3018 feet. They are not 

present below 3028 feet. ~o evidence of seepage or dissolution was observed 

along these joints during core logging. Other near-vertical hairline 

discontinuities or ~icrofractGres were observed in thin sections from 

Anhydrite III. 

4.1.5 Porosity and Formation Compressibility- WIPP-12 

Porosity - Estimates of porosity of the host rocks can ~e iliade from laboratory 

porosity tests, information obtained from geophysical well legging, and visual 

logging of the rock core. The discussion herein 1s centered on the porosity 

of the anhydrite which forms the ~rine reservoir 1n WIPP-12, because this 

information is important to the hydrologic evaluations in subsequent sections 

of this report. Estimates of porosity are used to approximate formation 

compressibility and reservoir volumes. 
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Porosity of the rock is made up of t~o components: (L) porosity of the 

intact, unfractured rock (primary porosity); and (2) porosity resulting from 

the presence of fractures (secondary porosity). ?orosity can also he ex

pressed as "total" parosity or "effecti-.1e'' ;:>·)rcsity. 2:ffective porosity 

includes only those voids which are interconnected and through which fluid is 

able to move, and is the porosity ~hich is important from a hydrologic stand

point. Total ?orosity includes all voids, including voids which are not 

int~rconnected. The primary effective porosity of nearly all the host rock 

(~alite and ~nhydrite) is expected to be relatively low. Balite and anhydrite 

typically have primary effective porosities on the order of one percent or 

less. Secondary effective porosity is pr3ctically nil if the rock is un-

E~actured or only slightly fr~ctu~ed, or it csn ~e much mare than a few 

?ercent if the roc~ is highly fractured. 

Laboratory measurements of effective porosity have been made on anhydrite core 

from \-liPP-12 and E~DA-6, as presented in T~ble G.2. (The tests were perfarmed 

according to API standards; they measured effective porosity by saturating 

dried core with toluene.) The two cores from Anhydrite III in WIPP-12 

indicate effective porosities of 0.2 and 0.8 percent. These values of 

porosity are so low that the uncertainty associated with the ~easurement 

technique is nearly as large as the neasurcment itself. Table G-2 also 

presents measurements of permeability on the anhydrite core. The values given 

for the two WIPP-12 cores are both less than 2 x 10-4 rnd, below the sensi

tivity of the measurement equipment. These low values of porosity and 

?ermeability suggest that whatever effective porosity exists in the core 1s 

capable of transmitting fluid only at extremely low rates, and that the 

effective porosity from a practical hydrologic standpoint is extremely small. 

Quantitative information about porosity is also available from several of the 

geophysical logs run in WIPP-12. Geophysical logs measure total, rather than 

effective, porosity; however, the difference between total and effective 

porosity is very small for anhydrite. The neutron porosity loR, gamma density 
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log, and acoustic lag can each be used to estimate porosity of the Anhydrite 

III i:lember at WIPP-12 (nresser Atlas, 1974, 19Rla, 19Rlb). Collectively, the 

lags indicate that the porosity ranges from essentially zero to possibly as 

high as five percent in some fractured zones. The methods used to calculate 

porosity from these lags all suffer from the same limitation; i.e., ·..;hen the 

porosity is very low, minor (and unknown) changes in lithology and density can 

significantly affect the calculated value of porosity. Thus, tvhile the logs 

indicate that the porosity is generally low, exactly how low cannot be firmly 

~etermined from them. 

An estimate of fracture porosity (secondary ?Orasity) can be nade from 

esti~~tes of fracture apertures in the anhydrite core. ~sing t~e data from 

Table G.l, fracture porosity is calculated from the following: 

[Eq. 1] 

where $f = fracture porosity 

Ea = summation of reservoir fracture apertures 

t = apparent length of reservoir observed in well. 

a = average dip of fractures 

This calculation yields maxLmum porosity values of 0.3 percent and 0.6 percent 

for f~acture dip angles of 80 degrees and 85 degrees, respectively. They are 

considered maximum values since the values of aperture given in Table G.l are 

upper bound estimates. This calculation has considerable uncertainty due to 

the difficulty associated with estimating aperture from core and the possi

bility that the observed fractures may not be representative of the local 

large-fracture group. ~owever, it does indicate that fracture porosity is 

probably very low. 

Consideration of theoretical relationships between fracture porosity and 

permeability indicates that high p~rmeabilities are possible in rock masses 

with extremely low fracture porosities. Snow (1968) developed a relationship 
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between permeability, fracture porosity, and fracture spacing and applied it 

to numerous pressure test data in fractured rock. He found that for all cases 

analyzed, the theoretical fracture porosity was less tr.an 0.1 percent. 

Potential fracture porosity presented in Section 4.3.2 shows average values 

from 0.4 to 0.7 percent, with local potential maximum porosity up to 2.2 

percent. 

From the above discussion, it is apparent that the effective porosity of the 

anhydrite reservoir at WIPP-12 is very low, but that there is considerable 

uncertainty associated with all quantitative esti~ates of porosity. The 

primary effective porosity is believed to he practically zero. The secondary 

(fracture) effective porosity is estinated to be very low, probably in the 

range from 0.1 to 1.0 percent. This range of porosity will ~e used for the 

compressibility estimates which follow below, and the hydrologic analyses of 

?art III. 

Formation Compr~ssibility 

Formation compressibility (pore volume compressibility, cp) is a property of 

the host rock which is important for characterization of the host rock as a 

brine reservoir. It is defined by Earlougher (1977) as: 

c 
p 

1 
v 

ov 1 ~ , or 
P.T 

1 !:N 
v bp [Eq. 2] 

where V is the reservoir interconnected pore volume, ~V is the change in that 

volume, and ~p is the associaterl change in reservoir pressure (under 

isothermal conditions). Thus, it represents the pore volume change of a 

reservoir per unit change in reservoir fluid pressure per unit reservoir pore 

volume. 
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Pore volume compressibility can also be expressed in terms of the bulk modulus 

(K) of the rock mass which forms the reservoir and the effective porosity (t) 

of the reservoir. The bulk compressibility Cc 8 ) of the reservoir is defined 

by Jaeger and Cook (1976) as the inverse of the bulk modulus, or: 

. = l 
~.:B !(""" [Eq. 3] 

The pore volume compressibility ts then the bulk compressibility divided by 

the porosity: 

[Eq. 4) (Van Golf-Racht, 1982) 

which may be written as: 

[ Eq. 51 

As discussed above, the effective porosity of the anhydrite reservoir tn WIPP-

12 is estimated to range from 0.1 to 1.0 percent. The bulk modulus of the 

rock can be estimated from the acoustic log run in WIPP-12 and from laboratory 

testing of anhydrite core from other locations on the WIPP site. 

The acoustic log, ~hich measures compressional ~ave travel time through the 

rock, uses a correlation between the wave velocity and elastic rock properties 

to estimate the bulk modulus of the rock (Dresser Atlas, 1981b). The computed 

values of bulk modulus range from 8 to 11 x 106 psi over the Anhydrite III 

member of WIPP-12, with an average of approximately 10 x 106 psi. Laboratory 

compression tests on anhydrite from other WIPP locations indicate similar 

results (Teufel, 1981; Pfiefle and Senseny, 1981). This value is representa

tive of the bulk modulus of relatively intact, unfractured rock, because the 

laboratory tests are performed on unbroken rock and the acoustic logging tool 

measures velocities over a relatively short distance with few if any fractures 

included. 
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The bulk modulus of the rock mass wi 11 be signi flcantly reduced by the 

presence of fractures, because fractures are considerably more compressible, 

Relationshi?s between rock mass modulus and intact rock modulus, fracture 

stiffness, and fracture spacing developed by Kulhawy (1978) were used to 

estimate that the intact rock modulus is reduced by a factor ranging from 0.1 

to 0.5 by the presence of large fractures. Using these reduction factors, the 

bulk modulus of the rock mass ranges from 1.0 to 5.0 x 106 psi. 

The pore volume compressibility can be calcul~ted from Equation 5 using the 

estimates of K and • given above. Since rauges are given for both K and ~ 

there is also a considerable range of compressibility resulting from these 

vr1lues: -6 ·-1 . . - '>Q 10-6 ·-1 s m2ximum of lOOO x 10 ps1 and a m1n1mu;n ot ._, x ps1 . 

This range is used and discussed further in the hydrologic analyses of Part 

III, Hydrology. 

4.1.6 Lithology and Texture- ERDA-6 

The geologic portion of the iDvestigation at ERDA-6 was limited, because a 

geologic r~port had already been prepared based on the original drilling 

(Jones, 198la), Th~ present program consisted of geologic logging of a single 

core run, and logging of rock chips from the base of the core run to total 

depth. The logs have been presented previously (D'Appolonia, 1982, Volume 

IIIA); the following is a summary of the litho logy presented in that document. 

Coring coQrnenced in the cement borehole plug at 2562 feet, to recover and 

examine the cement plug to evaluate its sealing effectiveness. Thus the upper 

nine feet of the core run consists of grayish-black (N2) to brownish-black 

(SYR 2/1) cement. The cement is fairly brittle and tends to break easily. 

Whipstocking away from the plug began at 2571 feet, evidenced by the appear

ance of the contact zone between cement and wall rock. The contact zone 

ranges in color from white (N9) to very pale orange (lOYR 8/2), and is 

microcrystalline, •:ery soft, almost chalky in texture. The contact zone 1s 

apparently calcareous due to reaction with the cementt and exhibits vigorous 

reaction to hydrochloric acid. 
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The Anhydrite II adjacent to the contact zone 1s white (N9) rangtng to medium 

gray (~5) in color. Its texture is very fine granular with vitreous luster. 

Bedding laminae are apparent as in WIPP-12, and exhibit similar variations 1n 

appearance, ranging from very distinct, parallel and undeforned, to micro

folded and undulating. The laminae are typically inclined 60 to 70 degrees 

from the horizontal, and are occasionally vertical. Contrasting random 

~atches of anhydrite are white, almost translucent, without ~edding laminae. 

3etween 2595 and 2596 feet, halite-filled vugs were observed in the an

hydrite. The care-break surfaces often exhibit recrystallized anhydrite 

crystals, halite crystals, and gy~sum crystals. 

Jrilling continued in the whipstJcked hole with a rotary bit. The cuttings 

description, though imprecise, indicates the general location of the contact 

'"'i th Halite I ( 2732 feet), confl rmed by geophysi ca 1 logging. The anhydrite 

recovered in the ~uttings appears similar to that observed in the core. 

4.1.7 Fractures - ERDA-6 

Eased on the previous investigation at EROA-6 (Jones, 198la), the brine issues 

from fractures, similar to the situation at WIPP-12. According to Jones, 

narrow, open fractures lined with anhydrite crystals are present at 2702 

feet. The zone ~etween 2709 and 27tR feet is considered to be the ~ain 

fracture location, with vuggy, ~0rous, recrystallized anhydrite breccia cut by 

fractures dipping between 45 and 60 degrees (no core was recovered between 

27ll and 2718 feet). 

For the present study, only a small portion of the original core through the 

reservoir zone was available for study to determine, if possible, any further 

information on fracture characteristics. Between 2710.8 and 2711.25 feet, 

white (~9) to very li~ht gray (~8) anhydrite was observed, with 0.04-inch 

thick brown bedding laminae oriented almost vertically. An irregular fracture 

plane cuts the sample at an angle between 75 and 85 degrees. Adjacent to the 

fracture planes is porous, vuggy, recrystallized anhydrite containing halite 
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in many of the vugs. Some halite crystals aligned parallel to the fracture 

are cubic, clear, tr3nsparent, up to one inch in length. A small sample of 

this core segment was obtained for petrologic ~nalysis. 

The fracture described above is considerably different from the fractures 

described at WIPP-12. The ERDA-6 fractures appear to be related to sites of 

extensive recrystallization, even hrecciation, of the host anhydrite. The 

\HPP-12 fracture 1-:.no'.ro to have pr<)duced brine is a relatively clean, smooth 

fracture with no secondary filling. These differences are apparently related 

to the degree of structural defor~ation at each site, ERDA-6 being located on 

dn ;1p;::arently larger, :Jere inte1~sely deformed feature, four miles closer to 

the buried Capitan reef ~argin than WIPP-12. 

~.1.8 Porosity and r.)rz:ation Co;:;pressihility- E~A-6 

Porosity 

EstiiT.ates of porosity of the anhydrite reservoir at ERDA-6 can be made based 

on information similar to that used at WIPP-12 (see Section 4.1.5). Labora

tory measurement of the effective porosity of rock core from ERDA-6 (see Table 

G.2) indicates a porosity value of 1.6 percent. \'alues from \HPP-12 core are 

lower, less than one percent. ~Jeutron porosity and g.~mma density geophysical 

logs from ERDA-6 indicate that the porosity ranges from essentially zero to 

possibly as high as thirty percent in the zone with the main fracture (2711 

feet deep). (Note that the highest value of porosity from the geophysical 

logs is measured with respect to a relatively small volume which represents 

primarily the fracture zone.) 

The fractures at ERDA-6 appear to he different than those at t-HPP-12 in that 

there appears to be a concentration of fractures (or some type of voids) over 

a ten-foot interval (2709 to 2719 feet), ~hereas the fractures at WIPP-12 are 

more or less interspersed throughout the reservoir. Not all core was 

recovered from the fracture zone interval at ERDA-6, howe'Jer, and therefore 

the nature of this zone is not well known. Potential fracture porosity 

presented in Section 4.3.2 shows average values from 0.7 to 1.1 percent with 

local potential maximum porosity of 1.6 percent. 
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As with WIPP-12, the effective porosity of the anhydrite reservoir at ERDA-6 

ts very difficult to estimate. The porosity at ERDA-6 appears to be somewhat 

higher than at WIPP-12, although it ts still quite low. F'or the purposes of 

compressihility estimates which follow and the hydrologic analyses of Part 

III, the effective porosity at ERDA-6 is estimated to range from 0.2 to 2.0 

percent, approximately twice the values for WI?P-12. 

Formation Compressibility 

Formation (pore volume) compressibility can be estimated for F.:RDA-6 in the 

same !canner as for \viPP-12 (.see Section 4.1.5).' The bulk nodulus of the 

anhydrite reservoir at ERDA-6 is estimated to be approximately the s3me as at 

';JIPP-12, or I to 5 x 106 psi. ·.-:ith an effective porosity ranging from 0.2 to 

2.0 percent, the range in pore volume compressibility is 10 x 10-6 ~si-l to 

500 x 10-6 psi- 1 . This range is used and discussed further in the hydrologic 

analyses of ?art III. 

4.2 GEOLOGIC LOCATIONS OF BRINE OCCUR.B.ENCES 

To understand the brine occurrences at WIPP-12 and ERDA-6 more fully, informa

tion on other brine occurrences in the northeastern part of the basin was 

assembled and analyzed in conjunction with WIPP-12 and ERDA-6 info1~ation. 

Figure G-11 shows the majority of boreholes in the vicinity of the WIPP site 

which have penetrated the Castile Formation. As shown, thirteen ~oreholes 

have intercepted pressurized brine. Table H.l in Part III, Hydrology, lists 

available pressure and flow data for these thirteen occurrences. Based on 

available data, the number of reservoirs intercepted in these thirteen 

boreholes is unknown. AlthouRh many of the available data are vague and 

incomplete, two conclusions can be drawn regarding brine occurrences in the 

area covered by Figure G-11: 

• In nearly all cases, brine issues from the uppermost 
~nhydrite unit of the Castile encountered in each 
borehole. 
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~ Pressurized brine occurrences appear to be associated 
with deformation in the Castile. 

The following is a :=um:nary of information on locations of pressurized brine 

occurrences based on a review of geophysical logs, surface seismic datR, and 

unpublished data (Snyder, 1982, personal communication,). 

4.2.1 Spatial Distribution of Brine Occurrences 

Pressurized brines encountered in the Castile Formation in the northeastern 

Delaware Basin are located in a band or belt t~at is adjacent to and parallels 

the buried Capitan reef ;;,.:ngin. This band or belt extends underneath the WIPP 

site. Castile brine occurrences have been documented in other parts of the 

Delaware Basin; these hc~ever exhibit negligible flows, sub-artesian heads, 

and were not considered as pressurized brine reservoirs in this study. No 

sub-artesian brines have been reported in the area covered by Figure G-11. 

The brine closest to the Capitan reef was intercepted in the Bilbrey 5 Federal 

~eli #1 (roughly 1.75 miles south~est of the buried reef front). The brine 

farthest from the reef was discovered in the Belco-Hudson Federal P1 well, 

southwest of the WIPP site, and about 12.5 miles southwest of the reef. All 

reported brine occurrences are shown in Figure G-11, s~perimposed on the 

structure contours of the Halite II member of the Castile Formation. 

4.2.2 Stratigraphic and Structural Control 

Stratigraphic Control 

Interpretation of geophysical logs provided by the U.S. G~ological Survey 

(Snyder, 1982, personal communication) indicates that the brines are located 

in the uppermost Castile anhydrite unit intercepted in each borehole. This is 

not necessarily the Anhydrite III unit, but simply the •.1ppermost anhydrite as 

determined by the structure at each location. In some cases, as in the 

Bilbrey 5 Federal and Tidewater Richardson-Bass wells, data are lacking and no 

estimate can be made. 

Brine in WIPP-12 and ERDA-6, as well as in most of the brine occurrences, is 

produced from fractures near the base of the uppermost anhydrite member 
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intercepted hy the borehole. Exceptions are the Pogo Federal #1 well, ~hich 

produced from the middle of the uppermost anhydrite (in an area where 

Anhydrites III and II coalesce), and the Union Federal #1 well, which 

ir.tercepted brine in the upper part of Anhydrite III. 

Structural Control 

Figure G-11 is a structure contour map drawn on the top of ~alite II of the 

Castile Formation, based on borehole data. The figure i~dicates where the 

Castile is deformed into a series of anticlinal and synclinal structures. The 

structures are superimposed on the regional one to t~o degree east to south

east dip of the Castile. The structures appear to be most intense in a four 

to six mile wide belt adjacent to the reef; deformation becomes less pro

~ounced over a short distance tcward t~e center of the basin. The largest 

structure in the vicinity of the WIPP site, penetrated by ERDA-6, has a 

closure of between 500 and 600 feet based on borehole cata. The structure 

eight miles to the east of the WIPP site has a closure of about 300 feet also 

based on the borehole data of Figure G-11. Figure G-11 shows ~ITPP-12 and 

borehole WIPP-11 located on a single large antiform. Due to the sparsity of 

boreholes in the vicinity of WIPP-11 and WTPP-12 however, the structural 

interpretation presented on Figure G-11 cannot be considered definitive. 

Figure G-12 is a map showing seismic isochrons in the middle portion of the 

Castile Formation. Conversion of the seismic isochrons to structural contours 

'->'Ould require control data (Le., seismic velocities of rocks dow-n to and 

including the middle Castile Formation) which are lacking. ~Jevertheless, the 

seismic isochrons dppear to indicate that the structure at ~~PP-12 is separate 

and distinct from the structure at WIPP-11. 

4.3 PROCESS OF RESERVOIR FC~~~TION 

The preceding section suggests that a relationship may exist bet~een brine 

occurrences and the structures interpreted in Figures G-11 and G-12, although 

borehole control data which could aid in delineating the structures are 

lacking. An investigation into the mechanisms(s) which formed the structures 

could provide information on the formation of the brine reservoirs, as well as 
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on the origin of the brines. In this context, iafor~ation pertaining to the 

origin of the structural deformation was assembled, primarily Borns et al. 

(1983), for the following discussion. 

4.3.1 Mechanism for Development of Structures 

Examination of the structures in Figure G-6 reveals that deformation is mainly 

confined to the Castile Formation, although the overlying Salado For~ation 

reflects the wacping slightly. The underlying Delaware ~ountain Group does 

not appear to be widely involved in the structures under discussion (Powers et 

al., 1978; Anderson and P0wers, 1978). Further, the fact that the structures 

are not uniformly distributed throughout the basin, and that the Delaware 

Basin has been essentially unaffected by regional tectonic activity (Section 

3.4) suggests that the structures were not formed by a regional tectonic 

event. 

Closer examination indicates that variations in halite thickness occur in 

association with the structures. Halite II is thickened at the io/IPP-11 

location. At WIPP-12, Halite I is about 500 feet thick, 200 feet thicker than 

would be expected in undeformed areas of the \~IPP vicinity. At ERDA-6, 

although Halite I has not been fully penetrated, it is assumed to be consider

ably thickened (Figure G-6). The Union Well, located about 4000 feet to the 

north·.;est of ERDA-6, apparently encountered only eleven feet of Halite I. 

From correlation of stratigraphic evidence from deep wells (Figure G-6), it 

appears that the structures are located over thickened sequences of halite, 

both Halite I and Halite II. 

Local thickening of halite and/or disruption of bedded salt sequences is a 

co~~only observed phenomenon well-documented in published literature (Borchert 

and Muir, 1964; Saar, 1977; Muehlberger, 1968). That halite creeps or flows 

under the action of differential stresses is well established (Wawersik and 

Hannum, 1979). The rate of movement depends on deviatoric stress, tempera

ture, moisture content, and depth of burial. In particular, halite tends to 

move upward due to density contrast with overlying strata, the mechanism which 

G-40 



T~ 3153 

is believed to be responsible for the formation of salt domes. Halite is much 

!llore ductile than ae1hydrite. \,Then these two rock types are intercalated and 

subjected to the same deformation, anhydrite will tend to behave in a brittle 

~anner whereas halite will behave in a ductile manner. 

Thus, in the absence of any major regional tectonic event, and given the 

observed thickening of halite units, local salt tectonics seems a reasonable 

2xplanatton for the structures. However, more difficult to determine is the 

factor(s) ~hich initiated the salt tectonics, the distribution of the struc-

tures, the timing of formation, and, most imp·ortantly, hew the brine reser

voirs are related to the structures. Several hypotheses which address the 

factor(s) which are r2sponsible for salt tectonics are listed below, taken 

from Borns et al. (1983): 

$ Gravity foundering, or instability due to density 
contrast. 

• Dissolution oechanisms. 

o Gravity sliding. 

• Gypsum dehydration. 

Another theory which is related to the proposed gravity foundering hypothesis 

is differential lithostatic load. A brief discussion of each of these 

hypotheses with supporting or contradicting evidence follows. 

Gravity Foundering - Gravity foundering is envisioned by Borns et al. (1983) 

as a possible explanation for localized structural development. Gravity 

foundering results from the inherent instability of layered materials of 

different densities. The tendency is for lighter halite to rise above denser 

anhydrite. To explain the presence of deformation in some areas (the reef 

front in the vicinity of WIPP) and the general lack of structure in the 

central portion of the basin, abnormal concentrations of fluids may have 

facilitated salt flow. In other words, irregularly dispersed pockets of 

interstitial fluid may have controlled the halite deformation, the brine 
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occurrences providing the evidence of this mechanism. Development of a 

fatllt(s) due to external tectonic forces could have initiated gravity founder

ing. 

Another factor which could have initiated salt ~ovement is differential 

lithostatic pressure, ',ihich would t"esult if surface erosion produced lows or 

valleys (Jaroliruek, 1982, persor:al communication). Lithostatic pressure on 

buried halite would be less under the valley, resulting in a tendency for 

halite to thicken under the valley. This mechanism however cannot explain the 

localization of structures in the absence of ~ knowledge of paleogeography. 

Dissolution Mechanisms - Dissolution has been suggested as a mechanism 

which: (l) dissolved c:vaporites near the top of the section, causing collapse 

and reduced local density, which rermitted local defornation to start via 

gravity adjustment (diapirism); or (2) dissolution in the Castile itself 

removed halite and caused deformation in surrounding and overlying beds. 

There is no definite indication of near-surface dissolution of the required 

scale overlying the deformed area. In WIPP-12. there is no evidence in the 

Castile Formation core of any dissolution or dissolution residues. Also, 

geochemical evidence for the origin of Castile brines does not support the 

idea that the fluid is introduced meteoric water which has dissolved quanti

ties of halite. 

Gravity Sliding - This mechanism involves movement of the halite due to 

basinal tilting; the ·halite flowed down a slight gradient buttressed by the 

Capitan reef. However, ~hether the slope created by basinal tilting was 

sufficient to initiate salt moveroent is indeterminable because the exact 

movement mechanism is unknown. 

Gypsum Dehydration - Heard and Rubey (1966) have suggested that the conversion 

of gypsum to anhydrite ,..ith associated release of "Water under applied heat and 

pressure leads to significant strength reduction and facilitates tectonic 

movement. The anhydrite-plus-water system is ten percent greater in volume 
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than the gypsum system (Braitsch, 1971); if the f:uid cannot escape because of 

an i~permeable rock sequence, high pore pressures result which reduce rock 

strength. Possible anhydrite pseudo~orphs after gypsum were observed locally 

in thin sections of WIPP-12 core, and the geochemistry of the brines does not 

rule out dehydration of gypsum as a minor source of fluids. However, several 

inconsistencies must be explained, such as the localization and irregular 

distribution of defo~ation features, which could only be explained by 

irregular distribution of pockets of gypsum. 

Thus, ~ased on review of a report on deformation of evaporites near the WIPP 

site (Borns et al., 1983) and other published sources, ?Ossi~le hypotheses for 

salt tectonics are gravity foundering, differential lithostatic lead, dis-

~oluti~n mechanisms, gravity sliding, and gypsum dahydr3tion. Selection of a 

favored hypothesis is beyond t~e scope of this i0port, 2lthough gr3vity 

foucdering and gravity sliding appear to be the most plausible theories. 

l.,3.2 Timing of Structural Development 

The timing of halite deformation is subject to discussion and can~ot be 

definitively determined. Several investigators have made estimates of the age 

of defor.nation based on various assumptions and available evidence. These 

estimates are discussed below. 

~ones (198la) believes that t~e structure penetrated by ERDA-6 offers evidence 

of the age of deformation. He has observed that pre-Tri3ssic strata are 

uplifted and arched as a result of salt thickening, but that the overlying 

Ogallala Formation of Pliocene age is undeformed. This ~auld appear to 

indicate that the movement is pre-Pliocene in age. However, non-involvement 

of overlying strata may not be a reliable indicator of movement in an 

evaporite sequence, since strain can be accommodated by the halite units and 

not transmitted to overlying beds. 

From examination of ERDA-6 core, Anderson and Powers (1978) believe the 

structural deformation due to salt thickening probably post-dated the 
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formation of small microfolds in Castile anhydrite laminae. Since the 

orientation of anhydrite microfolding -is believed to ~e consistent with 

structural trends developed during the Tertiary in the Delaware Basin 

(Kirkland and Anderson, 1970), Anderson (1978) has inferred that the salt 

thickening and subsequent deformation is mid-to-late Tertiary. Anderson 

(1978) a.ssumes that tbe salt structures developed in response to the latest 

stage of basinal tilting in late Pliocene to early Pleistocene time. 

Thus the age of the deformation cannot be determined within narrow limits. 

The discussion presented above can be summarized by concluding that the 

defor~ation is probably Cenozoic, and could have occurred between 12 to 1 

million years ago, although definitive evidence does not exist. The relation

ship ~e~een the ages of the structures at WIPP-12 and ERDA-6 is also not 

kno•.ro. 

4.3.3 Brine Reservoir Formation 

The mechanisms which could have initiated or created salt deformational 

thickening have been discussed above. This section discusses the effects of 

the salt deformation on the interbedded and overlying anhydrite layers. 

The Bodel employed to explain the development and location of fractures 

presumes that the anhydrite layers acted as brittle beams or plates pushed 

upward 0y the up~ard ~ovement of t~e underlying salt. 

Elongation/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. A secondary mechanism is the bending of anhydrite 

associated with the deformation. As shown in Figure G-13, the regional 

tilting had apparently negligible effect on the integrity of the anhydrite 

layers in comparison with the later effects due to the deformations producing 

the present structures. 
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The strain due to extension of the anhydrite can he quantitatively evaluated, 

as illustrated in Figure G-13. Elongation of the anhydrite can ~e calculated 

from a cross sectl0n through the structure as the difference in length of the 

member before and after deformation, assuming that the ends (A and B in Figure 

G-13) of the member have remained horizontally fixed. r.e anhydrite layer can 

be broken into a series of circular arc and straight line segments. The 

elongations of the segments resulting from vertical displacements may then be 

calculated and summed, and the overall elongation, as a percentage of the 

original length, can be calculated. 7ypical average elongations for the 

structures around WIPP-12 and ERDA-6 are 0.4 t? 0.7, a:.d 0.7 to 1.1 percent, 

respectively. Locally, such as in the anticlinal crests, the elongation could 

reach 2.2 percent ar0und ~~PP-12, and 1.6 percent around ERDA-6 structures. 

Such extensions are likely to exceed the tensile str2ngth of the anhydrite, 

and thus fracturing fr0m elongation would occur. 

Quantitative consideration can also be given to the stress an.d strains 

associated with the observed bending of the anhydrite. Stresses due to 

bending of a beam under elastic conditions can he directly related to the 

radius of curvature of the beam by the following expression: 

·.-here u max 

(] 
max 

E ( d /2) 
±R 

(Eq. 6](l) (Merritt, i976) 

is the maximu~ stress (tensile or compressive) in the beam, E is 

Young's modulus, d is the ~earn thickness, and R is the radius of curvature of 

the centerline of the beam. Thus, for a given beam, the stresses are in-

versely proportional to the radius of curvature. Equation 6 can be used to 

calculate tensile stresses due to bending for various radii of curvature as 

shown by the structures in Figure G-13. Young's modulus for anhydrite is 

(1 )In reality, the anhydrite would fracture due to its low tensile strength 
long before the full stresses predicted by Eq. 6 were reached, and Eq. 6 
would not be fully ~pplicable. It is used here for illustrative purposes 
only. 
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approximately 107 psi, and the compressive strength at a confining pressure of 

2900 psi (20 MPa) is about 2~,000 psi (Pfiefle and Senseny, :981; Teufel, 

1981). The tensile strength may be approximated as ten percent of the 

compressive strength (Jaeger and Cook, 1976), or about 2800 psi. Calculations 

at points of maximum curvature in cross sections through the WI?P-12 and ERDA-

6 structures (as defined in Figure G-11) indicate that the maximum tensile 

stresses in the WIPP-12 and ERDA-6 anhydrites would !~ave ranged from about 

28,000 to 172,000 psi, 3nd from 48,000 to 111,000 psi respectively, if no 

fracturing had occurred. 

These calculations indicate that bending alone would cause high tensile 

stresses which would ~xceed the tensile strength of the anhydrite for most 

areas with significant structure. In other words, very little bending is 

required to produce bending stresses which exceed the strength of the rock, 

and therefore bending is a contributing factor in fracture development in the 

anhydrite due to salt eovement. Equation 6 also indicates that the bending 

stresses are directly proportional to the anhydrite thickness. Since 

Anhydrite II is thinner than Anhydrite III, this is a possible explanation why 

the &1hydrite II member appears to be generally less fractured than the 

Anhydrite III member. 

The fracture distribution, spacing, and apertures are governed by extremely 

co~plex processes; detailed modeling is beyond the scope of this study. 

However, a qualitative evaluation of the distribution of the elongation 

throughout the structure results in the following: 

1. The largest elongations are most likely to occur 
within the crests of the anticlinal structures, where 
main fractures are open at the base of the anhydrite 
wember and their apertures increase upward. 

2. ~Hthin the synclinal structures, the fractures are 
~ost likely to be closed or with minimum apertures at 
the top of the anhydrite, and widen to•.;ard the base. 

3. Within the straight limbs of the structures, the 
fracture faces should be parallel. The apertures 
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will depend on the local elongation, and on the 
strain tcansfer from the synclinal flexures where the 
salt deformation is producing ~ainly tangential 
forces. 
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If all of the extension were to be taken up in fractures, then these values of 

extension may also be representative of fracture porosity of the anhydrite, as 

follows: 

STRUCTURE 
.QOUNTI: 

ER.DA-6 

WIPP-12 

APPROXIM.A.TE POTENTIAL FRACTV!U: POROSITIES(%~ 
XIN. A\'ER.AGE }'L6J{. AVER...'\GE l'l...V. LOCAL 1 ) 

0.7 

0.4 

1.1 

0.7 

1.6 

2.2 

These calculations agree in geGeral with the porosity estimates presented in 

Sections 4.1.5 and 4.1.8. 

The model appears to explain the limited amount of geologic data available for 

the \oliPP-12 and ERDA-6 structures. The fact that brine was encountered near 

the base of anhydrite units in the r~jority of brine occurrences is not 

inconsistent ~ith the fracture model. The majority of brine producers may 

have been drilled into limb areas where fracture aperture, and therefore the 

brine production, is greater near the base of the unit, because of the greater 

statistical chance of intersecting a limb of a structure rather than a crestal 

area. 

Several questions remain unresolved however. ERDA-6 and \.J"IPP-12 appear to be 

located on the crests of structures (see Figures G-11 and G-12, respectively) 

where fracture apertures should be greatest at the top of the anhydrite units, 

and yet brine was encountered only near the bottom of the units. (The 

concentration of brine at the base of the anhydrite at w~PP-12 does not 

( 1 )such as in anticlinal crests. 
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indicate fluid flow along the lower contact of Anhydrite TIT; no evidence of 

such flow was observed in the core.) The depths of the brine encounters may 

be due to the two boreholes simply missing existing large fractures except 

near the hase of the units, which is always possible with vertical boreholes 

and near-vertical fractures. Although possible, the above explanation is 

hardly conclusive. Additionally, no rationale has been developed explaining 

the hit-or-:niss nature of the brine encounters. If brine occurrences were 

simply related to structural deformation, ~ number of the dry holes presented 

•)n Figure G-11 •,..Jould have been ex?ected to have encountered brine. T'he fact 

that the holes are dry indicates the localization of brine within particular 

?arts of structures by an unknown mechanism. 

4.3.4 Pressurization of Brine Reservoirs 

Creation of fractures or open voids by extension or dilatancy (McNaughton, 

1953; McNaughton and Garb, 1975) would result in a large pressure differential 

between the \'Oids and rock matrix pores. A .. '1y fluids available in the u:atrix 

pores adjacent to the voids <wuld have the tendency to migrate toward and 

eventually fill the voids. The fluids in the voids ~ould thus be pressurized 

at some value less than ancient pore pressure. Differences in pressurization 

between reservoirs may be explained by varying fracture intensity and 

aperture. 

There are other possible explanations for abnor~al pressures within isolated 

reservoirs (3radley, 1975). The theories appearing plausible for brines 

within the Castile Formation are: 

o Uplifting of the reservoir (relative to its one-time 
recharge area) or surface erosion, both of which 
could result in the water pressure in the reservoir 
being too high for its current depth of burial. 

• Increasing temperature, perhaps as the depth of 
burial increased, caused the brine to expand, thus 
increasing pressure. 
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• Mass transfer of water from zones of lew salinity to 
zones of high salinity ~y osmotic forces. Hydrologic 
confining beds can serve as semi-permeable membranes. 

~ ~olecular restructuring of original organic material 
in sediments by chemical, physical, and/or biological 
actions. 
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~o viable theory is recognized that can explain the present hydraulic heads in 

the Castile Formation by referencing them to the present ground-water flow 

system. Therefore, the pore fluid pressure_s of all Castile brines are 

probably products of ancient pore pressures modified by rock dilatancy and 

pertaps by internal processes. 

4. 4 Ct:OLOGIC EVIDESCE OF BRl~iE ORIGI~ 

The precedie1g section dealt 'flith the for:tation of the struct•Jres in the WIPP 

vicinity, and how the deformation led to the development of brine reser

voirs. This section will discuss availahle geologic evidence, primarily 

negative in nature, h'hich supports the conclusions reached in Part IV, 

Chemistry, Section 5.1, regarcing brine origin. 

Kno~ pressurized-brine reservoirs are associated with salt-cored deformation 

stru.~tures within the Castile Formation. In the case of \-liPP-12 and ERDA-6, 

the fluids are contained in high-engle fractures probably formed by extension 

of <tnhydrite during salt flow. Fluids may have been present within the rock 

matrix, and due to differential pressure accumulated in the fractures as they 

developed. Two types of fluids could be present in the rock matrix: (1) 

original connate water trapped interstitially or within grains of the 

evaporites at the time of deposition; or (2) water formed by the dehydration 

of gypsum to anhydrite. Carpenter (1978) cites previous work that indicates 

that evaporite mineral accumulations usually have initial porosities in excess 

of fifty percent. Although nearly all of this water is evaporated and 

squeezed out during subsequent compaction and diagenesis, the potential exists 

for small quantities of this water to be trapped interstitially or within 

grains. 
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Dehydration of gypsum to anhydrite as a general phenomenon is a concept 

supported by numerous investigators. A small amount of primary gypsum 

converted to anhydrite during diagenesis would provide a large volume of 

fluid, because ?.bout fifty percent of the original system volume of gypsum 

converts to water (Heard and Ruhey, 1966). Evidence of conversion of gypsum 

to anhydrite is not readily apparent from macroscopic inspection of WIPP-12 or 

ERDA-6 core. ~icrofolds in anhydrite laminae are ~ore readily explained by 

compressive forc2.s than by conversion of gypsum to anhydrite (Kirkland and 

Anderson, 1970). Petrographic examination bf the anhydrite in WIPP-12 reveals 

the presence of possible pseudomorphs of anhydrite after gypsum as discussed 

in Section 4.[.3. T~is evidence for priwary gypsum is not compelling, 

although dehydration waters cannot be ruled out as a minor source of brine 

!'eservoir fluid. G·tound water or rr-,eteoric ,.,ater does not appear to be a 

plausible fluid source at WIPP-12, based on the lack of evidence of 

dissolution features and the tight contacts observed. 

G-50 



T:-lli 3153 

LIST Of REFERENCES 

Adams, J. E., 1944, Upper PerMian Ochoa Series of De!a~are Basin, West Texas 
and Southeastern New Mexico: Amer. Assoc. of Pet. Geol. 3ull., v. 28, no. 11, 
pp. 1596 - 1625. 

Adams, J. E., 1965, Stratigraphic-Tectonic Development of the Dela~are Basin: 
Amer. Assoc. of Pet. Geol. Bull., v. 49, no. 11, pp. 2140-21,8. 

Anderson, R. Y., 1979, Notes on Dissolution and Brine Chambers Related to the 
\.JIPP: ?·1emo StJbmi tted to the State of !'Jew ~lexica, Environmental Evaluation 
Group , l 5 p p • 

Anderson, R. Y. and D. w. Kirkland, 1966, Intrabasin Vi:in·e Correlation: Geol. 
Soc. of A~erica Bull., v. 77, pp. 241-255. 

Anderson, R. Y. and D. W. Powers, 1978, Salt Anticlines in Castile-Salado 
E>.'aporite :::.equence, !{o"t'thern Dela1.:are Basin, ::lew >~exico: ::ew ~·1exico Bureau of 
Mines and Xineral Resources, Circular 159, pp. 79-83. 

Baar, C. A., 1977, Applied Salt-Rock ~1echanics 1: Elsevier S.:ientific 
Publishing Co., Amsterdam, 294 pp. 

Bac~~an, G. 0., 1980, Regional Geology and Cenozoic History of Pecos Region, 
Southeastern New :·~exico: U.S. Geol. Survey Open-File R.c:port 80-1099, 116 pp. 

Borchert, H. and R. 0. Huir, 1964, Salt Deposits- Tne Crigin, Hetamorphism, 
and Deformation of Evaporites: D. Van Nostrand Co. Ltd., Princeton, N.J., 
338 pp. 

3orns, D. J., L. J. B.srrov:s, D. h'. Powers, and R. P. Snyder, 1983, Defornation 
of Evaporites Near the 1\aste Isolation Pilot Plant (\.flPP) Site: SAND82-1069, 
Sandia National Laboratories, prepared for U.S. Dept. of Energy, Albuquerque, 
New l'-lexico. 

Sradley, J. S., 1975, Abnorh.al Formation Pressure: Amer. Assoc. of Pet. Geol. 
BulL, v. 59, pp. 957-973. 

Braitsch, 0., 1971, Salt Deposits- Their Origin and Composition: Springer
Verlag, New York, 297 PP• 

Brokaw, A. L., C. L. Jones, M. E. Cooley, and W. H. Hays, 1972, Geology and 
Hydrology of the Carlsbad Potash Area, Eddy and Lea Counties, :\few :·texico: 
U.S. Geol. Survey Open-File Report, USGS 4339-1, prepa~ed for U.S. Atomic 
Energy Comm., 86 pp. 

Carpenter, A. B., 1978, Origin and Chemical Evolution of Brines in Sedimentary 
Basins: Oklahoma Geol. Survey Circular 79, pp. 60-77. 

Cody, R. and A. B. Hull, 1980, Experimental Growth of Primary Anhydrite at Low 
Temperatures and Water Salinities: Geology, v. 8, pp. 505-509. 



TME 3153 

LIST OF REFERENCES 
(Continued) 

D'Ap.polonia Co71sulting Engineers, Inc., 1982, Data File ::\eport- E"1DA-6 and 
WIPP-12 Testing: Report prepared for ~estinghouse Electric Corp. and U.S. 
Dept. of Energy, Albuquerque, ~ew Mexico, 7 vols. 

Dean, W. E., Jr., 1967, Petrologic and Geochemical Variations in the Permian 
Castile Varved Anhydrite, Delaware Basin, Texas and ~ew Mexico: University of 
New Mexico, Ph.D. Dissertation, 326 pp. (0niversity Microfilms ~umber 68-
3463). 

Dean, W. E. and R. Y. Anderson, 1982, Continuous Subaqueous Deposition of the 
P·~r-mian Cas tile Evaporites, Delaware Basin, Texas and n::.,. :1exico: 
Depositional and Diagenetic Spectra of Evaporites - A Core Workshop, 
Handford: Loucks, and Davies, eds., SEPH Core ~orkshop ~o. 3, Calgary, 
Canada, June, 1982, 395 pp. 

Dresser Atlas, 1974, Log Review 1: Dresser Industries, Inc. 

Dresser Atlas, 198la, Neutron Logs: Dresser Industries, Inc. 

Dresser Atlas, 198lb, Acoustic Logs: Dresser Industries, Inc. 

Earlougher, R. C., Jr., 1977, Advances in Well Test Analysis: Soc. Pet. Engr. 
of AIME ~·tonograph, v. 5, 264 pp. 

Gevantman, L. H. (ed.), 1981, Physical Properties Data for Rock Salt: 
National Bureau of Standards Honograph 167, U.S. Dept. of Commerce, 282 pp. 

GFDR (Geotechnical 
Exploratory Drift: 
Pebruary 17, 1983. 

Field Data Report) No. 7, 1983, G~ologic ~apping of 
compiled for u.s. Dept. of Energy by TSC-D'Appolonia, 

Heard, H. C. and W. w. Rubey, 1966, Tectonic Implications of Gypsum 
Dehydration: Geol. Soc. of America Bull., v. 77, pp. 741-760. 

Hills, J. M:., 1968, Permian Basin Field Area, ~vest Texas and Southeastern New 
Mexico: Geol. Soc. of ~~erica Special Paper 88, pp. 17-27. 

Jaeger, J. C. and N. G. W. Cook, 1976, Fundamentals of Rock Hechanics: 
Halsted Press, New York, 585 pp. 

Jarolimek, L., 1982, personal communication: Senior Project Consultant, 
D'Appolonia Consulting Engineers, Inc., Pittsburgh, Pennsylvania. 

Jones, C. L., 198la, Geologic Data for Borehole ERDA-6, Eddy County, New 
Mexico: U.S. Geol. Survey Open-File Report 81-468, 59 pp. 

Jones, C. L., 198lb, Geologic Data for Borehole ERDA-9, Eddy County, New 
Mexico: U.S. Geol. Survey Open-File Report 81-469, 50 pp. 

2 



LIST OF REFERENCES 
(Continued) 

THE 3153 

King, P. B., 1942, Permian of Hest Texas and Southeastern ~ew Hexico: ,!,.mer. 
Assoc. of Pet. Geol. Bull., v. 26, no. 4, pp. 535-763. 

King. R. H., 1947, Sedimentation in Permian Castile Sea: .t,.iller. Assoc. of Pet. 
Geol. Bull., v. 31, no. 3, pp. 470-477. 

Kinsman,!). J. J., 1966, Gypsum and Anhydrite of Recent Age, Trucial Coast, 
Persian Gulf: in Proceedings, Symposium on Salt, 2nd, ;-<orthern Clh1o Geol. 
Society, v. 1, pp. 302-326. 

Kirkland, D. W. and R. Y. Anderson, 1970, Microfolding in the Castile and 
Todilto Evaporites, Texas and ~ew Mexico: Geol. Soc. of America Bull., v. 81, 
PP· 3259-3282. 

Kulh,:n.-.y, F. H., 1978, Geomechanical Model for Rock Foundation Settlement: 
Jour. of the Geotech. Engr. Div., Free. of the ;~er. Soc. of Civil Engr., v. 
104, no. GT2, pp. 211-227. 

HcNaughton, D. A., 1953, Dilatancy in Migration and Accumulation of Oil in 
Metamorphic Rocks: Amer. Assoc. of Pet. Geol. Bull., v. 37, pp. 217-231. 

:1cNaughton, D. A. and F. A. Garb, 1975, Finding and Evaluating Petroleum 
Accumulations in Fractured Reservoir Rock: Exploration and Economics of the 
Petroleum Industry, v. 13, Matthew Bender and Company, Inc., pp. 23-49. 

Merritt, F. S. (editor), 1976, Standard Handbook for Civil Engineers: McGraw
Hill Book Co. , New York. 

~!uehlverger, w. R., 1968, Internal Structures and Mode of Uplift of Texas and 
Louisiana Salt Domes: Geol. Soc. of America Special Paper 88, pp. 359-364. 

Ode, H., 1968, Review of Mechanical Properties of Salt Relating to Salt Dome 
Genesis: Geol. Soc. of !unerica Special Paper 88, pp. 543-595. 

Pfiefle, T. W. and P. E. Senseny, 1981, Elastic-Plastic Deformation of 
Anhydrite and Polyhalite as Determined from Quasi-Static Triaxial Compression 
Tests: S~~ 81-7063, by RE/SPEC, Inc. for Sandia National Laboratories, 
Albuquerque, New Mexico, 123 pp. 

Posnjak, E., 1940, Deposition of Calcium Sulfate from Sea Water: Amer. Jour. 
of Science, v. 238, no. 8, pp. 559-568. 

Powers, D. W., S. J. Lambert, S. E. Shaffer, L. R. Hill, and w. D. Weart 
(editors), 1978, Geological Characterization Report, Waste Isolation Pilot 
Plant (WIPP) Site, Southeastern New Mexico: S~~ 78-1596, issued by Sandia 
National Laboratories, for U.S. Dept. of Energy, Albuquerque, New Mexico. 

Riley, C. M. and J. V. Byrne, 1961, Genesis of Primary Structures in 
Anhydrite: Jour. of Sed. Petrology, v. 31, no. 4, pp. 553-559. 



HiE 3153 

LIST OF REFERENCES 
(Continued) 

Sandia ~ational Laboratories and U.S. Geological Survey, 1982, Basic Data 
Report for Drillhole \.JI?P-11 (WIPP): SA.Ji!D 79-0272, Sandia National 
Laboratories, Albuquerque, New ~lexica. 

Schoalz, R. F., 1969, Deep-Hater Evaporite Deposition: A Genetic ~1odel: Amer. 
Assoc. of Pet. GeoL Bull., v. 53, no. 4, pp. 798-823. 

Snow, D. T., 1968, Rock Fracture Spacings, Openings, and Porosities: Jour. of 
the Soil Mech. and Found. Div., ?roc. of the Amer. Soc. of Civil Zngr., v. 94, 
no. SMl, PP· 73-91. 

Snyder, R. P., 1982, personal communication: Geologist, U.S. Geological 
Survey, Denver, Colorado. 

Stoiber, R. E. and S. A. ~orse, 1972, Microscopic Identification of Crystals: 
Ronald Press Co;rrpany, Ne,.; York, 278 pp. 

Teufel, L. W., 1981, ~·!echanical Properties of Anhydrite and Polyhalite in 
Quasi-Static Triaxial Compression: SAND 81-0858, Sandia National 
Laboratories, Albuquerque, ~ew Mexico, 35 pp. 

Udden, J. A., 1924, Laminated Anhydrite in Texas: Geol. Soc. of America 
Bull., v. 35, PP• 247-354. 

Van Golf-Racht, T. D., 1982, Fundamentals of Fractured Reservoir Engineering: 
Developments in Petroleum Science 12, Elsevier Scientific Pub. Co., !\ew York, 
710 pp. 

~.:a.wersik, \.J. R. and D.~;. H:mnum, 1979, Interim Summary of S:;;ndia Creep 
"Experiments on Rock Salt From the WIPP Study Area, Southeastern ~Jew i-1exico: 
SA..JW 79-0115, Sandia National Laboratories, Albuquerque, ~ew Hexico, 69 pp. 



CASTH.E F~MATIOH fR~CTIIRF 

0'£-R DESIGNATION 

Anf'l,vdr lte t t 1 

Anhvdr I +~t Strl ,981"' 

In Hal tt., II 

~nl'\vdr I t• 1 1 

Hell t .. I 

Anhvdr It"' 1 

\I 1 rr~ t•thtYifMI' .. t' tog .. 

(J)E~otiMeted .. 

A. 

s. 

c. 

D. 

[. 

F • 

G. 

H. 

J. 

K. 

FRACTURE DEPTH 1FT I 

2789.) - 2797.0 

Z612.Z - 1BZB.B 

)006.4 - )008.} 

)016.1- )017.• 

)044.1- )04,.2 

)04~.] - ,047.0 

}048.6 - }0~1.6 

JOH.~ - JO~R.B 

3060.6 - }061 .5 

,,,.6- }})7.0 

OJ0t-lento1'1ona dll'tOIC'ted on nQure G-10. 

DIP AN~r ANO 

DIRECTION IDEG1 1 II 

Verf lc"l (2} 

V~~trtlc..,l 

7fl• ~w 

8~• NW 

Vttrtlcal{]l 

An.c2 1 

n.· sw 

7'•sw 

7,.•swcz, 

Vertlcflt
01 

TARL£ G. I 

Sl.M4Nn CF F'RAC':TIIRE CHARACTERISTICS 

WIPP-12 

)TR IY.f( I J 

IAZIMVTHI 

N-5 

.,o·' l1 

•o·"l 

',o·''' 

t1o•• H 

170.121 

-'PFRT\IIlf. 

.'.S_~I__~_C~£1_ 

<O.OA ln. 

1.1 0) 'n 

Ccortll'llly opfltn) 

<0.01'1 ln. 

<0. 1 in. 

<O,(lf, In, 

0 to o.o~ ln. 

0.1 In. ( f illfl'!ll 

0.1 ln. (fill ~ttl) 

<0.01 ln. 

No fro'lctur~~t~ ol,,..,,..,..,r1 

~' 'recturfi'S ('•h,..,rv .... 1 

rIll lNG 

NnnP. 

H., I It~ 

( f"l-'~""'lnl lv 111 lfl'd) 

Non~ 

Non.-

~.0 ... ,. 

~( ....... 

N0nf!' 

111'1 I I tp 

th1l I fp 

Nnn•• 

Hff.' .... .RKS 

Not dP.tPct~d ("M"'' t~1nv1..,,.....,. l..,q. 

Orl .. ,.,.,...,tlc,n r1tfl!cr}lf to oht~ln 

,,.,_,. t..,l~v I ,..._Pif" ln•.t· 

Pr~·h1rJ<:I'"r1 <1.~'!1 c1ur lnq r!r- I II I "Q. 

rrodur~r1 hr I "P. r:l•rrl "'1 rfr' i I I i no. 

Not \1 .. ti'O("f.,..rl nn t ... J,.v) ... ..,nr ,,.IQ· 

Not o~ .. tt"t("t .. ,l ,,..., t ... t•vt ... ~,.. I(•Q. 

GllpoNt GPfl"'"'r- ttnc~. 

Verv lnr:llstlnr.t 01'1 t ... t.,vlf'!'v""r- lnQ. 

Ttal"'"'"'"'"'r In~ n0t run tttroHQh H\1., 

I nt .. rvtll. 

--i 

,., 
lN 
....> 
VI 
lN 

r 
I 
I 

I 
I 

I 
r 
! 



TME 3153 

TABLE G.2 

EFFECTIVE POROSITY, GRAIN DENSITY, AND PERHEABILITY LABORATORY TEST RESULTS 
FROM ANHYDRITE CORE 

SAMPLE 
DEPTH EFFECTIVE POROSITY GR.o\IN DENSITY PERI-!EAB IL ITY 

WELL ( ft) ('1.) ( g/cm 3) (md) 

WIPP-12 2815 0.8 2.939 <0.0002 

WIPP-12 3007 0.2 2.954 <0.0002 

E R.DA- 6 2600 1.6 2.923 0.003 
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PART II[ - HYDROLOGY 

1 .0 I:-i'TRODUCTION AN1J SUHMARY 

The hydrology section of this report presents the investigative methods, data, 

analytical methods, results, and conclusions of the hydrologic study conducterl 

during this project. Data include those collected specifically for analysis 

of the Castile brine reservoirs (i.e., D'Appolonia, 1982, 1983) and those 

compiled from the drilling records of other wells in the Delaware Basin. Much 

of this drilling record data is used in analysis of the spatial distribution 

of the reservoirs and was developed in Part II, Geology. Included are 

indications of the quality of the field data and the applicability of the 

field data to several analytical methods. 

The results of the hydr.-ological investigations indicate that the ER.DA-6 and 

WIPP-12 brine reservoirs, and probably the other Castile brine reservoirs, are 

isolated from each other and from ground-water systems in the overlying 

Rustler Formation and underlying Bell Canyon Formation. T~e persistence of 

high 3nd different hydraulic heads in Castile brine reservoirs over at least 

the last million years is the principal hydrologic evidence for their 

isolation. Because all known Castile brine occurren~es are associated with 

fractures, the reservoirs are thought to be comprised of localized systems of 

interconnected fractures. The ERDA-6 fracture system is estimated to contain 

about 630,000 barrels of brine and the 'JIPP-12 fracture system rr-..ay contain 

about 17,000,000 barrels. The brines are thought to represent primary pore 

fluids within anhydrite which were isolated by overlying and underlying 

halites. The brine migrated to the fractures when the fractures opened. 

In the absence of human intervention, no credible mechanism has been identi

fied which could allow Castile brines to flow to the waste disposal horizon. 

An increased hydraulic gradient towards the waste disposal facility will exist 

during the hundreds of years the facility excavation is open, but flow from 

the Castile to the facility cannot occur in such a short geologic time. After 

salt creep seals the facility, hydraulic conditions will be similar to those 
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which have prevented flow from the Castile hrine reservoirs for a million 

years. 

2.0 PURPOSES AND SCOPE 

2.1 SUXHARY OF PREVIOUS IWESTIGATI0NS 

The existence of brine reservoirs in the Castile Formation has been documented 

by forty years of observations made during oil and gas exploration drilling. 

During this period, little or no effort ~as made to organize the available 

ddta or characterize the reservoirs quantitatively. Indeed, the Castile 

Formation is considered an aquiclude by authors- studying regional hydrogeo

logy. Hiss (1975) published the first comprehensive ground-water report on 

the Delaware Basin and dealt with the topic on a regional scale, documenting 

flow pRtterns and regions of recharge and discharge for the aquifers of 

~conomic interest. Hiss (1975) relied on existing data and, as such, could 

say little about the hydrology of the Castile brine reservoirs. Mercer and 

Orr (1979) studied the hydrology of the region as it relates to the WIPP 

project. iheir report concentrated on the Rustler and Bell Canyon formations, 

which constitute the closest overlying and underlying aquifers respectively, 

to the Castile and Salado formations. Powers et al. (1978) present these data 

in an extensive report on the geological characterization of the WIPP site. 

They established that the Salado and Castile formations separate the overlying 

and underlying flow syste~s by a combined thickness of hundreds of feet of 

very low-permeability material. The heads within the flow systems are below 

ground surface, and the aquifers are known to contain unsaturated (with NaCl) 

waters. Pluids encountered within the Salado Formation occur as small pockets 

with low pressure. Brine reservoirs in the Castile Formation are discussed, 

but little is quantified. 

Register (1981) compiled existing data on the Castile brine reservoirs and 

produced the first report concentrating on this subject. His report was 

completed prior to the work of this present project, but remains a source of 

background information on, and documentation of, the reservoirs encountered 

during hydrocarbon exploration. Gonzalez (1983) studied fracture flow in the 
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Rustler Formation by pressure analysis and tracer techniques. He was able to 

determine effective porosity, dispersivity, and anisotropy values for several 

study locations surrounding the WIPP facility. 

7he first WIPP site-characterization exploration hole to indicAte the presence 

of Castile brine reservoirs was ERDA-6. ERDA-6 was initially drillerl to 2775 

feet below ground surface in 1975 to evaluate the site for location of the 

WIPP facility (Jones, 1981a). Te.chnic.g,l direction for the project was 

provided by Sandia National Laboratories. Examination of drill cuttings and 

core was the responsibility of the U.S. Geological Survey, and supervision of 

drilling operations was provided by Fenix and S~isson, Inc. After 

interception of the brine reservoir at 2711 feet in anhydrite, drilling 

contin~ed into the underlying Ralite I unit. A drill stem test (DST) was 

performed on the brine reservoir, after which a cement plug was emplaced from 

the total depth of 2775 feet to 2562 feet. The well was then abandoned until 

initiation of the present work. 

2.2 PURPOSES OF STUDY 

Prior to the investigation initiated in October, 1981, information on pressur

ized brine reservoirs within the Castile Formation was scarce and of a 

semiquantitative nature. Interest in a thorough understanding of brine 

occurrences within the Delaware Basin increased with intersection of the 

pressurized brine reservoir at E~DA-6 in 1975, initiation of Site and 

Preliminary Design Validation (SPDV) construction at the IHP? site, and inter

section of a reservoir by WIPP-12, located about one mile from the site cen

ter, in 1981. The lack of quantitative infor.nation prompted investigations at 

ERDA-6 which were later supplemented by 11ork at WIPP-12. Table H.l lists the 

available data on each reported brine occurrence in the Castile Formation. 

ERDA-6 and ~IPP-12, drilled specifically for investigation of the WIPP project 

area, are the only wells in which reservoir characteristics have been quanti

tatively assessed. Tables H.2 and H.3 and Figures H-1 and H-2 present a 

summary of the hydrological tests performed in ERDA-6 and WIPP-12 during 

investigation of the brine reservoirs. 
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The hydrologic testing program was oriented toward establishing the relation

ship between brine reservoirs in the Castile Formation and the suitability of 

the WIPP site. The hydrological issues which determine the impact of reser

voir occurrence on site suitability are summarized below. 

2.2.1 Connectivity of Brine Reservoirs With Other ~ater Sources 

The brine reservoirs in the Castile Formation are stratigraphically and 

geographically the closest substantial volumes of liquids to the WIPP disposal 

horizon. The degree of isolation of these bri~e reservoirs from other water 

sources, especially those in close proximity to the site, enters into the 

assessment of the ltydrological stability of the site. Tntercornmunication of 

~idely spaced (stratigraphically or geographically) reservoirs could provide 

pathways for radionuclide migration away from the ~IPP disposal area. 

Interconnection of brine reservoirs with local aquifers containing unsaturated 

(with respect to NaCl) fluids could lead to reservoir enlargement that could 

potentially affect the WIPP facility. Additionally, such interconnection 

would also provide potential pathways for radionuclide migration. 

The results of hydrological investigations perfo~ed to determine whether 

interconnection exists are discussed in Section 3.4.1. The conclusions are 

supported by the results of the geochemical investigations discussed in Part 

IV, Chemistry, Secttons 3.3 and 4.3. 

2.2.2 Volume of orine Held by Reservoirs 

The drainable volume of brine (or the volume produceable at the facility 

horizon) stored within the anhydrite members of the Castile Formation was 

another factor thought to have a bearing on the suitability of the WIPP 

site. Knowledge of drainable volume is useful for assessment of the 

geographical extent of the reservoirs and to provide input data for conse

quence modeling. The only two brine reservoirs in the Castile Formation for 

which volumetric analyses were performed are those intercepted by ERDA-6 and 

WIPP-12. Results of reservoir volume analyses are presented in Sections 3.4.3 

and 3.4.4. 
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2.2.3 Hydrologic Svidence of Hrine and Reservoir Origin 

Identification of the mechanism responsible for development of the brine 

reservoirs, the age-dating of reservoir development, and the length of time 

they have been isolated are relevant to the assessment of site stability. 

These data will help answer questions concerning whether reservoir development 

is an active process or ended in the geological past and is currently dorm

ant. The contribution that hydrologic analyses can make toward identifying 

the brine origin and migration history is to explain: 

• >·~'la t could be (or could not be) the source of the 
brine? 

• What ~as the mechanism of brine migration and 
accumulation in the fractured anhydrites? 

• Are the processes of reservoir development or brine 
migration still active? 

Hypotheses on brine origin, migration, and accumulation can be developed in 

light of the reservoirs' undisturbed (maximum) pressures and reservoir 

responses to brine removal. A discussion of the origin of the reservoirs and 

brines is in Section 4.4 of this report. The majority of the evidence 

pertaining to the origin of the brine, however, is derived from the geochemi

cal investigations discussed in Part IV, Chemistry, Section 5.1. 

2.2.4 Potential for Brine to }iigrate From Reservoirs to Waste Facility 

An assessment of the potential for brine migration into the underground ~aste 

facility is important due to the possible mobilization of the waste following 

brine intrusion. Mechanisms that could cause inflow of brine to the waste 

disposal horizon are: 

• Upward seepage of brine through the halite of the 
Salado Formation under the induced hydraulic gradi
ent. 

• Dissolution of evaporites and associated movemerit of 
hrine. 
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• Movement of brine through unplugged boreholes which 
connect the disposal horizon and brine reservoirs 
either directly or through interconnecting fractures. 

• Flow of brine through fractures induced by mining 
activities. 

A discussion of the potential for brine movement into WIPP underground open

ings via up>o~ard seep:1ge through the Salado Formation is offered in Section 

3.4.2 of this report. The potential for dissolution of evaporites is add

ressed in Part IV, Chemistry, Section 3.3.5. The last t~o possibilities are 

not within the scope of this report. The consequences of interconnecting the 

WIPP underground with a brine reservoir through drilling, however, have been 

shown to be insignificant (~oolfolk, 1982). 

I 

2.3 SCOPE OF STUDY 

The initial phase of the current study involved a thorough review of data on 

brine occurrences in the Delaware Basin. The data ~ere examined to determine 

if relationships could be defined between brine occurrences and local strati

graphy or geologic str•Jctures. Evidence of connections between reservoirs was 

also sought. Data on brine occurrences in other parts of the world, as well 

as data on fractured reservoirs in general, were also reviewed to provide a 

broader ~ackground for the study. ?allowing the data review, a conceptual 

hydrogeological model was develoyed of the area around the ~IPP site. A study 

plan was then developed to test. refine, and verify the 6odel. 

The field efforts undertaken to characterize the hydraulic properties of the 

hrine reservoirs in ERDA-6 and WIPP-12 consisted of drill stem tests (DST's) 

and flow tests with subsequent pressure-recovery monitoring. Two drill stem 

tests and three flow tests were performed in each tested well. "-'henever 

possible. tests were designed to complement or supplement previous tests. The 

hydrological testing program was developed to accomodate geochemical ssmpling, 

as well as geophysical logging. 
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3 .0 HYDROLOGIC CHA!V.CTERIZATION OF P.RINT. RESE~VOIRS 

13rine flow rates from the reservoirs, and reservoir ;:>ressures ·~easured prior 

to, during, and after flow periods, were t~e key data used to characterize the 

hydrology of the reservoirs. In particular, these dat~ were used in 

d2terrnination of: 

• Reservoir undisturbed pressure. 

o Reservoir transmissivity. 

• Reservoir flow-system model. 

3.1 n:STING 

Detailed inforor:.ation on the hydrological testing procedures and volu;:nes of 

brine produced from the r2servoirs was presented by D'Appolonia (1982) in 

"Data File Report - ERDA-6 and 'HPP-12 Testing" and "Addendum 1" to that 

report. The discussion below briefly summarizes the t~sts performed at ERDA-6 

and WIPP-12. Figures H-1 and H-2 show the sequence of testing events, with 

pertinent depths. 

3.1.1 Drill Stem Testing 

A drill stem test (DST) is a short duration, single borehole flow and buildup 

test conducted through downhole packers and steel tubing. The tech~ology was 

developed by and for the petroleum industry to test the hydraulic properties 

of deep-seated reservoirs and allow the collection of reservoir fluids for 

dnalysis. The drill stem tests performed in ERDA-6 and WIPP-12 produced an 

initial set of data on the brine reservoirs' hydraulic properties including: 

(1) reservoir pressure; (2) reservoir temperature; and (3) reservoir transmis

sivity. In addition, observations of reservoir behavior during drill stem 

tests were used to develop programs for subsequent flow tests in both wells. 

Drill Stem Tests in ERDA-6 were performed at two intervals. The first tested 

interval was located between 2472 and 2562 feet (top of cement plug). The 

test, designated as ~DST-2472", ~as performed prior to reopening the well to 

the brine-producing horizon, and its primary purpose ~as to test the in-situ 

integrity of the cement plug emplaced in ERDA-6 in 1975. The second interval 
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tested by the DST method was between the depths of 2676 and 2748 feet (bottom 

of the hole). This interval straddled the main brine-producing fracture 

located in Anhydrite II at 2711 feet. This test, designated "DST-2680", 

produced an initial set of data concerning the hydraulic properties of the 

SRDA-6 brine reservoir. 

Drill Stem Tests in ~IPP-12 were also performed at two intervals. The first 

tested interval was between 3020 and 3047 feet (bottom of the hole). The 

purpose of testing in this interval was to gather data from below the then

known fractured zcne located in Anhydrite III approxin:at,?ly 'Je~ween 3010 and 

3020 feet. During this test, designated "DST-3020", the packer could not be 

set below 3020 feet nue to the configuration of the DST tool; thus, the 

fractured zone may nat have been totally sealed off from t~e tested 

interval. The second tested interval extended from 2986 to 3047 Feet. This 

DST, ~esignated "DST-2986", produced an initial set of data on the hydraulic 

?roperties of the brine reservoir at WIPP-12. 

3.1.2 Flow Testing 

A flow test, as used in this report, refers to a relati~ely long-term flow and 

pressure buildup test. Flow tests were conducted to provide further informa

tion on reservoir hydraulics and to allow for substantial fluid removal for 

estimation of reservoir volumes and collection of representative samples for 

chemical analysis. The longer duration of the flow tests also provided 

reservoir-hydraulics data representative of regions remote from the well. The 

data on brine production during these tests and the associated reservoir 

pressure responses were used to calculate reservoir fluid volumes. 

All flow tests in ERDA-6 and WIPP-12 were designed to be constant-pressure, 

variable-flow-rate tests. This method is applicable to situations in which a 

~ell intersects a reservoir with a pressure head above ground surface. Such a 

condition was encountered in ERDA-6 and WIPP-12. However, technical difficul

ties prevented the maintenance of constant pressure during some of the tests. 
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Flow and Ruildup Tests [n ERDA-6 provided further Information on the hydraulic 

properties of the brine reservoir, as well as data for reservoir volume 

calculations. Flo~ Test 1 immediately followed DST-2680. It was performed 

through steel tubing with a DST tool isolating the tested interval between 

2676 and 2748 feet (bottom of hole) from the remainder of the hole. Due to 

the risk of hydrogen sulfide embrittlement of the tubing, which could result 

in the loss of the DST tool, this test was terminated after 5.6 hours of flow 

and 3 hours of buildup. Total brine production during this test was 153 

barrels. 

Flow Test 2 and Flow Test 3 were designed to provide data on the response of 

the reservoir to long-term stress. Significantly larger volumes of brine were 

allowed to flow from the well: 1030 barrels during Flow Test 2 and 444 barrels 

during Flow Test 3. The pressure buildup following shut-in was monitored to 

provide a basis for the evaluation of long-term reservoir response. Both Flow 

Test 2 and Flow Test 3 were run with an open borehole with all instrumentation 

above ground surface. Currently, ERDA-6 is shut-in and will soon be cemented 

and plugged to the surface. 

Flow and Buildup Tests in WIPP-12 provided further information on the hy

draulic and geochemical properties of the brine reservoir, as well as data for 

reservoir volume calculations. Prior to the initiation of the for~al hydro

logic testing program at WIPP-12, over 27,000 barrels of brine were unavoid

ably produced from the well during drilling and geophysic~l logging. 

Flow Test 1 was designed primarily to allo'* the collection of gas and brine 

samples et the wellhead and, using a downhole sampler, under in-situ reservoir 

conditions. The brine flow was restricted during this test to maintain the 

backpressure necessary to operate the gas/liquid separator and to optimize 

sample-collection conditions. The collection of hydrologic data was of lesser 

concern, and in fact, no interpretable data were obtained. Total brine 

production during this test was 489 barrels. Eetween Flow Tests 1 and 2, an 

additional 25,000 barrels of brine were unavoidably produced during additional 

drilling and logging activities. 
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Flow Test 2 ~as a short-term test designed to provide data on the fracture 

response to short-term stress. It was expected that the data would he useful 

i~ assessing fracture permeability and the ratio of fracture-to-total storage 

volume. Total brine production during this test was 2258 barrels. 

Flow Test 3 was designed to provide data on the response of the reservoir to 

long-term stress. Total brine production during this test was 24,800 har

rels. Currently, WIPP-12 is shut-in and will soon be plugged through the 

producing zone. Final plugging to the surface will be a part of the borehole 

plugging program. 

3.2 ~-EASCRLMENTS 

i)etailed information on flow-monitoring-system configurations, flmrr.Jeter 

specifications, and pressure-monitoring devices is presented by D'Appolonia 

(1982). The discussion below briefly summarizes the methods of flow and 

pressure data acquisition, type of instrumentation, factors affecting quality 

of flow and pressure data, and special concerns regarding data acquisition 

techniques. 

3.2.1 Flow Measurements 

The flow rates and volumes of brine produced from the reservoirs were measured 

with a variety of metering devices. During periods when drilling or activi

ties other than hydrological testing (e.g., geophysical logging or packer 

installation) were in progress, flow rates were approximated by pump stroke 

counters and fill-up rates of the mud pits. This type of flow rate approxima

tion was especially important during the aeepening of WIPP-12. During efforts 

specifically designed for hydrologic testing, various flow meters were 

installed to monitor flow rates, and during DST's, downhole transducers 

measured inflow rates into the tubing. Tables H.2 and H.3 briefly summarize 

the flow monitoring in ERDA-6 and WIPP-12, respectively. Information on 

instrumentation and factors affecting the quality of measurements is also 

provided. 
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During testing at ERDA-6 and WIPP-12, the flow rate measurements were ~t times 

affected by: 

~ Gas liberated from the brine passing through the flow 
ffieters, causing them to register erroneously high 
flow rates. 

• Salt precipitation within the flow lines or flow 
meters restricting flow and often incapacitating 
instruments. 

o Deterioration of flow meters due to the corrosiveness 
of the brine and hydrogen sulfide. 

~ Choke effects during DST flow periods. 

The problem of gas liberation in the flow system upstream of the flow meters 

;.;as noticed only at ERDA-6 where the gas bubbles were large and often com

pletely filled the discharge pipe. At WIPP-12, no large gas bubbles were 

noted at the position of the flow meters, but the possibility of small bubbles 

remains. The analyses presented in ?art IV, Chemistry, Section 4.3.2, 

indicate that even under flowing conditions no more than about two percent of 

the fluid volume at the WIPP-12 reservoir level is occupied by gas, and no gas 

at all should exist in the ERDA-6 reservoir. Therefore, most of the gas 

;:-robably was liberated during travel up the well. The nuch slower flow rate 

of ERDA-6 is likely responsible for the e:dstence of more gas In the discharge 

line by allowing longer travel times under reduced pressure. ?roblems with 

gas/brine separation were rectified when gas/liquid separators were used. 

Erine flow rates were measured do~nstream from the separator after most of the 

gas had been removed from the flow line. 

Salt buildup within the flow lines and meters occurred because the drop in 

pressure as the brine flowed to the surface was apparently sufficient to cause 

salt precipitation from the halite-saturated brine (see Part IV, Chemistry, 

Section 3.3.2). The problem was overcome by using several flow meters in a 

parallel arrangement and bypassing the brine flow from an obstructed flow 
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meter to a clear one. T~e obstructed meter would then he flushed with fresh 

water to prepare for its future use. The extremely high corrosiveness of the 

brine, coupled with the presence of hydrogen sulfide, also caused frequent 

flow meter failures. T~e parallel arrangement of flow meters allowed 

3witching to an alternate whenever a meter needed to be repaired. As a last 

resort or as a check on flow meter accuracy, the brine could be channeled 

through a cutthroat flume. 

Choke effects were noted during the flow periods of the nsT's conducted at 

WIPP-12 (D'Appolonia, 1982, v. II). These effects are present when pressure 

at the instant of flow period i~itiation is not as low as would be expected 

based on the pre-test static pressure exerted by water in the tubing. Choke 

effects are caused by t!1e raservoir yielding fluid at a greater rate than can 

easily pass through the DST tool, causing backpressure to huild up on the 

reservoir side of the restriction or "choke." 5ecause the DST transducer is 

~lso located on the reservoir side of the choke. this choke pressure is 

regi5tered instead of the desired pressure of the water column in the tub

ing. For this reason, the DST's conducted in WIPP-12 were not used for 

quantitative analysis. 

Problems encountered during the flow tests were identified in the field and 

corrective measures were implemented. Their bearing on the overall quality of 

the test data was considered during selection of data for quantitative 

analysis. 

3.2.2 Pressure Measurements 

Reservoir pressures were measured during all buildup tests, all phases of 

DST's, and during some flow tests. Depending on the type of test, its 

duration, and operational concerns, pressures were measured either downhole at 

the production horizon or at the wellhead. The methods of pressure measure

~ent, instrumentation, and limitations are presented briefly in Tables H.2 and 

H.3. For detailed information, refer to D'Appolonia (1982, 1983). 
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Downhole Pressure Measurements 

Electronic pressure transducers connected via wireline with surface-located 

computers were used to acquire and record reservoir pressure and temperature 

data. The downhole pressure-monitoring systems allowed measurement of these 

parameters at reservoir depth. For all tests except Flow Tests 2 and 3 in 

WIPP-12, a Lynes Triple Conducting Wireline (TCWL) transducer probe was 

coupled with an HP-9825 desktop computer for data acquisition and manipula

tion. During Flow Tests 2 and 3 in WIPP-12, a Johnston-Maceo Downhole Pres

sure-Temperature Transducer -- Surface Pressure Readout (DPTT-SPRO) system was 

used (D'Appolonia, 1982). The seals between the wireline and the wellhead 

often proved troublesome, causing leaks and affecting pressure readings. For 

extended periods of pressure monitoring, the downhole monitoring systems 

proved impractical. 

Surface Pressure Measurements 

Electronic pressure transducers, the same as those used for downhole monitor

ing, and mechanical pressure gages were utilized for pressure measurements at 

the surface. By measuring the pressure at the surface, no wireline was 

needed, thus leakage of pressure between the cable and wellhead was elimi

nated. However, monitoring pressure at the surface has some drawbacks 

affecting data quality. 

To correlate pressures read at the surface to those at the reservoir level, 

the pressure exerted (fluid pressure gradient x thickness) by the fluid column 

in the wellbore above the reservoir must be known. Qne fluid pressure 

gradient survey was performed in ERDA-6, which indicated a pressure gradient 

of 0.5326 psi/ft of brine. Four fluid pressure gradient surveys were run in 

WIPP-12. The surveys indicated fluid pressure gradients in the brine-filled 

portion of the wellbore ranging from 0.5345 to 0.5433 psi/ft of brine, with an 

average of 0.5378 psi/ft. 

The pressure gradient survey run in WIPP-12 after four months of shut-in prior 

to Flow Test 2 also revealed the presence of a gas cap in the wellbore 
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extending to approximately seven feet below the ground surface. The presence 

of a gas cap at the wellhead creates a problem in converting wellhead 

(surface) pressure to reservoir (downhole) pressures because gas is much 

lighter than brine and the location of the gas-brine interface in the wellbore 

could not be monitored on a continual basis. With an expanding gas cap, 

~ellhead pressures will rise at a faster rate than reservoir pressures because 

as a gas cap expands, the gas pressure must rise to compensate for the 

pressure exerted by the dis~laced brine. Even lf the reservoir pressure is 

static, the gas pressure in an expanding gas cap will continue to rise. The 

effect of gas cap develop~ent on the shape of·a pressure buildup curve plotted 

from wellhead data will be very small due to the slow formation of the gas 

cap. The gas cap factor must be eliminated, however, when estimating 

r~servoir pressure depletion for reservoir volume calculations. Accordingly, 

on :-~arch 7 and 8, 1983, the gas caps on the \JIPP-12 and ERDA-6 wellbores were 

released to obtain data needed to calculate the reservoir pressures accurately 

(see Se~tions 3.4.3 and 3.4.4). 

Another drawback to surface pressure measurements was that ambient temperature 

variations caused the pressure readings to fluctuate. The temperature effect 

was largely eliminated by insulating the wellhead. 

3.2.3 Special Concerns 

All pressure recovery tests in ERDA-6 and WIPP-12, with the exception of the 

buildup period following Flow Test 1 in ERDA-6, were conducted in uncased, 

open ~oreholes. The entire 1600-foot thickness of the S'alado Formation, 

containing numerous clay seams of total thickness under ten feet, was exposed 

to the pressurized brine. Cross-flow between the Castile reservoirs and 

sections of the Salado with locally elevated permeabilities was therefore 

possible. The impact that inter-reservoir cross-flow could have on buildup 

pressure has been examined for WIPP-12. The maximum inflow into the Salado 

Formation, based on shut-in conditions, was estimated to be 25 bbl/day and 

this in turn could lower the buildup pressure by approximately 6 to 7 psi over 

a long-duration buildup period. This inflow rate is likely lower than outflow 

rates from the Salado would be under evacuated-borehole conditions. 
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'3.3 DATA REDUCTIO~ AND ANALYSIS 

Data reduction and analysis were guided by a~ evolving working hypothesis for 

a reservoir wodel. Qualitative examination of geologic and hydrologic data 

rrovided a preliminary indication of appropriate flo~-system models to be used 

to analyze the hydrologic data quantitatively. As the analyses progressed, 

the models were tested and r~fined until the most appropriate model was 

developed. 

3.3.1 ~orking Hypothesis for Reservoir ~odel 

A general reservoir model of the ERDA-6 and ~IPP-12 brine reservoirs was 

developed largely from information gained from drilling records, core, and 

other data from r:RDA-6, WIPP-12, and other wells in the D·~laware 'Rasin. This 

r:1odel ·.as used as a working hypothesis during analysis of the hydrologic 

data. Refinement of the working model continued during hydrological testing 

and data analysis. The following is a list of preliminary information from 

~hich the reservoir model was originally developed: 

• Both the ERDA-6 and WIPP-12 brine reservoirs were 
encountered in the uppermost anhydrites in the 
Castile Fo~ation. Flow was detected from the lower 
portion of each anhydrite only (?egister, 1981; 
D1 Appolonia, 1982). The anhydrite beds are bounded 
on the top and bottom by massive salt beds. 

• Brine was produced from ERDA-6 and IHPP-12 when 
coring intercepted large, near-vertical fractures. 
No brine flow was noted from non-fractured intervals 
within the borehole. 

• Near-vertical microfractures were noted in thin 
sections of core samples from the fractured zones in 
WIPP-12. 

• Geophysical logs run in ERDA-6 and WIPP-12 indicate 
that intact anhydrite has a porosity of about 0.01 or 
less (D'Appolonia, 1982, v. III A, 6.5; IVA, 12.5; 
and Addendum 1, 12.19). 
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• The occurrence of brine is apparently associated with 
antiform features (Figure G-11) which may he control
ling factors in the density, distribution, and 
orientation of fractures. 

~nalysis of core and geophysical logs indicates that t~e brine reservoirs 

probably consist of multiple interconnected fracture sets of various apertures 

~nd extents. The large fractures are probably most li~ited in extent, and are 

expected to have high penaeabillties but relatively little brine storage 

c;.1pacity. Different large-fracture sets may be interconnected by smaller 

fri'ictures (see Figure G-13). The smaller fractures probably have greater 

geographical 2xtent, and account for the majority of brine storage while 

having relatively low permeahilities. The density of fractures is prohahly 

~reatest along the flanks of the anti.forms (Aguilera, 1980), '¥hich may explain 

the distribution of highly productive reservoirs (cf. reservoir locations on 

Figure G-11 with tlow rates in Table H.l). At some point in every lateral 

direction, the fra.::tures, 'uoth large and small, ;:>roba::,ly end in massive 

anhydrite of extremely low permeability. The reservoirs are also bounded 

above by low-permeability anhydrite and massive salt, and below by massive 

salt. 

The conditions noted above suggest that the expected pressure and flow 

behavior in the Castile reservoirs would be different than that predicted by 

ho~ogeneous, infinite reservoir ~odels. For this reason, in selecting 

analytic methods, several reservoir models were considered in addition to the 

standard homogeneous, infinite model. These included: homogeneous, finite 

models; double-porosity models; and single vertical fracture (both infinite 

and finite fracture permeability) models. 

3.3.2 Anal~~~~~ethods for Connectivity/Isolation Assessment 

Three main categories of hydrologic information can be used to assess the 

degree of isolation of the Castile brines: (1) observations of hydraulic heads 

in the brine reservoirs and other ground-water systems; (2) observations of 

brine occurrences (or the lack of occurrences) throughout the basin; and (3) 
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pressure changes in observation wells during hydrological testing in ERDA-6 

and WIPP-12 (interference testing). Section 3.4.1 presents the results of 

this .:>ssessrnent. 

3.3.3 Analytic Methods for Brine Migration Potential 

Four scenarios have been identified that might cause brine stored in the 

Castile Formation to co~tact the ~aste disposal facility. As outlined in 

Section 2.2.4, these are: (1) upward seepage of brine through halite of the 

Salado Formation; (2) dissolution of evaporites and associated movement of 

brine; (3) flow of brine through fractures induced by mining activities; and 

(4) movement of brtne through unplugged boreholes. The ftrst scenario, upward 

seepage of brine through halite of the Salado Formation, is the only scenario 

which does not rely on human 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 

movement of brine, will be treated in Part IV, Chemistry, Section 3.3.5. 

The potential for upward seepage of brine through halite of the Salado 

Formation can be evaluated most simply by considering the present-day flow 

regime, and changes that could occur in that regime as a result of opening up 

the WIPP facility. Huch of the same evidence used to assess the connectiv

ity/isolation of brine reservoirs can be brought to bear on this problem. The 

results of this evaluation are presented in Section 3.4.2. 

3.3.4 Analytic Methods for Plow System Characterization 

Early examination of the buildup data from the tests in ERDA-6 and WIPP-12 

indicated that the reservoirs were not responding as simple, textbook examples 

of idealized systems. Preliminary analyses were therefore conducted with the 

extensively used and versatile Horner (1951) method. Although originally 

developed to analyze infinite-acting radial flow in an isotropic, homogeneous 

medium, the Horner method allows the recognition and interpretation of non

ideal behavior caused by such factors as wellbore storage, skin (near-well 

radial heterogeneities), boundary effects, double porosity, fractures, and 
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other reservoir heterogeneities. Other, more specialized methods of analysis 

may then be selected accordingly and applied to the data to quantify or 

characterize the non-ideal conditions. 

Tn the Rorner method, buildup pressure (6p) is plotted versus leg [(tp + 

ut)/L.t] to produce a Horner plot (see ~omenclature at end of ;!ydrology text 

for definition of symbols). If the conditions of infinite-acting radial flow 

are met, a straight line will be present on the Horner ~lot. Deviations from 

the straight line during early and late buildup t!~es are tndicAtive of 

deviations from these conditions. 

Figure H-3 presents a hypothetical Horner plot showing the signatures of ;:;:any 

deviations and their causes; in general, wellbore conditions will affect the 

early data (far right) and boundary effects will influence the late data (far 

left). Figures H-4 and H-5 show Horner plots from reservoir tests in ERDA-6 

and WIPP-12, respectively. Comparison of these Horner plots with Figure R-3 

shows that: (1) both wells have large negative skins or intersect major 

fractures; (2) both reservoirs show infinite-acting radial flow during 

intermediate times; (3) both reservoirs s~ow boundary effects; and (4) both 

reservoirs show recharge (repressurization) after interception of the bound

ary, although this is more pronounced in ERDA-6 (Figure H-4). Furthermore, 

the shapes of the Horner plots suggest that t1-te effects of major vertical 

fractures may continue into the infinite-acting radial-flow period, and that 

the racharge effects noted at very late times may be due to non-uniform 

pressure distributions in the heterogeneous reservoirs prior to testing. 

Initial qualitative interpretation of the Horner plots suggested that the 

following reservoir models might be used to ~Jide interpretation of at least a 

portion of the data; under each model type are listed some of the analytical 

methods which can be used for that particular model. Included are both flow 

and buildup period analytical methods. 

• Infinite-acting, homogeneous, radial-flow model 

-Theis method (Theis, 1935) 
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- Jacob-Lohman method (Jacob and Lohman, 1952) 

- Horner method (Horner, 1951) 

o Infinite-acting, heterogeneous, radial-flow model 
(double porosity) 

- Horner method (Warren and Root, 1963) 

- Bourdet and Gringarten method (Bourdet and Gringar-
ten, 1980) 

- Mavor and Cinco-Ley method (~avor and Cinco-Ley, 
1979) 

~ Finite-acting, radial-flow model 

• 

- Jacob ~ethod (Cooper and Jacob, 1946) 

- Horner method (Horner, 1951) 

- Da Prat et al. Gethod (Da ?rat et al., 1981) 

- Muskat method (Xuskat, 1937) 

~odel for well intersecting a major vertical fracture 
(linear flow) 

- Locke and Sawyer method (Locke and Sawyer, 1975) 

- Horner method (Russell and Truitt, 1964; Raghavan 
et al., 1972) 

- Gringarten et al. method (Gringarten et al., 1972) 

- Jenkins and Prentice method (Jenkins and Prentice, 
1982) 

TME 3153 

A systematic series of analyses was conducted using ~ny of the techniques 

mentioned above. The results of each analysis were used as an indication of 

whether or not the reservoir actually conformed to the assumptions inherent in 

the method. In this way, the results of all the analyses supplied either 

positive or negative information on the reservoir characteristics and helped 

to refine the working model of the Castile hrine reservoirs. In the end, the 

Horner method proved to be best suited for analysis of the available data. 

All the other methods either produced ambiguous or qualitative results, or 

provided nothing that could not also be obtained from the Horner method. 

Over the following pages each of the major analytical methods used are 

discussed. The information gained from each analysis is noted, as well as the 
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reasons why each was ultimately rlismissed in favor of the Horner method. A 

listing of the quantitative results from many of the methods is presented in 

Table H.4. 

Horner Semi-Log ~ethod of Analyzing Buildup Period Data 

The applicability of previously derived heat flow solutions to ground-water 

flow proble'TIS was first cemonstrated by C.V. 'I'~eis (1935). -::'he theory anri 

technique of huildup period semi-log analysis was expanded by D.K. Horner 

(1951), who brought the procedure to widespread use in the petroleum indus-

try. 

The Horner method is based on the radial ground-water flow equation: 

2 
~ + 1 oH 
or2 r or 

s oH 
r ot 

subject to the follcwing assumptions: 

[ Eq. 1] 

1. A well of negligible storage capacity fully pene
trates a homcgeneous, isotropic, horizontal, in
finite, confined reservoir. 

2. The hydraulic head everywhere within the reservoir 
is equal and constant prior to initiation of flow. 

3. At initiation of the flow period, fluid withdrawal 
from the well begins and is maintained at a 
constant rate. 

4. Flow towards the well is radial. 

5. The fluid is homogeneous. 

6. At the beginning of the buildup period, flow from 
the formation into the well instantaneously ceases. 

Given these conditions, the following equation defines the pressure changes in 

the pumped well during the buildup period: 

[Eq. 2] 
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Beginning at the start of the buildup period, pressure data are collected as a 

function of elapsed buildup time. A plot is then prepared of buildup pressure 
t + ~t 

versus the log of P~t . During the buildup period when the assumptions of 

the method are met, the data will plot as a straight line. As can be seen 

from the previous equation, the slope of this line is equal to 

m = 2. 3 Q;.! 
4nkh (Eq. 3 1 

and thus the kh product (transmissivity) can be calculated if Q and 1 are 

known. 

Horner (1951) suggested a modification of this method for flow periods in 

which the flow rate ~•as not held constant. This procedure w.:~s later theoreti

cally verified for the case of constant-pressure, non-constant-rate production 

(Ehlig-Economides, 1979). The procedure Involves calculating a modified 

* production time, tp, with the equation: 

[Eq. 41 

With this modification, the equation describing pressure buildup at the well 

becomes: 

(Eq. 2A1 

Recognition of skin effects, wellbore storage, double-porosity behavior, 

lateral or radial inhomogeneities, and boundary effects are possible on the 

Horner plot, as shown on Figure H-3. Caleulation of permeability from the 

Horner plot requires the identification of data representing radial flo~; as 

shown in Figure H-3 these data may not constitute the only straight line 
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present on the Horner plot. Recognition of the various flow regimes repre

sented during a buildup period can he aided by log-log an~lysis, as discussed 

below. 

The Horner plot was the first method by which modern double-porosity analysis 

was conducted (W~rren and Root, 1963; Odeh, 1965; Kazemi, 1969). Although 

differing in certain analytical assumptions, these authors agree that, under 

certain ideal conditions, two straight, parallel lines may develop when data 

are plotted by the Horner method. The first straight line represents frac

ture-dominated pressure buildup and the second straight line represents 

fractures and 8atrlx block response. The vertical separation between the two 

lines is proportional to the amount of fluid storage in the fractures. An 

axample of this type of behavior is included on Figure H-3. The difficulty in 

using the Horner method for double-porosity analysis of actual test data is 

that wellbore storage and skin effects often obscure the initial line, while 

boundary effects may influence the development of the second line. ~ven under 

ideal ~ellbore and boundary conditions, the two lines will not develop for all 

combinations of reservoir ch~racteristics (fracture-to-matrix permeability 

ratio, fracture-to-matrix storage ratio). 

The Horner method cay also be used for analysis of buildup data affected by 

t'1e presence of a major vertical fracture in co•1nection with the wellhore 

(Russell and Truitt, 1964; Raghavan et al., 1972). The effect of such a 

fracture is to reduce the slope of the apparent Horner straight line, causing 

an overestimation of kh, and to create a general upward concave shape to the 

Horner plot similar to the effect of a large negative skin. A method of 

correcting the results of analyses based on the maximum slope of this plot was 

developed by Russell and Truitt (1964). The correction factor (F) is multi

plicative and ranges between about 0.3 and 1.0 for most practical purposes, 

depending on the extent of the fracture. The determination of the correction 

factor requires previous knowledge of the size of the well's drainage area. 
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T~e Horner buildup curves obtained from tests performed in both ERDA-6 and 

WIPP-12 show combinations of most of the features discussed above, i.e., 

negative skin at early tLnes and negative and then positive (recharge) 

~oundaries at late times, resulting in curves with some fedtures that resemble 

those typical of double-porosity oodels. These features, in conjunction with 

the observation that the wells intercept near-vertical fractures, strongly 

influ~nced the way in which the reservoir model was developed and analyzed. 

The r<?servoir tests conducted in ERDA-6 and WIPP-12 can be grouped into two 

~ajor categories: 

~ Relatively short tests, the results from which 
represent the characteristics of the local large
fracture group intercepted by each well. 

• Relatively long tests, the results from which 
represent the characteristics of each reservoir 
averaged over an extensive area. 

The shapes of the Horner plots from these two categories are distinctly 

different in terms of early large-fracture response and boundary effects, and 

indeed, this was a major influence in grouping the tests this way. Figures 

H-4 through H-7 show Horner plots of tests classified as short term, and 

Figures H-8 and H-9 show Horner plots from the long-term tests. The length of 

the flow and buildup periods and the reservoir tested are indicated on the 

figures. 

Interpretation of Responses to Short-Term Tests - All the responses shown in 

Figures H-4 through H-7 show similar characteristics. In consideration of the 

large, near-vertical fracture intercepting the WIPP-12 borehole, the early

and intermediate-time data probably represent transition from some degree of 

linear flow to radial flow. The data from the WIPP-12 test indicate a larger 

degree of fracture influence by their more pronounced curvature than do the 

data from ERDA-6. In this situation, the best approximation of the Horner 

straight line is the steepest portion of the curve (~ussell and Truitt, 

1964). The fracture-influenced Horner straight line ends with boundary 
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effects on all the short-term tests. These boundary effects are due to the 

limited nature of the high-permeability local large-fracture group. The 

classical boundary-affected regions of the plots end i~ data dominated by 

recharge (repressurization) of the local large-fracture group. This recharge 

emanates from lower permeability regions of the reservoirs. The fact that the 

~ellhead pressures continue to recover to values higher than existed at the 

start of each flow test indicates that pressures were not uniform throughout 

the high-permeability and low-permeability regions of the reservoirs prior to 

each test. The very late-time buildup represents a superposition of buildup 

responses of the low-permeability material from all previous tests, and 

possibly the effects of rock creep in response to lowered pore pressures. 

_I_~~~~-L]Jretation of Responses to_]J_t)ng-Term Tests - Figures H-8 and H-9 sho'J 

curvatures distinctly different from the short-term responses sho"''11 in Figures 

H-4 through H-7. These long-term responses are typical of fractured or 

stimulated wells in low-permeability reservoirs (Peters, 1982, personal 

communication). Over the long duration of these tzsts, the volume of influ

ence migrated well beyond the local large-fracture group into the surrounding 

low-permeability material. In this way, the local large-fracture group acts 

as an extended well in a reservoir with permeability equal to that of the 

medium surrounding the major fractures connected to the well. 

Jacob-Lohman Method of Analyzing Constan_t-Pressure Flow Data 

C.E. Jacob and S.W. Lohman (1952) developed a method for analyzing variable

flow-rate data gathered during constant-pressure production similar to the 

methods developed by Theis (1935) and Cooper and Jacob (1946) for analyzing 

pressure-drawdown data gathered during constant-rate production. The condi

tions which must be met in order to maintain constant reservoir pressure 

are: (1) constant friction head loss in the well casing and discharge line; 

(2) constant fluid density; and (3) constant backpressure or unrestricted 

flow. Although all flow tests conducted in ERDA-6 and WIPP-12 were free-flow 

tests, only ERDA-6/Flow Test 3 and WIPP-12/Flow Test 2 meet the three require

ments for true constant-pressure production (D'Appolonia, 1982, v. IIIB, 
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Addendum 1). These are the only tests that were analyzed by the Jacob-Lohman 

method. ERDA-6/Flow Tests 1 and 2 were eliminated due to non-constant fluid 

density (discharge of heavy drilling fluids) (D'Appolonia, 1982, v. IliA). 

WIPP-12/Flow Test 3 was eliminated due to changing backpressure caused by salt 

crystallization in the flow lines (D'Appolonia, 1982, ~ddendum 1). 

T~e Jacob-Lohman method was used to test for the degree of conformance to 

,<ssumptions of ho;nogene!ty and infinite-acting behavior. Tt was not relied on 

for quantification of reservoir properties be~ause the brine reservoirs were 

found to be finite, heterogeneous, and probably anisotropic, and thus in 

,,.-folation of assumptions on which the analytical technique is based. The 

field data, plotted as 1/Q versus log tt did not plot as the desir~d straight 

line until near the end of the flow tests. This indicated that the flow rate 

Yas dropping gore quickly than the theory predicted, suggesting depletion of 

fractures (heterogeneity) and/or boundary effects. For this reason, the 

method was E'lore useful in defining what the reservoirs are not, than what they 

are. The results of the Jacob-Lohman analyses were not used quantitatively, 

although they agreed reasonably well with the Horner analyses (see Table R.4). 

:og-Log Jy_pe-Curve Analysis 

Kodern type-curve analysis is the oost versatile method of reservoir evalua

tion available. This versatility is due to the fact that type curves can be 

developed for any reservoir ;nodel for which analytical .::quati:)ns exist (in 

more complex situations, numerical nodels can be used). The type C'.lrves under 

consideration were developed for analysis of pressure-drawdown data during a 

constant-rate flow period in a reservoir showing double-porosity response 

(Bourdet and Gringarten, 1980). They may also be used to analyze buildup data 

under certain conditions. 

The tests analyzed with the Bourdet-Gringarten type curves are: ERDA-6/DST-

2680-2/Second Buildup, ERDA-6/Flow Test 1/Buildup, ERDA-6/Flow Test 2/Ruildup, 

WIPP-12/Flow Test 2/Buildup, and WIPP-12/Flow Test 3/Buildup. The d3ta from 

the ERDA-6 tests were analyzed by D'Appoloni~ personnel, and the data from the 

WIPP-12 tests were analyzed by Johnston-Maceo petroleum engineers. 
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The hypothetical Horner plot showing double-porosity response in Figure H-3 

and the Bourdet-Gringarten type curves are based on the same theory with the 

exception of wellbore conditions being included in the type curves. ~ecause 

the Horner plots of the actual field data do not show two parallel straight 

lines, the argument for analyzing the data with the double-porosity type 

curves is questionable. This is especially true considering the apparent 

influence of boundaries on the data; boundaries ~ere not included in develop

:'lent of the type curves. The basic difference between the actual reservoir 

conditions and the assumptions used to develop the double-porosity model is 

that of the uniformity of heterogeneity distribution. The Castile brine 

reservoirs do not behave as infinite, uniformly-distributed heterogeneous 

reser~oirs, as evidenced by the shape of the Horner plots. For this reason, 

and in spite of the fact that data can be matched to a double-porosity type 

curve, the parameters resulting from such an analysis cannot be trusted. 

Although log-log type-curve analyses ~ere not used quantitatively, log-log 

plots of test data were used to indicate the proper portions of the curves to 

be used for Horner analyses. For example, a unit slope in the data on a log

log plot indicates wellbore storage-affected data, and these data should not 

be used for reservoir characterization. 

Extended Muskat Method of Analyzing Late Buildup Data 

A method of estimating permeability, average reservoir pressure, and reservoir 

volume was developed by Muskat (1937). The method is based on radial flow in 

a bounded, cylindrical reservoir, and uses data that are clearly influenced by 

the boundaries. Because of the boundary effects visible on Horner plots, this 

method ~as thought to hold promise for analyzing the boundary-affected data 

from ERDA-6 and IHPP-12. Since Huskat 's original work, other researchers have 

found that the method is very sensitive to reservoir shape (e.g., Earlougher, 

1977). Furthermore, whether the flow and buildup periods were 11L3.intained long 

enough to elicit the behavior predicted by the Muskat method is difficult to 

determine. Probably because of a lack of data on the shape of the ERDA-6 
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reservoir, the analysis of the buildup data from Flow Test 1 by this method 

yielded permeabilities somewhat inconsist~nt with those calculated by the 

Horner method. Although the reservoir volumes were in general agreement with 

those calculated in Section 3.4.3, without definite information on the shape 

of the reservoir, little confiJence can be placed in the results of t~e 

method. For this reason, the results of the Muskat volumetric analysis are 

not reported. Boundary effects were not sufficiently well delineated in data 

from WIPP-12 to warrant application of £he Muskat method to those data. 

Linear-Flow Analysis ~ethod for Flow Period Data 

The najority of analytic methods for reservoir testing are based on the 

assumption that fluid flows radially towards the producing well. qowever, if 

a well intersects a highly conductive fracture, the liquid-production surface 

may no longer be limited to the wellbore, but may include the fracture. In 

this situation, the flow pattern T~Y become linear with equipotential surfaces 

parallel to the plane of the fracture. In light of the observations of brine 

flow from fractures in the ERDA-6 and WIPP-12 boreholes, linear-flow analysis 

techniques appeared appropriate. 

~uskat (1937) first recognized and developed solutions for linear flow. 

Earlougher (1977) presented a review of analytical methods for many types of 

fracture-affected test data. T.1e method used here is after Je~kins and 

?rentice (1982). This method is restrict~d to absolutely lt~ear flow, whereas 

the I!lodification of the Horner method for correction of the effects of a major 

vertical fracture is applicable to all degrees of radial and linear flow. The 

method was developed for analyzing dravdovns given a constant discharge 

rate. Because the ERDA-6 and WIPP-12 flow periods were conducted as variable

discharge-rate, constant-pressure tests, the field data required conversion to 

the corresponding constant-rate data. This conversion was conducted based on 

a process developed by Jacob and Lohman (1952) who noted that the difference 

between the ratio of discharge to drawdown for the two testing procedures 

quickly becomes small during a flow period. 
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This method was used to analyze the flow period data from ERDA-6/Flow Test 3 

and \HPP-12/Flow Test 2. T11e remaining flo'W tests did not :7\eet th~ t·equire

rnents of constant-pressure production as detailed in the discussion on the 

Jacob-Lohman method. For this reason, the conversion of flow-rate-decline 

data to pressure-decline data could not be performed for utilization of this 

technique. 

The only factor that introduced uncertainty into this analysis was the use of 

calculated dra-wdown data instead of true field meas;.n·ements. The error in 

this conversion is a f~nction of elapsed flow time, being greatest at the 

beginning of the test and quickly hecomlng small as flow tl~e increases. 

~ecause the plots of it ·;ersus calculated drawdown for ERDA-6/Flow Test 3 and 

YIPP-12/Flow Test 2 show linearity only in mid- to late-time data, no analysis 

error due to the data manipulation is expected. 

Under common fracture conditions, linear flow predominates in early time, 

followed by elliptical flow, and eventually radial flow at late times (Jenkins 

and Prentice, 1982). Linearity of the ERDA-6/Flow Test 3 plot begins at 1440 

minutes of flow time, and that of the WIPP-12/Flow Test 2 plot begins at 100 

minutes of flow time; in both cases the linearity extends to the end of the 

test, possibly indicating a very long period of linear flo•.J. A major problem 

with this interpretation is that for infinite-acting linear flow to occur at 

late tir::es, the fracture connecting with the wellbore must .~xtend nearly the 

entire width of the reservoir, and the reservoir must be effectively infinite 

in the directions perpendicular to the plane of the fracture. A highly 

anisotropic medium, with the major principal direction of permeability 

perpendicular to the plane of the fracture, could also prolong linear-flow 

time. 

Although this technique indicated the possibility of linear flow to major 

vertical fractures connected to both the ERDA-6 and WIPP-12 wells, this type 

of analysis cannot explain the data as fully as the modified radial-flow 

method. Due to the concerns stated above and the availability of an alternate 
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iuterpretation (radial flow), the absolutely linear flow model ts not con

sidered tenable. Furthermore, without data from an observation well, this 

~ethod can only provide the value of a luwped parameter involving fracture 

l2ngth, transmissivity, and storativity. As such, its utility in quantifying 

r~servoir properties is limited. This method was therefore not used quantita

tively. 

Conclusions 

As explained over the preceeding pages, the Horner method was initially used 

in qualititative interpretation of the buildup data. These interpretations 

ware used to select specific analytical methods which would test the validity 

of the qualitative interpretations. The results of these various analytical 

methods, and their implications relative to the proper reservoir ~odel choice, 

are also discussed. The result of this elimination process was that the 

Horner method, wodified for the effects of fracturing, was selected as the 

most appropriate analytical method. All permeabilities reported in Sections 

3.4.3 and 3.4.4 are the results of Horner analyses. 

3.3.5 Analytic Methods for Reservoir Volume Determination 

The volume of brine reservoirs in the Castile Formation was thought to have a 

potential bearing on the suitability of the WIPP site. Knowledge of reservoir 

volumes is of interest hecause it contributes to the assessment of the 

geographical extent of the reservoirs, to a determination of the origin of 

these features, and to modeling the consequences of interconnecting brine 

reservoirs and the WIPP facility. 

Before the volume of a reservoir can be deter•oined, the reservoir :nust be 

defined. The simplest reservoirs consist of homogeneous media with single 

types of porosity and distinct impermeable boundaries. With such a reservoir, 

the pore volume may be determined by measuring the permanent pressure deple

tion caused by rem.<Jving a measured volume of fluid. The brine reservoirs in 

the D~laware Basin, however, are more complex. They are typically associated 

with antiform features within the anhydrite members of the Castile Formation, 

H-29 



T:·1E 3153 

30d consist of heterogeneous nedia with multiple fracture sets and poorly

defined boundaries. As described in Section 3.1.1, the working hypothesis is 

that the ERDA-6 and WIPP-12 brine reservoirs consist of ~ultiple i~tercon

nected fracture sets of various sizes. The large fractures intersected by the 

~ells, designated the "local large-fracture group·, have high permeabilities 

~ut little brine storage capacity because of their low density. The 

microfractures have relatively low permeabilities, but account for the 

majority of the brine storage ~ecause of their greater density and/or because 

they may act as low-permeability conduits connecting other large-fracture 

groups to the wellbore. 

In a sense, the large fractures have created the reservoirs (Aguilera, 

1930). The large fractures provide a collection system similar to an infil

tration gallery for the brine in the microfractures. They provide production 

surfaces which concentrate diffuse flow from large volumes into discrete 

channels. Jenkins an~ Prentice (1982) have termed such a production surface 

intercepted by a well an "extended well." Without the large fractures, the 

low-per;neability microfractures ·.¥ould be unable to supply significant 

quanti ties of brine to any discrete location. The flow tests at ERDA-6 and 

WIPP-12 demonstrate that after initial high flow rates, pressures in the large 

fractures decrease and flow rates decrease. If the well is then shut in and 

brine in the microfractures is allowed to recharge the large fractures, the 

cycle may Ge repeated, albeit at slightly lower flow rates and pressures. If 

long-term constant-pressure production is sought however, flow rates will drop 

off as the low p~rmeability of the microfractures comes to dominate the flow 

regime. Flow may continue i~definitely, but at miniscule rates. A lower 

limit for the volume of the reservoir rnay then be defined as the maximum 

volume which can be produced (by artesian flow and/or pumping) during the 

period when the high permeability of the large fractures dominates the flow 

system. This volume is the volume of the lo~al large-fracture group plus 

whatever small contribution the microfractures can make during the short time 

required to drain the large fractures. 
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The ERDA-6 and WI?P-12 brine reservoirs are interpreted to be fractured 

heterogeneous reservoirs. In a frgctured heterogeneous reservoir, the fluid 

pressure in the large fr-actures w.ay regct quickly when fluid is removed, while 

the fluid pressure in the rnicrofractures may exhibit a delayed response due to 

low permeability. The effect of the microfracture response is to counteract 

the pressure depletion in the large fractures as the entire system strives to 

regain equilibrium. This creates difficulties in measuring the pressure 

depletion in the large fr~ctures which has resulted from the removal of fluid, 

~ecause that depletion is not permanent. To quantify large-fracture volume, 

the response of the fluid present in the large fractures must he separated 

from the response of the fluid in the microfractures. 

A semi-log Horner plot of pressure-buildup data collected after a short-term 

flow test offers the opportunity to separate large-fracture response from 

microfracture response. If a flow period is very short, the fluid produced 

will come predomina~tly from the large fractures because the microfractures 

will not have time to respond significantly. The buildup from such a flow 

period should likewise show an initial response due predominantly to large 

fractures before the microfractures have a chance to respond. (In the huildup 

from a long flew test, the large-fracture response will comprise a smaller 

percentage of the total ?ressure recovery.) Figure H-4 provides an example of 

this. TlH? segment of the bJildup curve labeled "A" represents the large

fracture response alone. The segment labeled "B'" represents the effects of 

the large-fracture boundaries. In segment "C", production comes predominantly 

from the microfractures. If the "C" segment is extrapolated to infinite time, 

the corresponding pressure approaches full recovery, representing the 

infinite-acting nature of the microfractures. Some portion of the buildup in 

segment ''C" may be caused by rock creep physically decreasing the size of the 

reservoir, which would raise the pressure in the reservoir. 

In the buildup from a very short flow test, the local large-fracture group may 

respond as a bounded system before the low-permeability microfractures have 
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the time to react significantly. The pressure depletion measured by extrapo

lating the "B" segment to infinite time may therefore be used to calculate the 

large-fracture volume, with a small allowance for flow from the mtcrofrac-

tures. 

~eservoir fluid volume can be calculated using the equation: 

v [Eq. 5 J 

where V is the rest!rvoir fluid 'lolume, D.V is the volume produced from the 

reservoir, ~p is the change in pressure of the reservoir, and ct is the total 

system compressibility. 

Total system compressibility (ct) is equal to pore compressibility (cp) plus 

fluid compressibility (cf). Pore compressibility was discussed in Part II, 

Geology, Sections 4.1.5 and 4.1.8. Fluid compressibility is a combination of 

brine and gas compressibility, and is defined as: 

[Eq. 6] 

where cb is the brine compressibility, cg is the gas compressibility, and x is 

the volumetric proportion of undi~solved gas pr2sent in the reservoir. 

Estimates of the volumetric proportion (x) of undissolved gas under static 

l:'eservoir conditions have been IT".ade for \HPP-12 and ERDA-6 (see Part IV • 

Chemistry, Section 4.3.2). At ERDA-6, all of the gas is estimated to be 

dissolved and x is zero. At WIPP-12, small amounts of methane and nitrogen 

are not dissolved. and x is estimated to be approximately 0.7 percent. The 

compressibility of the undissolved gas is approximately 600 x 10-6 psi-1 • Due 

to the small percentage of gas present. the effect on fluid compressibility is 

small. Using the above figures, fluid compressibilittes of the ERDA-6 and 

WIPP-12 reservoirs are approximately 2 X 10-6 psi-1 and 6 X 10-6 psi-1 , 

respectively. Because these fluid compressibilities are considerably smaller 

than the uncertainties in the pore compressibility estimates, total system 
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cornpressibilities will be approximated simply by the estimates of pore 

cornpressibilities. 

Squation 5 may be used to estimate a minimum value for the total reservoir 

volume, using the total volume produced from the reservoir and the difference 

between the initial shut-in pressure prior to all flow and the most recent 

?ressure measurement. This volume will he much greater than the volume 

calculated for the local larg<!-fracture group due to contributions from micro

fractures, but will only represent the portion of the reservoir affected up to 

the time of the measurement. If the pressure transient continues to expand in 

the reservoir, the shut-in pressure will continue to increase, Increasing the 

reservoir volume estimate. Alternatively, if any portion of the late-time 

~uildup is due to rock creep, the reservoir volume estimate will be too large. 

See Sections 3.4.3 and 3.4.4 for the volume estimates of the ERDA-6 and WIPP-

12 brine reservoirs, respectively. 

Limitations of Analytic Methods for Reservoir Volume Determination 

The largest degree of uncertainty in using the fracture volume equation 

presented above (Equation 5) is associated with the pore compressibility, 

cp. The wide range of estimated pore cornpressibilities presented in Part II, 

Geology, Sections 4.1.5 and 4.1.8, r~flects this degree of uncertainty. 

Esti~ates of reservoir volume which follow show a range of values correspond

ing to the range of compressibilities. Uncertainties regarding rock creep 

also serve to render total reservoir volume estimates tentative. 

3.3.6 Analytic Methods for Prediction of Future Brine Production 

In modeling the possible consequences of interconnecting a brine reservoir 

with the WIPP facilities, the volumes of brine which could conceivably flow 

from the Castile brine reservoirs might be of interest. However, the 

magnitudes of these volumes in no way affect the extreme unlikelihood of such 

an interconnection occurring in a time frame of interest without hu~an 

intervention. 
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The volume of brine which can be produced from a reservoir is always less than 

the volume in storage. Artesian flow ceases as the pressure head is depleted, 

and purnping stops when the formation can no longer supply enough fluid to keep 

the pump operating, even though in both cases there remains substantial fluid 

in storage. For any single flow period, the maximum volume of brine which can 

flow at a given elevation is governed by the head in the reservoir which is in 

excess of that elevation. 3y re.arrangement of Equation 5, this may be 

expressed as: 

6V [Eq. SA] 

From the standpoint of radionucli~e mobilization, which may involve time

dependent reactions, the rate of flow is, in some raspects, more important 

than the total quantity of flow. An effort was Eade, therefore, to quantify 

the flow rates which might be expected were the reservoirs allowed to flow 

unhindered. In the petroleum industry, this proced•Jre is known as decline 

curve analysis. In a very general sense, it involves the extrapolation of 

observed flow-rate declines during long flow periods to longer periods of 

time. ~xtrapolation techniques may be either theoretically or empirically 

based. 7etkovich (i980) presented empirically derived methods of predicting 

declines in flow rates with time for homogeaeous systems. Jacob and Lohman 

(1952) ~resented a theoretically derived type curve for flow-rate declines in 

infinite, homogeneous systems (see Figure H-10). Da Pr~t et al. (1981) 

presented a type-curve method for predicting production declines in finite 

homogeneous and double-porosity systems (see Figure H-10). Because of the 

dual response common to both classical double-porosity and fractured 

heterogeneous sytems) double-porosity decline curves may be used qualitatively 

to predict general features of flow-rate declines in fractured heterogeneous 

systems. For double-porosity systems, Da Prat et al. found that after a sharp 

initial decline in flow rate, representing fracture depletion, there is a long 

period of relatively constant flow, representing combined ~atrix and fracture 

flow, before the final decline in flow rate representing total system 
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depletion. A similar response may be expected from a fractured heterogeneous 

system, as first the local large-fracture group is depleted, followed by the 

~ore prolonged depletion of the microfracture system. 

3.4 RESULTS OF TESTING 

Data from the hydrologic testing program were analyzed using the methods 

discussed above. All data acquired during the present testing program were 

thoroughly examined. In many c3ses, however, the data had to be rejected as 

unreliable because of technical limitations of the instrumentation used (e.g., 

the choke effect in DST tool entry ports) or operational/~echanical deficien

cies (e.g., 1:eavy mud in the hole affecting flow rates; leaky blowout pre

venter or lubricator). In some cases, the discrepancies between the assump-

tions of certain a~alytical methods and existing conditions ~ere too large to 

consider analysis results rellahle. Only the most reliable data and only the 

analytical methods best suited to the actual reservoir conditions were used to 

quantify reservoir properties in this report. Less reliable results were used 

as qualitatb·e backup. All data not explicitly interpreted in this report are 

contained in D'Appolonia (1982). 

3.4.1 Hydraulic Connectivity/Isolation Assessment 

This section presents the results of analyses performed to assess the degree 

of hydraulic connection between the Castile reservoirs of ERDA-6 and I~IPP-12, 

and between these reservoirs and other ground waters. Three types of ap

proaches were outlined in Section 3.3.2 for use in this analysis: (1) 

implications of high (and different) hydraulic heads observed for various 

brine reservoirs and ground-water systems; (2) analysis of the distribution of 

brine occurrences in the Delaware Basin; and (3) interference testing (moni

toring of pressure in observation wells during flo~ and buildup tests). 

Implications of the High (and Different) Hydraulic Heads Observed in the 
Castile Formation 

All known Castile brine reservoirs flow at ground surface and have hydraulic 

heads higher than any other water-bearing formation known in the Delaware 

Basin. Figures H-11 and H-12 present the hydraulic heads of the reservoirs 
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and formations of interest in this discussion. Figure H-11 presents these 

data as a plot of pressure versus depth, and Figure R-12 presents total 

hydraulic head values referenced to mean sea level and calculated for the 

specific gravity of pure water. Figure H-13 presents the spatial distribution 

of known reservoir heads. 

Because the hydraulic heads of the Castile reservoirs are higher than those of 

the fluid-bearing formatio~s both above and helow the Castile Formation, the 

only potential flow direction between formations is from the Castile both 

upwards and downwards. Furthermore, because the Castile heads, whic~ range 

from 4680 feet in './IPP-12 to 5551 fe.et in ERDA-6, are higher than heads at the 

highest known potential recharge zone for Jelaware ?asin ground waters (3900 

feet at the outcrop of the Capitan reef) (Powers et al., 1978), the Castile 

rese~voirs cannot receive recharge through inflltration from the surface. 

Given tr.at t~e most recent tectonic event which could have contributed to the 

formation of the Castile domal structures (and by inference, the reservoirs) 

occurred over one million years ago (Part II, Geology, Section 4.3.2), along 

with the fact that Castile brine reservoirs can receive no recharge from an 

outside source, the maintenance of thase high hydraulic heads can only be due 

to the extremely low permeahilities of the Castile and Salado Formations anrl 

the resulting isolation of t~e Castile brtnes. A similar argument can be 

applied in concluding that the o,.JIPP-12, EWA-6, ll.elc•), and Gulf Covington 

reservoirs shown in Figure H-13 are isolated from one another due to the 

presence of non-communicative !!latrix. The persistence of high, and different, 

hydraulic heads within the Castile Formation is evidence of the lack of 

connectivity between the Castile brine reservoirs and between the Castile 

Formation as a whole and other ground waters in the basin. 

The above argument explains the maintenance of the high hydraulic heads in the 

Castile Formation but does not explain their origin. Part II, Geology, 

Section 4.3.3 provides a discussion of possible origins of high hydraulic 

heads. 
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Observation of Brine Occurrences 

Table H.1 presents data on the documented brine occurrences i~ the Castile 

F'or;nation in the vicinity of the \.JIPP site. As indicated in Table H.l, all 

these wells flowed at ground surface with initial flow rates ranging from 

about 700 to 20,000 barrels per day, indicating substantial elevated local 

per:neability. ])rilling data from the northern Delaware Basin in general 

suggest that substantial volumes of brine are encountered only in discrete 

locations in fractures which appear to be associated with antiformal 

structures; no evidence exists to suggest a regional, homogeneous aquifer in 

the Castile For~tion. 

In sammry, observations of tl1e occurr•::nces of brine in the Castile Formation 

suggest the exist~nce of s<!parate r<?servcirs. This conclu:>ion is supported by 

the following points: (l) measurable amounts of brine only 0ccur in 

association with fractures; (2) fracturing of the anhydrite members of the 

Castile Formation appears to be asso•::iated with antiform str•;ctural features 

(Part II, Geology, Section 4 .2); and (3) these antiform structural features 

are non-continuous. The number of reservoirs represented by the thirteen 

documented hrine occurrences cannot be determined with the available data. 

Given the hydraulic head differences which exist between the WIPP-12, ERDA-6, 

Belco, and Gulf Covington wells, and chemical differences in the brines from 

the ERDA-6 and Union wells (see Part IV, Chemistry, Section 3.3), a minimum of 

five reservoirs is suggested. 

Interference Testing 

During testing of the ERDA-6 brine reservoir, pressures were monitored in 

observation well )~C-7 at the request of the New Mexico Environmental Eval

uation Group. (A.EC-7 encountered small quantities of fluid at sub-artesian 

pressure.) 'Upon interception of the brine reservoir and testing in WIPP-12, 

ERDA-6, at that time under shut-in conditions, was utilized as a primary 

observation well. Observations continued at ~£C-7 until December 16, 1981. 

No pressure changes in any of these wells which could indicate any degree of 

hydraulic connection between flowing and observation wells were observed. 
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Ihe pressure ~ata obtained from ERDA-6 during flow testing (depressurization) 

of the WIPP-12 reservoir show continuously rising pressure (Ftgure H-14, 

tabulated data in D'Appolonia, 1982, Addendum 1, 12.19). This rising trend 

reflects pressure recovery in response to t~e last flow test performed in 

ERDA-6 in November, 1981. There is no indication that this pressure trend was 

affected by testing at WIPP-12. This was the expected result; the ERDA-6 and 

WIPP-12 reservoirs were intercepted in what are interpreted to be different 

anhydrite cembers of the Castile Formation which are thought to be continu

ously separated from each other by halite (Figure H-15). Furthermore,· the 

r2servoir tests at ~oth sites indicate limited zones of large-fracture-

enhanced permeability. ~~us, the reservoirs are limited in areal extent even 

within their respective anhydrite members. 

If the reservoirs were connected by a fracture system, the fracture distribu

tion would ~e expected to coincide with the distribution of the antiforms. 

This distribution would not be uniform. Connection (if any) of highly 

fractured zones in the flanks or crests of different entiforms could be 

through interconnecting fold arms bounded by large zones of unfractured 

rock. The storage capacity of such a fractured reservoir system would be very 

small compared to a uniform fracture-distribution arrangement for the entire 

anhydrite layer. For this reason, interference test equations based on radial 

flow (uniform fracture distribution) could greatly underestimate the propaga

tion of pressure drawdown in the reservoir. This fact made quantitative 

predictions of the pressure response which might have been expected during the 

interference tests impractical. 

Pressure data recorded in AEC-7 during depressurization and testing of the 

ERDA-6 brine reservoir showed continuously falling pressure (Figure H-16, 

tabulated data in D'Appolonia. 1982, 12.19). This trend, however, began prior 

to depressurization of the ERDA-6 brine reservoir, and did not appear to be 

influenced by flow tests and pressure buildups either i..n ERDA-6 or '..VIPP-12. 
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This information however, should be treated with caution because the strati

graphic units from which brine \.as produced in ERDA-6 (Anhydrite II) and tHPP-

12 (Anhydrite III) were not isolated (packed off) in AEC-7. The open borehole 

system is very insensitive to small pressure changes. A contributing factor 

to the pressure decline of 2.1 psi over two months in AEC-7 may have been the 

emplacement of the transducer in the wellbore, which would have displaced the 

water level by about one foot, followed by a slow decay to its original level. 

1n summary, the results of interference testing indicate that hydraulic con

nect lons between the ERDA-6 and l-.'IPP-12 reservoirs, and the ERDA-6 or 'NIPP-12 

reservoirs and ~EC-7, do not exist, or the degrees of c0nnection are too low 

to be ~aasured by the methods employed in this investigation. Additionally, 

the fact that hydraulic ~ead differences have persisted ~et~een the resergoirs 

and the AEC-7 fluid over at l·~ast a million years indicates that any degree of 

connection which might exist is of an order too low to be detected by any 

existing interference testing techniques, and therefore is of no significance 

to site suitability. 

3.4.2 Potential for Brine Flow to WIPP Facilities 

No attempt has been made to assess quantitatively the flow rate into the waste 

disposal horizon due to the presence of pressurized brine in the underlying 

Castile Formation. L'he following is a discussion of the general hydrologic 

features which would control such flow. 

The fact that the Castile brine reservoirs have maintained high hydraulic 

heads over at least the last million years indicates that very little vertical 

migration of brine has occurred under the existing hydraulic gradient. In 

effect, the reservoirs appear to be totally isolated. The existing head at 

the ~aste disposal horizon prior to the construction of underground openings 

~ay be approximated by a column of brine extending from the surface to the 

disposal horizon. At a pressure gradient of 0.5378 psi/ft, such a column 

would exert a pressure of about 1154 psig at the disposal horizon. By 

comparison, the pressure in the WIPP-12 wellbore at the disposal horizon is 
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about 1395 psig. The pressure differential between the WIPP-12 reservoir and 

the disposal horizon under present condltio~s, which is directly proportional 

to the hydraulic gradi~nt, is therefore 1395 - 1154 = 241 psi. 'vlhen the ;mste 

disposal facility is opened, the pressure at the disposal horizon will drop to 

atmospheric (0 psig). The pressure differential will then be 1395 psi, 

approximately a six-fold increase. The disposal facility will only be open 

for a few tens of years, after which it will be sealed and the pressure will 

return to its present state as salt creep closes the facility openings over 

perhaps a thousand years (Case et al. (1982) suggest 35 percent closure after 

250 years). If no flow has occurred under the existing hydraulic gradient 

over at least one million years, no flow will occur if the gradient is 

increased by a factor of six for a thousand years. Similar calculations can 

he made which show that no flow from any Castile hrine reservoir will affect 

the waste disposal facility. 

3.4.3 Quantification of ERDA-6 Reservoir '-lodel 

Permeability Distribution 

Hydrologic testing in ERDA-6 yielded information on the hydrologic properties 

of the Anhydrite II member of the Castile Formation. The results of these 

analyses were grouped into three categories: the first two listed below 

repr2sent reservoir characteristics, the third is more characteristic of the 

Intact anhydrite. 

• Results from relatively short-term hydrologic tests 
representing the permeability of the local large
fracture group near the wellbore (DST-2680, Flow Test 
1). 

• Results of relatively long-term hydrologic tests 
representing the average penneability over an 
extensive region of the reservoir (Flow Test 2 and 
Flow Test 3). These values are substantially 
influenced by low-permeability reservoir components. 
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• Results of relatl~ely short-term tests conducted at 
the contact of the Halite II and Anhydrite II oembers 
of the Castile Formation (DST-2472). There are no 
major fractures intercepting this portion of the well 
and it is not considered as part of the ERDA-6 
reservoir. 
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The per~eability of a rock mass does not usually change over the length of 

time necessary to run a hydrologic test. However, in a heterogeneous reser

voir composed of fractures of different sizes with different hydrologic 

'::·oundaries. the ~parent permeability will change over the duration of a test 

as different elements of the reservoir affect the flow or pressure behavior. 

Xodeling of the flow or pressure response based on boundary locations and 

shapes has not ~een attempted due to lack of data. Instead, the effects of 

~hese heterogeneities are lu~ped into the apparent-permeability term reported 

for the long-term tests. Another possible factor serving to reduce the long

term yerrneability is evolution of gas in the reservoir and the resulting 

reduction of permeability to brine. The results of chemical analyses indicate 

this may be a minor effect in WIPP-12. and will not be a factor in ERDA-6 

(Part IV, Chemistry, Section 4.3.2), due to differences in gas contents and 

pressures in the two reservoirs. 

Hany terms in the permeability equations have values which are consistent 

throughout this report, and these are listed below: 

R = 1.0 RB/STB 

1.1. = 1. 77 cp 

rw = 0.33 ft 

The parameter values unique to individual analyses are listed in the sections 

referencing those individual tests. 
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Short-Term Reservoir Tests - During short-term hydrologic tests with rela

tively high flow rates, pressure drawdown is initially restricted largely to 

the major fractures. Upon shutting the well in, pressure equalization occurs 

quickly throughout the well-fracture system, but complete recovery cannot 

occur without contribution from low-permeability reservoir components. Be

cause of the high pressure gradient in the major fractures, the initial pres

sure change associated with pressure equalization is large. Analysis of 

pressure data from this type of test yields permeability values representative 

of the major fractures near the well. 

Table H.2 presents a list of all hydrologic tests performed in ERDA-6; data 

from those tests marked ~ith an asterisk (*) are analyzed in this report. The 

tests that fall into the short-term reservoir test category are DST-2680-1 and 

-2) and Flow Test 1. Flow Test 1 was run with the DST tool downhole and was 

determined to have the highest quality data. This test was therefore chosen 

to be representative for this group (tabulated data in D'Appolonia, 1982, v. 

IIIA, 6.7). Figure H-6 is the Horner plot of the buildup data from Flow Test 

1, showing the straight line selected and its slope. The following are the 

input vsriables required for calculation of permeability (D'Appolonia, 1982, 

v. 1 IIA, 6 • 7 ) : 

6V 152.6 bbl 

528 bbl/day 

6.94 hrs 

56.5 ft 

F ~ 0.8 (estimation based on curve shape) 

As shown in Table H.4, the transmissivity of the local large-fracture group at 

ERDA-6 is equal to 600 md-ft as calculated by the Horner method. This value 

corresponds to a permeability of 11 md using a production zone thickness of 

56.5 feet. This production zone thickness is equal to the distance from the 

bottom of the packer element to the bottom of the borehole (D'Appolonia, 1982, 

v. IIIA). The effect of the F factor is to reduce the estimated permeability 
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(presented above) by at most t·..,renty percent to take into account the influence 

of fractures connected to the wellbore. 

~ong-Term Reservoir Tests - During long-term hydrologic tests when flow rates 

preceding shut-in are low, the pressure gradient throughout the major fracture 

system is small. Pressure depletion may occur throughout an extensive region 

of the reservoir. Upon shutting the well in, pressure equalization still 

occurs quickly throughout the major fracture system, but since the pressure 

grariient •n~ithin the major fracture system is sm_all, the pressure change mea

sured at the well during this equalization will be small. In contrast to 

short-term testing, the majority of pressure recovery in this case is due to 

contri~0tions from the low-permeability components of the reservoir. \calysis 

of pressure data from this type of test yields pcrm.:-abilities averaged :Jver a 

large volume of the reservoir. 

Tests conducted at ERDA-6 that fall into the long-tenn reservoir test category 

are Flow Test 2 and F!ow Test 3. The d~ta from Flow Test 2 ~ere determined to 

be of the highest quality and this test was chosen as representati~e of the 

group. Figure R-8 is the Horner plot used for analysis of the buildup data 

from Flow Test 2 (tabulated data in D'Appolonia, 1982, v. IliA, 6.8). The 

Horner straight line and its measured slope are included on Figure H-8. The 

following are the input variables necessary for calculation of permeability 

from these data (D'Appolonia, 1982, v. IliA, 6.8): 

l:N 1030 bbl 

Qf 120 bbl/day (liquid only, gas/liquid ratio = 0.43) 

* tp 206 hrs (total liquid produced + final liquid flow rate) 

h = 56.54 ft 

As shown in Table H.4, these analyses indicate that the apparent trans

missivity of the ERDA-6 reservoir is 120 ~~~_ft as calculated by the Horner 

method for tests of this duration. This value corresponds to a permeability 

of 2.2 md. Tests of longer duration might indicate lower permeabilitles than 

H-43 



TME 3153 

reported here. This is not due to any time-dependent rock property, but 

rather the increasing infl•J<mce of :low-permeability heterogeneities on the 

pressure response. As tests become longer, the apparent reservoir perme-

ability could decrease until it approached the limiting value of the per

meability for intact anhydrite. 

Short-Term Tests at the Contact of the Halite II and Anhydrite II ~embers 

Tests conducted in ERnA-6 at the Halite IT-Anhydrite II contact include DST-

2472-1 and -2. The section of the well tested during DST-2472 is not a part 

of the brine reservoir; results of this test gave information on the average 

properties of the intact rocks near the contact. The data from DST-2472-1/SBU 

were determined to be of the highest quality and were therefore chosen to be 

representative for the group. Figure H-17 is the Horner plot used for 

analysis of these data (tabulated data in D'Appolonia, 1982, v. IliA, 6.3). 

The following are the input variables necessary for calculation of the 

permeability (D'Appolonia, 1982, v. IliA, 6.3). 

Q = 0.51 bbl/day 

tp = 0.53 hrs 

h == 90 ft 

rhe production zone thickness for this test is equal to the distance from the 

bottom of the packer element to the top of the cement plug (D'Appolonia, 1982, 

v. IliA, 6.3) and includes both halite (83 ft) and anhydrite (7 ft). As indi

cated in Table H.4, the transmissivity calculated from this Horner analysis is 

0.23 md-ft and is representative of average rock properties at the contact. 

This corresponds to an average permeability of 2.5 ~_lo-3 md over the tested 

interval, but because anhydrite typically has a higher p~rmeability than 

halite, this value is probably too low for the anhydrite tested and too high 

for the halite. 

Under test conditions in low-permeability formations, it may take considerable 

time for the true Horner straight line to develop. As can be seen in Figure 

R-44 



TME 3153 

H-17, an ext~nsive straight line has not yet fully developed in the data. 

Because of this, the permeability value presented hare should be considered as 

a ~aximum average value. 

The permeability of the intact Anhydrite II member was also measured in a core 

sample using nitrogen as the p~rmeating fluid. Table H.4 presents the results 

of this test, and as shown, ti-le permeability is 3 x 10-3 md. The much smaller 

rock sasses tested during core tests (core volumes vs. 90 feet of borehole 

wall) would be expected to have the effect of reducing the measured perme

ability due to t~e absence of elevated-permeability heterogeneities in small 

core samples. 

Reservoir Pressure 

The r::axiil)'l.li!l. pressure measured for the F.:RDA-6 brine reservoir at the wellhead 

is 604 psig. Extrapolated to a reservoir depth of 2711 feet below ground 

surface with a fluid pressure gradient of 0.5326 psi/ft of brine, this 

corresponds to a reservoir pressure of 2048 psig. As shown in Figure H-12, 

this pressure corresponds to a potentiometric surface at 5551 feet above mean 

sea level when calculated for the specific gravity of pure water. This is the 

highest hydraulic head of any ground-water body known in the Delaware Basin. 

Section 3.4.1 contains a detailed discussion of hydraulic heads throughout the 

Delaware Basin. 

Following the end of testing in November 1981 and a BOP change in February 

1982, the wellhead shut-in pressure at ERDA-6 rose steadily as a result of 

both reservoir recovery and gas cap formation in the wellbore. A series of 

apparent gauge-related malfunctions have left the pressure data collected 

before and after the gas cap release on March 8, 1983 of uncertain validity. 

The highest pressure measured before the gas cap release was 558 psig on March 

5, 1983. Because of a possible fluid leak from a diaphragm assembly attached 

to the gauge, this value may be too lo~. The first fully reliable pressure 

measurement made after the gas cap release '.Oas 552 psig on March 19, 1983. 
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During the gas cap release on March 8, 1983, approximately 510 ft 3 of gas (at 

STP) ~ere vented from the well (D'Appolonia, 1983). Under the pressure (558 

psig?) and temperature (72°F) conditions then existing in the wellhore, this 

;as would have occupied a volume of about 14 ft 3 , corresponding to a maxinum 

gas cap thickness of about 40 feet. Some minor fraction of the gas released 

probably came from gas exsolution from the brine during the release, however, 

lnd is not r~presentative of gas cap volume in the wellbore. 

After ~ore than one year of recovery, the ERDA-6 reservoir should be near 

~quilibration. Future increases in wellhead pressure will be predominantly 

th~ result of renewed gas cap formation. 

701ume Bnd Distribution of Brine Storage 

Brine rc::servoir volume is estimated for two ::>Ortions of the reservoir: the 

total reservoir and the volume contained within the local larg~-fracture 

group. Volume is calculated using F.quation 5 with values of 2:.V and C.p 

considered appropriate for each portion of the reservoir. Total compress

ibilitles of both portions of the reservoir are assumed to be the same. As 

discussed in Part II, Geology~ Section 4.1.8, a range of pore compressibili

ties has been estimated for ERDA-6. This range of pore cor.1pressibilities is 

based on a porosity range of 0.2 to 2.0 percent, and a bulk ~odulus range of 1 

:< 106 to 5 x 106 psi. In the follow-ing volume calculations, single values of 

porosity and bulk Tn<)dulus have b~en selected to provide a "representative" 

value of pore compressibility which lies approximately in the middle of the 

Thi ibili 1 i 50 X 10- 6 p~i- 1 , which range. · s representative compress ty va ue s ~ 

represents a porosity of one percent and a bulk modulus of 2 x 106 psi. 

Data from the buildup period following Flow Test 1 (D'Appolonia, 1982, v. 

IIIA, 6.7), were selected as the most suitable for use in calculating the 

volume of the local large-fracture group of the ERDA-6 reservoir. The reasons 

for this selection include: 
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• The flow period of Flow Test 1 was relatively short 
(5.6 hours), stressl~g the large fractures more than 
the microfractures. 

e The buildup data exhibit fairly well-defined boundary 
<?ffects. 

• Flow Test 1 occurred early in the testing history of 
ERDA-6, and the data from that test are largely 
unaffected by pressure buildup stemming from previous 
tests. 

T:1E 3153 

Immediately prior to Flow Test 1, the downhole· pressure in ERDA-6 '..'as 2030 

psia. The volume of brine produced during Flow Test l was about 153 bhl. 

Figure H-6 is the semi-log Horner plot for Flow Test 1. The boundary-affected 

data ~ay be extrapolated to a pressure of 1930 psia at infinite ti~e. The 

pressure depletio~ at this point is 2030 psia - 1930 psia = 100 psi. ~sing 

the values presented above, the volume of the local large-frActure group at 

ERDA-6 is: 

v __ __;:_1.::..5 3:::........;b:..:;b..;::l_--::::r::----:=T- = 30. 6 00 b b 1 
(100 psi)(50 x 10-6 psi-l) 

This volume estimate is corrob6rated by analysis of buildup data following a 

minor flow period associated with a blo~-out preventer (BOP) change. During 

the BOP change, 20 barrels of brine flowed from ERDA-6. The Horner plot of 

the buildup data (Figure H-7) shows very distinct boundary effects. The 

extrapolated depletion from the boundary-affected data on the Horner plot is 

about 16 psi. Therefore, the local large-fracture group volume is: 

20 bbl v = ----------;~----....- = 2 5 '000 bbl 
(16 psi)(SO x 10-6 psi-l) 

This value is only eighteen percent lower than the volume calculated from the 

Flow Test 1 data, a minor discrepancy in a mass balance analysis such as this • 

The total ERDA-6 reservoir volume may also be estimated using Equation 5, with 

the total volume of flow since the reservoir was first penetrated $Od the 

total pressure depletion associated with that flow used as input p~rameters. 
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Approximately 1,650 barrels of brine have been produced from ERDA-6. The 

maximum surface shut-in pressure recorded at ERDA-6 was about 604 psig. As of 

March 19, 1983, the surface shut-in pressure was about 552 psig. The total 

reservoir volume is therefore at least: 

v 1650 bbl 
-6 -1} 

(52 psi)(SO x 10 psi 
630,000 bbl 

Total reservoir volumes have also been calculated for the ranges of pore 

compressibility discussed earlier. Figure H-18 presents a plot of total 

reservoir volume versus porosity and bulk modulus, tndic~ttng the probable 

range of volumes to be from approximately 63,000 barrels to 3,200,000 

' 1 ~· ' d · '- ·1· i of 5''0 x 10-6 
c:arre~s. l:Jese voLumes correspoo to pore C<)rnpresslul 1t es v 

psi-l to 10 x 10-6 psi-1 , respectively. The volume estimate based on repre

sentative values of porosity and bulk modulus, 630,000 barrels, is also shown 

on the figure. 

Fractures found in core from EP~A-6 indicate that the r2servoir may be 

approximately 56.5 feet thick. Given that thickness and a total effective 

porosity of one percent, 630,000 barrels of brine could be stored within an 

area of 6.3 x 106 ft 2 • The actual geometry of the reservoir is not known, but 

the area mentioned above could be represented either by a square 2100 feet on 

a side, or by a circle with a radius of 1200 feet. Alternatively, if the 

reservoir extends through the entire 177-foot thickness of Anhydrite II (with 

one percent porosity), 630,000 barrels of brine could be stored within an area 

of 2.0 x 106 ft2. 

Future Brine Production 

For any single flow period, the volume of brine which could flow from ERDA-6 

at the surface is go\rerned by the surface pressure. The maximum surface shut

in pressure recorded at ERDA-6 was about 604 psig. The theoretical maximum 

volume which could be produced from the ERDA-6 reservoir by artesian flow is 

therefore: 
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tv (630,000 bbl)(604 psi)(50 x 10-6 psi-1) = 19,000 bbl 

Likewise, the maxi~urn volume of brine from ERDA-6 which could flow at the 

elevation of the waste disposal facility is only a fraction of the brine in 

storage. For the purpose of discussion, the assur!lptions can be made that the 

waste disposal facility directly overlies the ERDA-6 reservoir, and the two 

are connected by an open borehole. 1n the Exploratory Shaft station, the 

floor of the disposal facility is at an elevation of about 1265 feet (GFDR No. 

5, 1983). The pressure head in ERDA-6 at th~t elevation is ahout 1814 psig, 

whereas the pressure in the disposal facility should be atmosph~ric (0 

psig). The theoretical maximum volume which could flow at that elevation is: 

(630,000 bbl)(l814 psi)(SO x 10-6 ~si-l) 57,000 bbl 

The volumes of brine which would flow under the above scenarios are 

independent of the total system compressibility (because ct cancels with its 

usage in the calculation of total reservoir volume), and are dependent only on 

the 6V/6p ratios from the flow tests (and the assumption of linearity). Thus, 

although the total system compressibility and therefore the total reservoir 

volumes are relatively uncertain, the above flow volu~es are considerably less 

uncertain. 

None of the flow tests at ERDA-6 were long enough to provide sufficient data 

to esti~ate the long-term flow rate from the microfractures. Eased on 

observations made during Flow Test 2 however, some qualitati~e conclusions can 

be drawn regarding future flow rate declines. .\bout 1030 bbl of brine were 

produced from ERDA-6 during Flow Test 2. During that test, the flow rate 

dropped from a maximum of about 473 bbl/day to about 120 bbl/day over a period 

of about 89 hours, with a flow rate half-life of about 50 hours. It is 

unlikely therefore, that more than a few thousand barrels would flow from 

ERDA-6 at the ground surface before the flow rate dropped to a few bbl/day. 

The flow rate would not drop to zero however, but would instead stabilize at 
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the rate at which the microfractures recharge the large fractures. Consider

ing the slow long-term pressure buildup rate and the low permeability of 

microfractures, that rate would likely be less than one bbl/day. 

3.4.4 Quantification of WIPP-12 Reservoir Hodel 

Permeability Distribution 

Hydrologic testing in WIPP-12 yielned information on the hydrologic properties 

of the brine reservoir in the Anhydrite III oember of the Castile Formation. 

The results of these analyses were grouped into similar categories as des-

cribed for the ERDA-6 test results. 

• Results from relatively short-term hydrologic tests 
representing the permeability of the local large
fracture group near the wellbore. 

• Results of relatively long-ter~ 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, no well-test information on intact anhydrite permeabil

ity ~as obtained at WIPP-12. Bowever, p~cmeabilities were measured in core 

samples from the Aaydrite III member in WIPP-12. As shown in Table H.4, the 

m~asured permeabilities are less than 2 x 10-4 md. The very small sample 

volumes tested in core analyses will always ha~e lower permeabilities than 

would be measured in well tests, due to the effects of rare, high-permeability 

heterogeneities which cannot be included in core ~nalyse~. For this reason, 

the large-scale, intact anhydrite permeability at WIPP-12 is likely larger 

than 2 x 10-4 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 
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tests have been listed in Section 3.4.3, while the input variables unique to 

each test are listed in the following sections where reference is ~ade to each 

test. 

Short-Term &eservoir Tests - Table H.3 is a complete list of the hydrologic 

tests conducted in WIPP-12; data from those tests marked with an asterisk (*) 

are presented in this report. The tests that are included in the short-term 

reservoir test category are DST-3020-1 and -2, DST-2986-1 and -2, and Flow 

Test 2. Due to the very high production rates from the WIPP-12 reservoir and 

the DST-tool choke effect mentioned in Section 3.2.1, the standard DST's did 

not provide data of good quality. For tl1is reason, Flow Test 2 was chosen as 

being representative for the group. Figure H-5 ls the Horner plot used for 

analysis of Flow Test 2 buildup data (tabulated data in D'Appolonia, 1982, 

.t,.ddendum 1, 12.19). The input variables that are unique to now Test 2 and 

are necessary for calculation of permeability are as fol:ows (D'A?polonia, 

1982, Addendum 1, 12.19): 

f:N 2258 bbl 

Q£ 8057 bbl/day 

t 6.73 hrs 
p 

h = 61 ft 

F > 0.55 (estimation based on curve shape) 

The Horner straight-line slope ls shown on Figure H-5. As shown in Table H.4, 

the transmissivity of the major fractures near the WIPP-12 wellbore is about 

1.2 x 105 md-ft as calculated from the Horner method. This value corresponds 

to a permeability of approximately 2000 rnd for a production zone thickness 

equal to the distance from the top of the fissured zone to the bottom of 

Anhydrite III in WIPP-12 (D'Appolonia, 1982, v. IVB, 12.16, Addendum 1, 

12.20). The effect of the F factor is to reduce the estimated permeability 

(presented above) by at most forty-five percent to take into account the 

influence of fractures connected to the wellbore. 
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Long-Ter~ Reservoir Tests - The only long-term hydrologic test conducted on 

the WIPP-12 reservoir that was controlled adequately for analytical purposes 

was Fl0w Test 3 (tabulated data tn D'Appolonia, 1982, Addendum 1, 12.20). 

Figure H-9 is the Horner plot used for analysis of the buildup data from Flow 

7est 3. The input variables necessary for calculation of permeability from 

this analysis are as follows (D'Appolonia, 19R2, Addendum l, 12.20): 

.w = 24,800 bbl 

Qf 1097 bbl/day 

* tp = 542.5 hrs 

h = 61 ft 

As shown in Table R.4, the apparent transmissivity of the WIPP-12 reservoir, 

for tests of this duration, is 1000 md-ft as determined from Horner analy

sis. This corresponds to a permeability value of 17 md. The relatively 

higher long-term permeability at WIPP-12 as compared to ERDA-6 is probably 

related to the greater large-fracture aperture at ~IPP-12. 

Reservoir Pressure 

The maximum pressure measured for the 1.-liPP-12 reservoir at the wellhead is 208 

~· Extrapolated to a reservoir depth of 3017 feet below ground surface 

with a fluid pressure gradient of 0.5378 psi/ft of brine, this corresponds to 

a reservoir pressure of 1831 psig. As shown in Figure H-12. this cocresponds 

to a potentiometric surface at 4680 feet above mean sea l~vel calculated for 

the specific gravity of pure water. Section 3.4.1 contains a detailed 

discussion of hydraulic heads throughout the Delaware Basin. 

Following the end of testing in June 1982, the wellhead shut-in pressure at 

WIPP-12 rose steadily as a result of both reservoir recovery and gas cap 

formation in the wellbore. Just prior to releasing the gas cap on March 7, 

1983, the wellhead pressure was about 175 psig. On March 7, 1983, 

approximately 173 ft 3 of gas (at STP) were released from the well 

(D'Appolonia, 1983). Under the pressure (175.2 psig) and temperature (58°F) 
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conditions then existing in the wellbore, this gas would have occupied a 

volume of about 14 ft 3 , corresponding to ma~imurn gas cap thic~ness of about 33 

feet. Some minor fraction of the gas released proba~ly came from gas 

exsolution from the brine during the release, however, and is not 

representative of gas cap volume in the wel1bore. ?rom March 8 through at 

least March 20, 1983, the wellhead pressure at WIPP-12 remained steady at 

about 162 psig. After more than nine months of recovery, the WIPP-12 

reservoir should be near equilibration. Future increases in wellhead pressure 

will be predominantly the result of renewed gas cap formation. 

Volume and Distribution of Srine Storage 

As with ERDA-6, brine volu~es are estimated for the local large-frActure group 

and the total WIPP-12 rese~voir. Volume is calculated using Equation 5 with 

values of 8V and ~p considered appropriate for each portion of the res~r-

voir. Total compressibilities of both portions of the reservoir ~re assumed 

to be the same. As discussed in Part II, Geology, Section 4.1.5, a range of 

pore compressibilities has been estimated for 1-iiPP-12. This range of pore 

compressibilities is based on a porosity range of 0.1 to 1.0 percent, and a 

bulk modulus range of 1 x 106 to 5 x 106 psi. In the following volume 

calculations, single values of porosity and bulk modulus have been selected to 

provide a "representative" value of pore compressibility which lies approxi

~ately in the middle of the range. This representative value is 100 x 10-6 

psi-1 , which represents a porosity of 0.5 percent and a bulk modulus of 2 x 

106 psi. 

The data from the buildup period following Flow Test 2 were selected as the 

most suitable for use in calculating the local large-fracture group volume of 

the WIPP-12 reservoir. The reasons for this selection include: 

o The flow period of Flow Test 2 was relatively short 
(5.54 hours), stressing the large fractures more than 
the microfractures. 
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• The buildup data exhibit fairly well-defined boundary 
effects. 

• Flow Test 2 followed several months of undisturbed 
buildup, and the data from that test are largely 
unaffected by pressure buildup stemming from previous 
tests. 

Immediately prior to Flow Test 2, the downhole pressure in WIPP-12 was 1808 

psia. The volume of brine produced during Flow Test 2 "'as ahout 2258 bbl 

(D'Appolonia, 1982, Addendum 1, 12.19). Figure H-5 is the semi-log Horner 

plot for the buildup from Flow Test 2. The boundary-affected data may be 

extrapolated to a pressure of about 1787 psia at infinite time. The pressure 

depletion at this point is 1808 psia - 1787 psia = 21 psi. Using the values 

presented above, the volume of the local large-fracture group at WIPP-12 is: 

v = 2258 bbl 
(21 psi)(lOO x 10 - 6psi 

= 1.1 X 106 bbl 

The total WIPP-12 reservoir volume may also be estimated using Equation 5, 

with the total volume of flow since the reservoir was first penetrated and the 

total pressure depletion associated with that flow used as input parameters. 

Approximately 80,000 barrels of brine have been produced from HIPP-12. The 

maximum surface shut-in pressure recorded at WIPP-12 was about 208 psig. As 

of March 20, 1983, the surface shut-in pressure was about 162 psig. The total 

reservoir volume is therefore at least: 

v = 80,000 bbl 
-6 -1 

(46 psi)(lOO x 10 psi ) 

17,000,000 bbl 

Total reservoir volumes have also been calculated for the range of pore 

compressibility discussed earlier. Figure H-19 presents a plot of total 

reservoir volume versus porosity and bulk modulus, indicating the probable 

range of volumes to be from approximately 1.7 x 106 barrels to R.7 x 107 

barrels. These volumes correspond to pore compressibilities of 1000 x 10-6 

Psi-l to 20 X 10-6 i-l t. 1 Th 1 ti t b d ps , respec 1ve y. .e vo urne es rna e ~ase on repre-

sentative values of porosity and bulk modulus, 1.7 x 107 barrels, is also 

shown on the figure. 
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The thickness of the WIPP-12 reservoir is not determinable with the available 

data. Assuming that the raservoir thickness coincides with the 61-foot 

thickness tested during the DST's, and that the total effective porosity is 

0.5 percent, 1.7 x 107 barrels of brine could be stored within an area of 3.1 

X 108 ft 2 • 

As presented above, the reservoir volume estimates are based on assumptions of 

total effective porosity and bulk modulus with an associated uncertainty in 

excess of one order of magnitude. Additionall~, the use of t~e observed 

pressure depletion in the estimates assumes that rock cr~ep has not occurred. 

Future Brine Production 

For any single flow period, the volume of brine which could flow from WIPP-12 

at t~e surface is governed by the surface pressure. The maxinum surface shut

in pressure recorded at WIPP-12 was about 208 psig. The theoretical maximum 

volume which could be produced from the WIPP-12 reservoir by artesian flow is 

therefore: 

~V = (1,7 x 10 7 bbl)(208 psi)(l00 x 10-6 psi-l) = 350,000 bbl 

Likewise the maximum volume of brine from WIPP-12 which could flow at the 

elevation of the waste disposal facility is only a fraction of the brine in 

storage. For purposes of discussion, the assumptions can. be made that the 

waste disposal facility directly overlies the WIPP-12 brine reservoir, and the 

two are connected by an open borehole. In the Exploratory Shaft station, the 

floor of the disposal facility is at an elevation of about 1265 feet (GFDR No. 

5, 1983). The pressure head in WIPP-12 at that elevation is about 1395 psig. 

whereas the pressure in the disposal facility should be atmospheric (0 

psig). The theoretical maximum volume which could flow at that elevation is: 

~v = (1.7 x 107 bbl)(l395 psi)(lOO x 10-6 psi- 1) 2.4 X 106 bbl 
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As noted in Section 3.4.3, these flow volume estimates are independent of 

total compressibility, and, therefore, are less uncertain than the total 

reservoir volume estimates. 

The only long-term flow test at WIPP-12 ~,'as Flow Test 3. Unfortunately, salt 

precipitation in the flow lines during Flew Test 3 caused significant, 

unmeasurable variations in backpressure, thereby rendering the flow data 

unsuitable for analysis using flo-w-rate decline techniques. Sased on observa

tions made during Flow T2st 3 however, some qualitative conclusions can be 

drawn concerning future flow rate declines. About 24,800 bbl of . . Dr ... ne were 

produced from IHPP-12 during Flow Test 3. The flow rate dropped from about 

14,700 bbl/day at the start of the test to about 1100 bhl/day at the end of 

the test, some 210 hours of flow time later, with an initial flow rate half

life of about 18 hours. It is unlikely therefore, that more than about 

100,000 barrels would flow from WIPP-12 before the flow was reduced to a few 

bbl/day. The flow rate would not drop to zero however, but would instead 

stabilize at the rate at which the microfractures recharge the large frac-

tures. Considering the slow, long-term pressure buildup rate and the low 

permeability of microfractures, that rate would likely be less than one 

bbl/day. 

4.0 DISCUSSION OF DATA AS RELATED TO ISSUES 

In this section, the results of the hydrological investigations are summarized 

from the viewpoint of their importance to the issues. The issue most relevant 

to the site's hydrological integrity, i.e., connectivity/isolation of Castile 

brines, is presented first, followed by the other issues of reser~oir volumes, 

potential for flow to WIPP facility, and origin of brine. 

4 .1 RESERVOIR CONNECTIVITY 

Examination of drilling records, study of reports from previous work, and, 

most importantly, the results of testing performed recently in the ERDA-6 and 

WIPP-12 wells, have produced the following observations: 
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• Hydraulic heads are different in all four Castile 
brine reservoirs for which pressure data are 
available. 

e Hydraulic heads in the Castile Formation in gener~l 
are higher than heads in all other ground-~ater 
bodies in the Delaware Basin, including potential 
recharge zones in the Capitan reef outcrop in the 
Guadalupe Mountains. 

o All known brine reservoirs in the northeastern part 
of the Delaware Rasin appear to be associated with 
ant1forms which are geographically separated, 
although not all antiforns are known to be associated 
with brine reservoirs. 

• No changes in existing pressure trends were detectect 
in observation wells during flow tests performed in 
WIPP-12 and ERDA-6. 

THE 3153 

These observations have led to two conclusions concerning the connectivity of 

the Castile brine reservoirs: 

1) The Castile brine reservoirs at ERDA-6 and WIPP-12 
are not connected to each other, and other Cr.stile 
brine reservoirs in the northeastern part of the 
Delaware Basin are probably also hydraulically 
isolated from one another. 

2) The brine reservoirs of the Castile Formation, and 
probably all pore waters of the Castile For~ation, 
are isolated from the hydraulic systems in the 
overlying and underlying Rustler and Bell Canyon 
formations. 

Both of these conclusions were derived largely from consideration of the first 

two observations listed above. 

Brine reservoirs in the Castile are known to have the highest hydraulic heads 

of any ground waters in the vicinity. In the vicinity of the WIPP site, 

Castile brine heads range from 1530 to 2570 feet (of pure water) above heads 

in the Rustler Formation. Similar differences exist between Castile brines 

and waters in the Bell Canyon Formation. The only other potential recharge 
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area is the outcrop of the Capitan reef. The highest known head in the 

Capitan reef aquifer in the vicinity of the WIPP site is 1680 to 2950 feet 

~elow the hydraulic heads of Castile brines. Thus, the Castile brines cannot 

be receiving recharge from these other sources. 

The geologic environment with which the brine reservoirs are associated became 

tectonically stable over one million years ago. The maintenance of excessive 

and non-equilibrated pressures within the reservoirs over a million years is 

evidence of their degree of isolation. The only other ~echanism for mainten

ance of these excessive pressures, in the absence of continued diagenesis, 

...,ould b':! recharge, which in this case has been shown to be impossible. The 

isolation of the Castile reser·.roirs is due to the very low-pc:rmcahility 

environment in which they exist. This environment includes 2000 feet of 

almost t~perrneable rocks of the Salado Formation (k < 5 x 10-S md) (Powers et 

al., 1978) separating the Castile and Rustler formations, and approximately 

1000 feet of Castile evaporites (k ~ 2.5 x 10-3 md) separatiug brines of the 

Castile from the Bell Canyon Formation. 

The same argument, citing head differences, lack of recharge, and geographical 

separation by low-permeability anhydrite and halite, can be used to conclude 

that t'he reservoirs encountered in ERDA-5 and \-JTPP-12 are not connected. 

Although few data exist on other brine reservoirs, the conclusion that all 

other reservoirs are individually isolated is also suggested. 

In summary, the findings of the rec.ent study strongly suggest that no hydraul

ic communication exists between brine reservoirs within the Castile Formation, 

as well as between the Castile Formation as a whole and neighboring hydraulic 

systems. In other words, the reservoirs neither receive recharge from outside 

sources nor appear to contribute to other hydraulic systems. 

4.2 RESERVOIR VOLUMES 

Understanding the fractured heterogeneous reservoir model is essential to the 

calculation of brine volumes stored in the ERDA-6 and WIPP-12 reservoirs. 
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Evidence of the fractured nature of both the \HPP-12 and E~A-6 r<!servoirs was 

gathered durlng examlnation of core, analysis of geophyslcal logs, and 

analysis of reservoir behavior during flow and pressure buildup tests. These 

data have led to the following interpretation: 

• A li~ited system of large fractures, designated the 
local large-fracture group, ~as intercepted in each 
borehole. These large fractures serve as high
permeability brine collection systems, but comprise 
only a small portion of the reservoirs' brine storage 
capacity. The local large-fracture groups can be 
viewed as extensions of the wells, and are respons
ible for the initially vigorous production rates and 
pressure-buildup rates observed at the beginning of 
each test. Fracture permeability is a function of 
fracture aperture. The large-fracture permeability 
at E?~A-6 is about 10 md, and at WIPP-12 is about 
2000 md. 

• The large fractures are intersected by numerous 
microfractures. The microfractures have relatively 
low permeabilities, but provide access to the 
majority of the brine stored in the reservoirs. The 
majority of the brine in storage may be contained 
within the microfractures alone, or in other large
fracture groups which are only connected to the 
wellbores by microfractures. After the initially 
high rates of production and pressure buildup, the 
major fractures serve mainly as conduits for the 
brine produced from the microfractures. Production 
from the microfractures ls observed as a prolonged 
slow production or slow buildup rate. 

• The components described above comprise the brine 
reservoirs as defined for volume determination. 
These reservoirs are surrounded by intact anhydrite 
with extremely low permeability which contributes 
little, if any, brine to the reservoirs. 

In summary, ~he reservoirs consist of large-fracture systems of limited volume 

subtending a system of matrix blocks cut by microfractures. These reservoirs 

are surrounded by very low-permeability anhydrite formations. Brine stored in 

the microfractures eventually recharges the large-fracture systems to near 

their original pressures. This phenomenon is illustrated by the late-time 

response on the Horner plot in Figure H-4. 
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The total brine storage in the WlPP-12 reservoir was estimated to be 1.7 x 10 7 

barrels, with approximately one million barrels stored in large fractures. 

The ERDA-6 reservoir is significantly smaller. 1t is estil'::ated to hold about 

630,000 barrels, 30,000 of which are stored in large fractures. Part of the 

large difference in reservoir storage can be explained by the Fact that the 

large fractures in WIPP-12 have permeabiltties about 200 times higher than the 

large fractures in t:RDA-6. Hence, their 3perture and storage •:apactty must he 

correspondingly larger. Differences in storage capacity might also be related 

to the relative extents of the two fracture systems, but no data are available 

on that subject. 

4.3 POTENTIAL FOR BRINE FLOW TO WIPP FACILITIES 

There are several possible avenues for pressurized brines of the Castile 

Formation to enter the WIPP facility. These include: 

• Upward seepage of brine through the halite of the 
Salado Formation under the induced hydraulic gradi
ent. 

• Dissolution of evaporites and associated movement of 
brine. 

• Movement of brine through unplugged boreholes. 

• Flow of brine through fractures induced by mining 
activities. 

The only potential conduit which may be established without human intervention 

and which can be evaluated solely on the basis of hydrologic evidence is 

upward seepage through Salado halite from the upper Castile. 

The Castile brine reservoirs have remained isolated for at least a million 

years under the existing hydraulic gradient. The six-fold increase in the 

hydraulic gradient between the WIPP-12 reservoir and the waste disposal 

facility which will accompany the opening of the facility will not be 

sufficient, in the thousand years the f~cility openings and the gradient 
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exist, to affect the Isolation of the WIPP-12 reservoir. Other reservoirs 

will also he unaffected by the temporary opening of the WIPP facilities. 

4.4 ORIGI~ OF RES~RVOIRS k~D BRINE 

The origin of fluids which have accumulated to create the Castile hrine 

reservoirs is discussed in Part IV, Chemistry, Section 5.1. explanation of 

the nechanism for brine accumulation into reservoirs is more an issue subject 

to hydrologic analysis. To this end, a general review of theories on the 

development of fractured reservoirs was conducted. T~e findings of this 

review were that many reservoir-creation mechanisms fit with the brine origin 

theory and could explain the observed pressures. The following is the 

si~plest theory, whlch in our opinion, best accords with the data. 

• The Castile evaporites, along with connate water, 
were deposited in a plastic, low-permeability 
stratigraphic sequence during Permian time. Increas
ing thickness of the overburden in combination with 
hydraulic isolation and high plasticity caused t~e 
connate water to become over-pressurized relative to 
present conditions. 

• Density contrast between halite and anhydrite in the 
Castile Formation resulted in the formation of domal 
structures in the halite, possibly triggered by 
basinal tilting (Part II, Geology, Section 4.3). 
Anhydrite beds, being more rigid than the ductile 
halite, developed a system of tensional cracks over 
the domes as they underwent folding and lengthening. 

• Upon fracturing of the brittle anhydrite by exten
sional forces, the brine migrated from the rock 
matrix toward the zone of dilatancy due to the 
relative vacuum produced by the fractures. Vertical 
confinement was provided by overlying and underlying 
halite beds. Development of fractures, in other 
words, provided additional room for brine storage and 
resulted in reduction of reservoic pressure to below 
ancient pore pressure. Different hydraulic heads 
noted in various Castile brine reservoirs may be 
explained by different degrees of fracturing in 
anhydrite beds. 
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No viable theory is recognized that can explain the present hydrostatic heads 

of the Castile Formation by referencing them to present ground-water flow 

systems. 
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NOHENCLATURE 

SYMBOLS 

Formation volume factor, RB/STB 

Wellbore storage constant (coefficient, factor) 
RB/psi 

-1 Brine compressibility, psi 

Fluid compressihility, psi-l 
-1 Gas compressibility, psi 

Pore compressihility, psi-l 

Total system compressibility, psi-l 

Fracture correction factor for Horner plots 

Hydraulic head, ft 

Formation thickness, ft 

Hydraulic conductivity, ft/day, em/sec 

Bulk modulus, psi 

Permeability, md 

Fracture permeability, md 

Matrix permeability, md 

Fracture length, ft 

Logarithm, base 10 

Slope of semi-log straight line, psi/log cycle 

Pressure, psi 

Pressure change, psi 

Extrapolated pressure, psi 

Well pressure prior to test, psi 

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) 
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STB 

STP 

T 

t 
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v 
t.V 

X 

(I 

y 

SYMBOLS 

Storativity 

Van Everdingen-Hurst skin factor 

Stock tank b~rrels (volume at 60°F and 14.65 psi) 

Standard temperature (0°C) and pressure (1 atm) 

Transmissivity, ft 2 /day or cm2 /sec 

Time, hours 

Dimensionless time 

Elapsed shut-in time 

Final elapsed shut-in time 

Equivalent time well was on production or injection 
before shut-in, hours 

~odified production time for pressure buildup 
analysis with variahle rate before shut-in, hours 

Volume, bbl 

Volume produced, hbl 

Volumetric proportion of undissolved gas in brine 
-2 

Block shape parameter, ft 

Specific gravity; referenced to water for liquids, to 
air for gases 

Difference or change 

Interporosity flow parameter 

Viscosity, cp 

Porosity, fraction 

Storativity ratio 

Partial derivative 
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TARLE H.l 

Sl..v.RY Of CASTILE RI!INf OCC\IRRfNCES IN THE WIPP VICINITY 

FilflMATION PRESSIJr<f ,Ips IQI 
------£sr~.<~:rm--

NI.)<BfRI I I WELL NAME PROOUCING FOf!MATIONI!o'E!"AERill 
Off'Tt< TO BR I Nf 
RESERVOIR IFTI MEASURED MINIMU"(), 

INI riAl 

fLOW RAT£
141 

REMARKS 

Q 

10 

11 

11 

1J 

(I) 

(2) 

01 

(A) 

(~) 

(6) 

Pogo Cost I le/Anhydrlte 11-111 1" D22 1~19 

Union Castlle/Anhydrlte Ill 1~10 1460 

Gulf Covington Castile/Anhydrite Ill 3600 1972 

Culbertson Cost119/Anhydrlte Ill 3~1~ IB~A 

Sl>ell Costlle/.O.nl>ydrlte Ill 36 71 1941 

Tl de water Cost I I "/Unknown Jno 232, 

Masc~o 1 Cost II e/ Anl>ydr I te Ill "n 1600 

M11scho 2 Costlle/Anhydrlte Ill JZQ~ IHO 

S..lco Castile/Anhydrite Ill 2A02 2(17, 

Bilbrey Costlle/Anl>ydrlte Ill JOQO 14';)0 

ERDA-~ Co•tii.,/Anhydrlte II 2111 20~A 

WIPP-12 Costli.,/.O.nl>ydrlte Ill )017 1831 

H & w Danford I Castile/Anhydrite Ill 1930 lOlA 

ror well loc::atlons refer to fl9ure r,-11. ror pressure/dt'pth reletlonshlp ref_..,.. to figure H-11. 

Based on data provided by u.s. Geologic•! Survey. 

Data should not be used as static forrnotfon pressure. 

Tvplcolly e•tlmoted by drlllt•r. 

AnhydrIte' II and Ill COlt lesce at thIs I ocat I on. Br" I ne was encoontered In 1111 dd I" of ftnhydr I tft. 

Specific gravity of brines In WIPP-12 end fRDA-6. 

1200-14•0 bbl/t1fty Minimum pressvr., n~dfu1 to dlschttrqe wt'lghted mud {14.6 

ppg or Y • ).7•)): no ~,.,vt-tn prtn5urt1 ftYel lt~~b1e. 

710 hh I /drJy 

Conflicting Ooto 

2000 bb I I dey 

20,000 bbii<10y 

No dl'ltl'll 

6000 hb I /dey 

)000 hl>l/•1•y 

ll,nOO hb I /doy 

6000 hh I /dey 

M~ bt>l /ony 

12,000 bblldoy 

No dato 

Minimum pr~s'\ur., n....-Of't~1 to dlo;c-hl!lrQ"' "'"I\Jhtll!'to1 mud (10 

PP9 or Y • t.i'Ol; no shut-In pres!>11re l'lvallable. 

S~ut-ln pressure of 100 psi reported on drIll rftcord 

I y • 1.~). 

Rr-Jn~ y r l.}?. A rnf":f/dny gas <HI"llttad (As.tlm&ted); no 

other data ttvtllllab lth 

Mfnl~um pr'""!>~ure nt:tm1'ttt1 to t1/,chl'llr(.4f'l' hrln~ of y • l .7'1: 

no other- deta tllvt~lll'llh Itt. 

_Minimum pre'isurn n*"'f!ded to <11!tchar-qft w"lghted lf'lud (11 

PP9 or y• J,44), 

MlnlmlMT' pr-tts!>ur-f'l n~,.'"'<1 to dlsc,.,ftrgP. tlrlne of y • 1.117( 6 ): 

no other dtllta ftvalll'llble. 

JollnlrntJm P""""'>~ur·f"' n~<iftd to r11'\~t'1,rrlf'l' twlnf't of Y• 1.}17( 6 ). 

Al~o f'tnr;ounterer1 wf)t~r ot .,:/_~~. wl1h h"'ttd of )00 f&~t. 

~h11t-Jn prft5!>trrP ftt w~~~tllhl't,d 17., 1"~1 wht'n _.11 flll~d wit" 

welqhted mud (1 '·4 PP9 or y .. 1.61). 

Mlnlmurn prAssur~ n~dttd to dlschnrge brine of y • 1.111 16 ); 

no oth~r dfttf) ava I I ab I e. 

Shu1"-ln or,,sura pr-Ior to \nhc;t,ntlol trrlnft flow. 

Shut-In pressure prior to substantial brine flow. 

Arlne f\o,,d to svrfece for 48 hours and then ~toppr:td. 

Minimum preor;'5ure neeOad to dlscherge brine of y • 1.211(6 ). 
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TEST 

Drill St~ Teat 2472 

Drill Stem Test 2680 

Flow Test I 

Flow Test 2 

Flow Test 3 

D'APPOLONIA 
(1982. 1983) 

ACTIVITY 
DESIGNATION 

t:RDA-6.3 

ERDA-6.6 

ERDA-6.7 

ERDA-6.8 

ERDA-6.9 

PERIODS 

~ 

DST 2472-1( 2) 
FI'L 
FBU* 
SI'L 
SBU* 

D5'f 2472-2( 2) 
n'L 
FBU 

n:;T 2660-1( 2) HL ___ _ 

f'BIJ* 
SfL 
SIJU* 

DST 2680-2( 2) 
"Ft'i.. 
I'BU* 
SfL 
SHU* 

Flov Period* 

Buildup Period* 

Flov Period* 

Buildup Period* 

Flow Per lod* 

Buildup Period* 

TABl.t: H. 2 
SUMMARY Of HYDROLOGIC TESTING IN ~KDA-b 

DlJI{ATION 

Oct 23, 1981 (20:30) 
to 

Oct 2~, 1981 (1~:31) 

Oct 28, l9Al (l6:4S) 
to 

Oct 30, 1981 (12:20) 

Oct 30, l9Bl (12:20) 
to 

Oct 30, 19~1 (1 7: ~4) 

Oct 30, 19Al (17:~4) 

to 
Oct 30, l9Kl (20: S2) 

Oct )I. I 9~1 (ll: 16) 
to 

Nov 04, 19HI (IB:35) 

Nov 04, I 9~1 (16: 35) 
to 

Nov 1 ., • l9Bl (20: 41) 

Nov I 7, 1981 (20:41) 
to 

Nov 20, 1981 (20: ~3) 

Nov 20, 19»1 (20:53) 
to 

Feb 19, 19112 (12:33) 

INSTIIUMENTATION(l) 

I.ynes 1'CWL-DST Tool())- •Ingle packer 
aBSemhly • 

TCWL triple pressure tra~sdt,cer. 

HP-982S computer, printer, •nd plotter. 

I.yneo TCWL-DST Tool - slnKle pRr.ker 
assembly. 

TC\JL triple preRsure tranRdtiC:PT· 

Ht'-982~ computer, print,•r, nnd plotter .. 

Rockve 11 2" cumulative fl''"' meter. 

Lyneo TC\Jl.-DST Tool - sln~le packer 
ASSembly, 

TCIIL trip!" preHsu re tranRduc-Pr. 

BP-9825 computer,. printP.r, and pl.otter. 

RockvplJ 2" C'umul.R1 lv•• f 1 0 .... mt"t ... r. 

TGWI. t r 1,-.1 ·~ pTPatHire t rA••~chiC't.•r 

In hyolr•ul1c connection with tht~ 

wellhead. 

tii'-4K25 cnmputer, p r lnt t' r, nurl p lnr l ~r. 

Rockv~ I I 2" cunn1latJve flow metf" r. 

Nov }0 Kl to Nov l2 HI - TCIII. t r l pie 
pr~Hsurp t nansducP.r located at 2"102 
fPet he low Rurfac~. 

Nov 22 ill to Feb 19 Ill - TCIII. trIple 
pressure t ranaducer lor.ated At surface. 

KI::HAIIKS 

Test performed prior to drlllin~ 
cement plug In ~KDA-6, This test 
VRB perform~d ubove brine reHI!rvoJ r4 
Test produced dB~on pP.rmeaht 1 tty 
of Halite II and Anhydrite II contact. 

Kt•t·u&lla of this rest were u~ed for 
preliminary hydrologic charact~rlza
tlon of reservoir. 

Flow 'rest 1 vas r::onducted thT•lU~h DST 
tool 1:1nd 2-//8" tuhlng. ~el:up a• For 
DST 2680. T~sl terminated becnuse of 
pot~ntJal for ll2S embrittlement. Flow 
rnt~B affected hy heavy mud diHchAr~,te and 
l(AH wl thl n FlowlIne. DAta from t hI • teost 
w~re It 'led For quanti flcat I on of r~Neorvolr 

prop<'rtles. 

rnt t lnl flow a· a tt~t-1 aff•~ctfl'd r •lr 4 hnn r~ hy 
ht~R vy m11ct ctt.ochBq(t> and fl,iiH wl thIn FlOW 
I ln.-. t'rE-Maure hut lrlup daln afferteod hy 
te-mperRture fluctuation. Oat a from rhl• 
teAt USP.d for quantlflcatlon of reseorvol r 
propf'rt I e:q. 

P r·.·~_qurf' dcltfl Cllllf'Ctf'd dnwnhol•• 
arF~clP.d by a leak In luhrl,:.ttt.or. 
Pressure data coll.-ct P.d at thP WP.}J-

head aFFected hy tf'mpert~turt• (luctua-
tton, and by gas cap formation. :1 

l'T1 
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n:sr 
BOP Change 

Gas Cap Release 

D'APPOI.ONIA 
(191!2, 1983) 

ACnVITY 
DESIGNATION 
"""EiU'iA-6 .11 

ERDA-6 .12 

PJ'.R lOllS 
OF TEST 

Flow Period* 

Buildup Period* 

Flow Period* 

Buildup Period* 

DllltATHlN 

Peb 19, HtiTTIT: D> 
to 

Feb 19, 1'1R2 (13:26) 

Feb 19, 1982 (I 3:26) 
to 

l'lar 08, 83 (11:17) 

Mar OR. 1'1113 (II: J 7) 
to 

Mar 06, 1983 (13:25) 

MJH 011, 191!) (11:25) 
ContI n•li ng a a of 
Har 21, 1963 

(!)For detailed information on instrumentation refer to D'Appolonla (1982, 1983). 

<2 >ortll stem teAt terminology: 
FFL • first tlow period; Fill!- (!rAt buildup period; 
SFL - second flow period; SBU - oecond buildup period. 

Olrc\.IL • Triple Con•lucting Wtre11ne 
DST • Drill Stem Test 

"Data uaed in thle report. 

TIIBJ.t: 11.2 
(Cont\nued) 

l NSTRIIMENTATlliN( I) 

Env\rotech -ilow~·~.-sa·~kl cutthroRt 

flume. 

F~b 19 82 to Feh l(l HZ- TC\11. lrlple 
pre"um re t ran11duct:-r 1 n h)'d ro1u 11 c eon
n .. ctlon with the Wf>llh~Rd 

F,.h 19 R2 to F<•h LO 112 - 111'-91!25 computer, 
rrlnter, and plotter. 

F~h 20 82 to MRr OH H) - WPk•l~r 0-600 
pslg mechantral preAaure ga~e installed 
at the wellh<'~d. 

1\,.'lnon 202A dlff~.·r•·n~ In I pr•.~aRIIrt• n•ct'rder 
with 1/l." orlftce plntt~. Fi~her-PortP.r 

flow r<~te mf>tf!'f• W'Pk~l.~r 0-·800 and 0-61)0 

ptt18 nte"rhPnicAl pressure ~aKeS in~talled 

At the wellhead. 

lU:MAliK~ 

Rep1acPd blotJ-out prevt-nt~r on wellhPnd. 
Prt"ssur~ hutldup dats c:ollel~ted 11t Lhe 

wellh~ad affected by gas cap formation. 

<:M:~ cap r.,-.),~nf'l(~(j frr•m tJ••IIhnrt>. No hr1n~ 

flow. rreS!iU(l" tiAlH from 0-H()(j p~{p. J(."iY,e 

mny be Affert~d by fluld ll"~k from ~IAI'hra~m 

assemhly. Sl'11ttc prvsHun• followtn~ 1(119 

rE"lease UfH!•1 in toti\1 n~serv..-•1 t volume 
calc:ulationa. 



Presoure Ruildup 

Pressure Suildup 

Flo.., Teat 1 

Drill Stem Test 3020 

Drlll Stem T~st 29R6 

Preooure Ruildup 

Pruour'-' Bulldup 

1J 'AJ'I'OLONl A 
(1982. 1963) 

ACTIVITY 
DESIGNATION 

WIPI'-12.) 

WIPP-12.6 

WIPP-12.7 

WIPP-12.8 

WIPP-12.9 

WIPP-12.10 

WIPP-12.12 

WlPI'-12.14 

PERIODS 

~ 

Pressure Buildup 

Pressure Bu lldup 

Flo.., Period* 

IJST-3020-1 <2 ) 
FFL 
FBU 

DST-3020-2 
HL 
FDll 

llST-3020-J 
FFL (Slug teo t) 

DST-298b-l ( 2 ) 
FFL 
FBU* 
St"L 

DST-1981>-2 
-I'FL 

FRU* 
SFL 

DST-2981>-3 
Fn (Slug test) 

Pre~:~s~.ue But ldup 

Preuure Buf ldup 

TABLE H.) 
SliMHARY Of IIYDI\Ol.OGIC Tt:STING IN WII'P-12 

DURATION 

Nov 23, l9ftl (20:2S) 
to 

Nov 25, 1981 (06:45) 

Nov 29, 1981 (14:00) 
to 

Dec 03, 1981 (18:01>) 

Dec 0.1, 19111 (18:06) 
to 

Dec 04, 1981 (15:00) 

Dec 04, 1981 (15:00) 
to 

Dec 0~, 1981 (09:50) 

o.,c Ob, 191!1 (09:50) 
to 

Dec 07, 1981 (02:52) 

o .. c Ill, l~Kl (02:52) 
to 

Der I 2, I '181 (0 0: )0) 

Ope 15, I~Kl (20:04) 
to 

DH 17, 1'181 (0~:45) 

ll11•· "J 'I, I 'lit I ( 11/ 1 1.t1) 

lNSTRIJMENTATlON(I) 

Her.honlcal pressure ~R~e. 0-300 ps!g, at 
the wellhead. 

MechAnlt:nl 11reRA11re K8~~. 0-300 paig, at 
the wellhead. 

Rt)C'kwell 2"" cnmnliil' tve flnw •n.;>t~r. 

Ln•tal1ed upAtreRm of RAA/ilquld 
sepR.rRtor. Fl'Oco fl<)..., tnet~r iiiAtKlled 
down~tream of fl.Os/ltrpdd SPrtstrator. 
No pressure measurements were taken~ 

Lynes T<:IJI.-OST Tool do..,nhole(3), cron
n*!cted vif' wireline to llewlett-PRckArd 
data acquisition computer at surface. 

Lynr.A TCW1 .• -0ST Tonl 1111wn\to l••, ronn('c:t
ed via wlrellne to IIP.wl.,tt-Par~ard 
datn acqu1Kit1on computer Rt Aurfar.e. 

l~yn~" Tf:WL-os·r Tool ''o""nhC'II t .. ,,. Ql"ln4•c:t

t"d vleo wlrelln~ to II.Pw]~tt-Pac-kArd 
d~t• acquieltLon romput.Pr at surf4ce. 

H~rtu"niC"fd pn~RAUft• Jt.:AKf'o n-)00 PAIK, 
lnotalled ~t thr w~llhrad. ~wltchPd 

to 0-50 polg ga~P fdr KreRt .. r preclAion. 

REMARKS 

Maximum WV"llhead pressurP.. recorded for 
WIPP-12. Oata uaed ln static reoervolr 
preSSl&r~ calculation. 

rrt>RSt.1re buildup follow~d Atlhlit.:lntl'll 
fl<oW OJ[ 2/000 hbJ Of hrlne d01rlny, drllj
[n~ th~ well to 1047 feP.t. No dat• from 
this tef'!t 11sed for qua.ntLflcatlon of 
reservoir properties. 

JteHu] 11:1 of this teRt were nnt 1110t"d for 
reservoir hy(lrologlc characterization. 
Its primary purpo~e WAS to ~oll~ct do~
holP and surface hrLne and gas sample~. 

Choke effects were Rerlous dtJring fiQw perlQ~s. 
ResultN of this teAt were used for prelim
inAry rt~servoir hydrologic characterization but 

not ttAed for quantLfLcation of reservoir 
pro pert it-s~ 

Chn~e efr~cr.H were Herlous rlurlng flnw p~rlod,.. 
RE"SHltu of this ti!t:lt were used for prelim
Inary r~H¥rvolr hydrologic ch~r~ccerl~Atlon 
nnd dPv.-.lopmPnt of furth,.r '-'~l'ltln'- prorfl'cit~r ... 
Produced tnfor~n~J,tlnn on thlc:kneRA of frHcturf!ci 
zone. 

Rco1:4ul ts of thlM tern w~re not usetl for 
res~rvoir hydrologic characterization. 

RPRultJI of rhls tt•Rt wl!'rP nnt uHt-d for 
r~Rervotr hydrologic ~hAracterlzat:ton. 



TEST 

Pressure Buildup 

Flow Test 2 

Flow Teot 3 

Gao Cap Release 

O'APPOLONTA 
(1962, 1983) 

ACTIVITY 
DESIGNATION 

WIPP-12.16 

WIPP-12 .19 

WIPP-12.20 

WIPP-12.21 

PERIODS 
OF TEST 

Pressure Buildup 

Flow Period* 

Pressure Buildup* 

Flow Pe rlod* 

Preosure Bull dup* 

Flow Period* 

Preosure Buildup* 

DURATION 

Jan 04, 19/ll (14:00) 
to 

Moy 20, )982 (15:02) 

Hay 20, 1982 (15:02) 
to 

May 20, 1982 (20:31) 

May 20, 19K2 (20:31) 
to 

May 21, 1982 (16:16) 

May 23, IQK2 (13:00) 
to 

Jun 02, 1982 (11:39) 

Jun 02, 19112 (II :39) 
to 

Mar 07, 1983 (20:29) 

Mar 01, 19~1 (20:29) 
to 

Mar OJ, 1983 (21:32) 

Ml~r 07. 111111 (21:32) 
Cont tnu I nf~ EIR of 
Mar 21, 198). 

(llror detailed Information on instrumentation refer to D'Appo1onlo (1982, 1983). 

<2>nrtll stem test terminology: 
FY~ - flrot flow period; FBU - flrot hu\1dup period; 
SFL - second flow period, SRU - second buildup period. 

<3>tcWL • Tripi~ Conducting Wlrellne 
DST • Drill St~m Test 
DPTT • Downhole Pressure and Temperature Transducer 

* Data used In thlo report. 

TAIIJ.f. H. "i 
(Continued) 

INSTRUMt:NTAT ION( I) 

Lynes TCWL Probt"" cunn.;oL·t..-d t0 w~l.l

head at surfaC'e. ''Oilllf"l':tPtl to llt•wlf'.l t·
Pac:karcl dAta RC(ju1Rltlt)ll computPr lof1th 

conducting wlr~ltn,. c~hlt'>• Al!fo used 
Metserco 0-100 p~ig pr~s~''rP rprnrd~r 
~nd 0-200 ps1g mech•nlcal prPosure 
gage. 

llolllburton 2" flow meter 

.John•ton-111\c~o llPTT(l), llt•k,IPr 0-200 pslg 
pressure gagp. 

llall1hurtnn 2", 3", And 1~·· flfN mt:aters, 
RockveJJ 2•• flow mer-er, 4'' eutthroAt 
fh.1me instH]led in flow mF!<JBurement 
monlfold system. 

.lohn•ton-HA~Co [JI'TT(J), \./pi-" I~ r 0·-200 pAIR 
rr~RRur«! ~A~~. MPlRerco 0-250 pRLR 
pre~aure recorder. 

Urtrton 201A dlffer{"ntlaJ pr•~!'HH••·~ recorder 
with 1/4" orlftce plntr. ftAt,pr-P(trter 
ftnv rate mf"IP.r. Wf>kRl,•r 0-200 j)Sl~ mech-
anfc~l pressure KAXe 1nst~lled at the 
wellhead. 

REMARKS 

Prt-ssur~ hulld•1p perlod ritr.1rt~d :tflf>r 
tnstailRtlon of thr~e prod,Jction-lnj~c-
tlon pa('kf"rs. Produced lnformaLlon on 
rel'lervol r re':lpqnRe to hrine flow. Du~ lo 
Ullcert~lntl~R rf>~arding lntermltte•1t flow, 
data not used for quantiflcatlon of reser
voir propertt~5. 

Cnn:';.t;ant-p1"t"S!illre, variable-rate flow test. 
Data u~ed to char;acterlze l1ydr~l•llcs of 
reservot r. 

Slllt cryst<~lll.tHtlon ln flov ltnt-R ~re~ttf"c1 

nou-constant-prPs!l•,re, varlahl~-nlte fln~ot 

tPsl. M(ldf!lln~ lndlc~ted lov ~PnRit lvlty 
to var1ahle flow anrt preR•n•r~. flo1ta IJSPd 
for char .. cter1tatlllO of resrrv(llr prop~r
ftP&. Prr~Rur~ h•1t1d1Jp dntR cnllvrtf"rl ~t 

the wPllhend •ffectrd by~~· •~P form~tlnn. 

Gas cap rt·l~aR~d from wellhor,•. Nf• hrtn"' 
flow. St11tic- pr~Aflllr~ follo~otln~ Kafl r_.lf"n~~ 

u&Pd in tot11.l reoservolr volumt- calculath,ns. 

1 
[Tl 

'-""' ...... 
Vl 
w 
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1.0: ... 10·"1 1.~ v. 10° 
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:' • ., J[ 10\) 

,,, 10 1• f..c. l.}z• 

o• ],1 11: IC 

.. 

1.~ )I 10~ 

t.,.cto 1• 1.0x1o3• 

,.Jxto2 

•• 

NA 

•• 

•• 

NA 
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HC 

HC 

•. ,_ 
'f 

NA 

•• 

•• 

•• 
HC 

,, 
~iT: .. ,.5 I ; 

NA 

•• 

... 

t • "-·~· .... .., .. .,~:•e II • ~3.1' 

'"i.e~ : ~e II. 

'"• ~.;.· i.r."y(lr';•e II • ~3.1' 

!-!ell•e 11. ~alblll'!, "•CW"eMft•• 

e1'iwf' c' :~ r::.ct< pr~tles. 

=~--~11:• ... r-e?'"!1-r.1te•!•• of 

~e.:cr f~e.; .. yres -.est" tR'"...;,I~ .. ,,, 

~-M"""eat..III""J' !'"BOI'"e'Seft':-•1'"• of 

e .... e-~ r!'.s.rwei" ;w-:::~pertiH 

:"-=~~in~ su:->s"'r''•' C""Oil'trle-v•IOI" 

fr:Jr a0cro~-8C'"t""' 

-=~aolll""' ,...80"""esen'!••l.,. ot 

1 ... 6-.,;-- ,s."'!!":y(lr'j~. ::;..... ~o"Eie 

•-!'"s..,. 

Peneetd II,.., rtCI'nernte1"1.,. of 

... jor trK""t"" ,.. ... Wl,..12 .. ,,, 

:=eo-III!Nbllity ,.......n.n.,.•tr ... ot 

l!llo'V'9f'd "f'sr"""WDir P'"'CJC)IIt"tfH lft

CIU!flft~ t:u~s~•-tlel COf'ltTibutiOft 

fr~ al.;:rofrac1'w'H• 

~!IICIIIty ,...epreset~htl .. of 

lnhcf f;:\hy«"i... r..a , ..... 
~nt.o. 

............... _____ .................................. -- ................. _ .. _______________________ ..... ___________ .................... _ ....... .. 

NOTt"S: 

"''C • "-'at Calcula'ted 

~ • t.Klt Applleob le 

' • ~s.t" or •11101t re-liable• 11(ti"f'tod or re-sult. 

Se.- Tebte "'·' tor Hydrology Cottwerslon rect;,ys. epeli lc.able -to WIPP t:l-te brlneos withy • 1.111 arad J.l. • 1.71 C1J• 



THE 3153 

TABLE H.5 

BRINE HYDROLOGY CONVERSION FACTORS 

A. CO~'VERSION TABLE FOR CON"VERTING FRO~ INTRINSIC PROPERTIES TO PROPERTIES 
APPLICABLE TO BRINE FLOW 

~ULTIPLY PROPERTY DEJERMINED TO GET INTRINSIC PROPERTY 
FOR BiUNE FLOW( 1 BY OF THE MEDIUM 

K*(2) (em/sec) l. 503 X 106 k (md) 
K*(2) (ft/min) 7.634 X 105 k (md) 

T (ft2/min) 7.634 X 105 kh (md-ft) 

MULTIPLY GIVEN I:HRINSIC TO GET PROPERTY APPLICABLE 
PROPERTY BY TO BRI!>'E FLOW(l) 

k (md) 6.655 X 10-7 K*(2) (em/sec) 

k (md) 1.310 X 10-6 K*(2) (ft/min) 

kh (md-ft) 1. 310 X 10-6 T (ft 2/min) 

B. CONVERSION TABLE FOR HYDRAULIC CONDUCTIVITY UNITS 

K*(2) 
(Hydraulic 

gpd/ft 2 Conducti\rit;'l) em/sec ft/min ft/day 

1 em/sec 1.000 1.969 2.835 X 103 2.121 X 104 

1 ft/min 5.080 X 10-1 1.000 1.440 X 103 

1 ft/day 3.528 X 10-4 6.944 X 10-4 1.000 

1 gpd/ft 2 4.716 X 10-5 9.284 X 10-S 1.337 X 10-1 

c. CONVERSION TABLE FOR TRANSMISSIVITY UNITS 

T 

(Transmissivity) ft 2/min gpd/ft 

1 ft 2/min 1.000 1,077 X 104 

1 gpd/ft 9.284 X 10-5 1.000 

(;)For WIPP brine properties of ~ = 1.77 cp, and y = 1.217. 
( )K* is the symbol for hydraulic conductivity in this table. 

1.077 X 10 4 

7.480 

1.000 
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PART IV - CHEMISTRY 

1.0 INTRODUCTION A~~ SUMMARY 

The chemistry of the Castile reservoir brines and coexisting gases have been 

evaluated to resolve issues related to the stability of the proposed WIPP 

site. The issues of concern are: 

• The degree of isolation of the reservoirs. 

• The potential for the fluids to degrade the host rock 
by chemical means (e.g., dissolution, reaction). 

• The potential for the reservoirs to increase either 
in number, or in volume of fluid, within a short time 
frame. 

Confident resolution of these issues depends on identifying the most likely 

origin of the reservoir fluids, and on evaluating the degree to which the 

fluids have equilibrated chemically with the host rock. These goals have been 

accomplished by assessing the major and minor element chemistries of the 

fluids, and by considering their isotopic compositions. 

Prior to analysis of the data, several origins for the hrine water were consi

dered plausible. Possible water sources considered were: 

• Meteoric water. 

•. Waters of dehydration (from gypsum). 

• Ancient seawater. 

Major and minor element chemistry and the isotopic character of the brines 

were used to evaluate these three models. Only one model appears to be 

internally consistent with all aspects of the chemistry. Specifically, the 

brine chemistry strongly indicates that the reservoir waters were derived from 

Permian seas. The ancient seawater was concentrated by evaporation in the 

open basin, and then trapped as pore water during sedimentation. The pore 

water was mobilized by structural deformations of the Delaware Rasin, and 
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traveled along contacts and fractures to its point of collection. During this 

inferred ancient transport, the brine reActed with sedimentary carbonate 

minerals to form the dolomite observed in alteration zones. This reaction 

depleted the brines in magnesium, and increased the isotopic abundance of 

heavy oxygen ( 18o). Either during t~ansport, or subsequent to the entrapment 

of brine in the reservoir fractures, the waters of ERDA-6 and WIPP~l2 also 

dissolved minor amounts of halite. 

Although both ERDA-6 and \.JIPP-12 brines experienced similar histories, their 

individual chemistries are separate and distinct. This difference is probably 

a result of slightly different host environments, and different mineralogical 

interactions during transport to collection in the reservoirs. WIPP-12 brine 

is saturated with anhydrite, halite, calcite, and dolomite. These are the 

primary minerals occurring in the reservoir host rock. Accordingly, w!PP-12 

brine is in chemical equilibrium with its environment, and has no potential 

for dissolving or reacting with host rock under present conditions. ERDA-6 

brine is similarly saturated with anhydrite, calcite, and dolomite, but it 

appears to be slightly undersaturated with respect to halite. The potential 

for halite dissolution is small, however. Dissolution of less than one centi

meter of the overlying salt will bring the hrine to sodium chloride equili

brium, and cause dissolution to stop. 

The most distinct compositional difference between ERDA-6 and WIPP-12 fluids 

is in their gas compositions. Gases in WIPP-12 are predominantly methane and 

hydrogen sulfide, while gases in ERDA-6 are predominantly carbon dioxide and 

hydrogen sulfide. Both reservoirs contain minor amounts(- 10%) of nitrogen 

that is not due to air contamination. Both reservoirs have highly reducing 

(i.e., oxygen absent) environments. 

The significance of the brine origin and the chemistry of the reservoir fluids 

is: 

C-2 
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• The reservoirs are isolated. They are not connected 
to each other, or to any ground-water source. ~ore

over, the isolated condition of the reservoirs has 
probably existed since their formation at least a 
million years ago. 

TI1E 3153 

• The reservoirs are chemically stable. At the present 
temperature, the brines do not have the potential to 
impair the stability of the reservoir rock. 

• The reservoir ~aters were formed from ancient sea
water. ~ost of the brine, at one time, was pore 
water in the anhydrite. Accordingly, the potential 
for forming new reservoirs (or increasing the volume 
of existing reservoirs) is limited to the volume of 
pore water available through fractures. l-ihether or 
not such increases will occur is a function of 
geomechanical processes. 

1 .1 Sl.J'"M}fc...~RY OF PREVIOUS INVESTIGATIONS 

Rock and ground-water chemistries have been studied for several years, begin

ning in the early 1970's, in support of the WIPP project. The Geological 

Characterization Report, Waste Isolation Pilot Plant (WIPP) Site (Powers et 

al., 1978) summarized the data regarding the mineralogy of both evaporite and 

non-evaporite formations, as well as whole rock chemistry, and mineral para

genesis. In addition to ground-water compositions, the volatile phases in the 

evaporite sequence were investigated. Stable isotopes in area ground waters, 

and Rb/Sr and U systematics were also summarized. In addition to the compre

hensive report by Powers et al. (1978), the geochemistry of the WIPP site and 

its environs are the subject of several shorter papers. Adams (1969) related 

the nature of trace elements in the Salado Formation, and Barr et al. (1979) 

have utilized uranium disequilibrium relations to infer ground-water residence 

times. Ground-water chemistry is discussed in Jones (1973), Mercer and Orr 

(1979), and Lambert (1978), and brines in the Castile Formation are examined 

in Anderson (1982), Anderson and Kirkland (1980), and Lambert (in prepara

tion). 
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Previous geochemical studies of the WIPP site have concluded: 

• It is unclear whether the hrine occurrences at or 
near the WIPP site affect the stability of the geo
logic formation intended for nuclear waste dis
posal. Specific issues which are unresolved include 
the possibility of hrine movement, the extent of 
brine accumulation, and the potential for dissolution 
at the site (cf. Anderson, 1982; Anderson and Kirk
land, 1980; Lambert, 1978, and in preparation). 

• The major mineral phases in the evaporite sequences 
are anhydrite, several clays, halite, loeweite, 
magnesite, polyhalite, quartz, and sylvite (Powers et 
al., 1978). 

o Phases which occur in lesser amounts in the evapor
ites include Lainite, iron oxide, feldspar, lang
beinite, carnallite, and kieserite (Powers et al., 
1978). 

• Ground waters are chemically related to their host 
rock. Reactions between water and rock have influ
enced ground-water chemistry. Processes which have 
probably occurred include dissolution of evaporites, 
and isotopic and cation exchange between water and 
rock (Powers et al., 1978; Lambert, 1978). 

• The origin of brines in the upper Castile Formation 
is uncertain. The meteoric-ground water, residual 
seawater, and the dehydration of hydrous phases 
origins have been proposed and defended (Lambert, 
1978; Anderson, 1982; Anderson and Kirkland, 1980). 

1.2 PURPOSE OF STUDY 

The purposes of this study are to obtain chemical data about the brine reser

voirs in the Permian Castile Formation and to interpret those data as they 

relate to the stability of the WIPP site. A major part of that assessment 

depends on an understanding of the processes that gave rise to the brine 

waters. Therefore, an integral part of the study is to estahlish the most 

likely genetic origin for the brines and associated gases. Of equal import

ance is to characterize the chemistries of the brines in sufficient detail 

that the brines may be evaluated for: 
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• Chemical communication between brine reservoirs or 
with local ground waters. 

$ Equilibrium with their geologic environments. 

a Potential for degrading the proposed WIPP facility 
formation. 

• Potential for increasing in volume (or in r.umber of 
reservoirs) within a short (e.g., 10,000 year) time 
frame. 

1.3 SCOPE OF STUDY 

TME 3153 

The scope of the present geochemical study includes consideration of all areas 

which pertain to the issues described briefly above and in more detail in 

Section 2.0. The main elements of this study, however, are the chemistries of 

the Castile brines, gases, and reservoir host rocks. Regional host rock and 

ground water data for the site and its environs will be drawn from D'Appolonia 

(1982) and other published reports. The objective of this study is to ohtain 

as much chemical rlata on the brine, gas, and reservoir rocks as practically 

possible using a wide array of techniques. Thus, the scope of this study 

includes data obtained from: 

e Chemical analyses of rock, gas, and brine for major, 
minor, and trace elements. 

• Petrographic observations of the rocks. 

• Scanning electron microscopy, with energy dispersive 
analysis of the rocks. 

• Isotopic analyses of rocks, gases, and brines. 

• Theoretical analyses of data. 

Data generated during this study are sufficient to resolve the pertinent 

issues with a high degree of confidence; investigations to determine the 

uranium disequilibrium age of the hrine and the origin of the evaporite defor

mation are continuing. 
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2.0 CHEHISTRY ISSUES RELATED TO BRINE RESERVOIRS 

2.1 EXTENT OF CHEMICAL ISOLATION OR COMMUNICATION WITH OTHER \vATER SOURCES 

The issue of reservoir isolation is particularly critical to site suitability 

because if the brines communicate with other water sources, they represent a 

potential medium for transporting nuclides away from the proposed waste facil

ity. Conversely, if the brines do not communicate with each other or with 

external water sources, they will have little capacity for dispersing 

nuclides. Analysis of the chemistries of the_ brines and coexisting gases is 

one means for determining the degree of present or past communication between 

reservoirs or among the brines and local ground waters. Recause of the 

diffusive mobility of ions (near 10-4 to 10- 5 cm2/sec in standing water; 

Weast, 1971; Skelland, 1974) and of gases (near 10-1 cm2/ sec; Skelland, 

1974), chemical composition is a sensitive test for determining the extent of 

reservoir isolation. As an illustration, the linear diffusive distances for 

an average gas molecule have been calculated from: x = (2Dt)
1
/2, where x = 

distance, D = diffusion coefficient, t = time. The calculation assumes that 

straight-line fractures exist between BRDA-6 and WIPP-12, and that the pore 

space of the rock is saturated with water. The assumptions are believed 

relevant because two isotopically distinct methanes and chemically distinct 

gases exist in the two wells. 

The results compiled in Table C.l for selected time periods show the distances 

over whicb near total equilibration (i.e., no concentration gradient) will 

exist. From the table, it can be seen that if the WIPP-12 and ERDA-6 

reservoirs were well connected, significant mixing would occur between them in 

less than 80,000 years, and that no difference between reservoirs would be 

observed after 4.9 million years. Since the reservoirs were formed at least 

one million years ago (Jones, 1973, and see Part II, Geology, Section 4.3), 

the reservoir chemistry (particularly the gases) can be used to infer the 

extent of reservoir isolation. This determination can be made by detailed 

comparisons of major and minor element proportions and by comparing appropri

ate isotopic abundances. 

C-6 



l 

.. . 

TXE 3153 

2.2 GE~~~~TION OF BRI~~ AND GAS COMPOSITIONS A~~ RELATION TO BRI~~ ORIGIN 

The determination of the origin and composition of the ERDA-6 and \..riPP-12 

brines pertains to the potential for further brine generation, and the poten

tial for (and effects of) brine migration. With respect to the WIPP site, the 

generation of more brine, or its migration over the long term have ramifica

tions with respect to site stability and waste isolation. Several geochemical 

approaches can help determine brine origins, including major and minor element 

chemistry, and isotopic compositions of brines, gases, and host rocks. 

2.3 EXTENT OF BRINE/HOST ROCK EQUILIBRIUM 

Evaluating equilibrium b~tween the brines and reservoir host rocks is a means 

for inferring the current and future chemical stability of reservoir forma

tions; i.e., whether the brines are at rest or are being replenished with (or 

depleted of) water or other constituents, and whether or not the brines have a 

capacity for chemically degrading the host rock. In addition, evaluation of 

equilibrium may be an important input to safety analyses of the I~IPP site 

because it may be useful to know if brine compositions are likely to change 

should the brine mobilize and gain access to buried waste. Equilibrium may be 

inferred by means of major and minor constituent chemistry of the brines, 

thermodynamic calculations, petrography of the host rocks, and by the isotopic 

compositions of the brines, gases, and host rocks. 

2.4 Ch~MICAL CONSTIL\INTS ON IL~TE OF BRINE T~~SPORTATION 

Any chemical data that relate to either the rate of brine transportation from 

its place of origin to its present reservoir, or to its movement (if any) 

subsequent to the siting of a nuclear waste disposal area will be critical to 

establishing site safety and stability criteria. As above, chemical informa

tion gained by major and minor element chemistry of the brines, reservoir rock 

petrography and mineral chemistry, and the isotope systematics of the rock

brine-gas assemblage may pertain to the resolution of this issue • 
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2.5 RESIDENCE TIME OF BRINES IN P£SERVOIRS 

Determining the residence time of the hrine in the anhydrite reservoirs could 

provide information on the time of reservoir formation (time of deformation) 

and on the origin of the fluids. Simply stated, very long residence times 

could be evidence the brines and the reservoir systems have remained static 

for a significant period of time with no interconnection to active ground

water systems. Residence times can sometimes be inferred from brine origin or 

other geological or hydrological information, or they can he determined using 

geochronological methods. Few techniques exist to determine absolute 

residence times of fluids in reservoirs, and those that do exist require that 

significant assumptions be made to pecfonn the "age" calculations. The 

uranium-isotope disequilibrium method can be used to determine the time of 

confinement or residence of the brines in the anhydrite reservoir rock. As 

with all geochronological techniques, however, determined "ages" must be 

interpreted in the context of the geologic setting and history of an area. 

3.0 CHEMICAL CHARACTERIZATION OF GROUND WATER ~~ BRI~~ 

In this section, the chemistry of the brine reservoirs will be presented, and 

where appropriate, compared to local or other related ground waters. The 

presentation of results will be preceded by a brief discussion of the sampl

ing, storage, and analytical procedures employed. This discussion is provided 

to place the results in proper perspective and to apprise the reader of limi

tations in the data. Further information concerning the methodology is avail

able in the companion data file report (D'Appolonia, 1982, Appendix A). 

3.1 SAMPLES 

Downhole and wellhead brine samples were collected at both ERDA-6 and WIPP-12. 

Downhole brine samples were collected at 2703 feet at ERDA-6 and at 3003 feet 

at tHPP-12. Most wellhead brine samples were collected at regular intervals 

during flow testing. During flow tests at ERDA-6, samples were collected for 

field analysis every one to two hours until chemical stabilization was evi

dent. Thereafter, sampling occurred at six-hour intervals. At WIPP-12, 

sampling of brines at the surface occurred at two- to four-hour intervals. 

C-8 



TXE 3153 

Samples for laboratory analyses were collected simultaneously with those for 

field analysis, with all laboratory samples taken after the chemistry of the 

fluids from the wells had stabilized (i.e., contaminants were believed to have 

been flushed from the wells). The sampling program is summarized helow and 

described fully in D'Appolonia (1982, Appendix A). Samples from the Union 

well were collected at the wellhead under flowing conditions. 

3.1.1 Location and Rationale 

The downhole brine (and gas) samples were collected in ERDA-6 near a presumed 

brine-producing fracture in Anhydrite II at a depth of 2711 feet. The contact 

with Halite I is located at about 2735 feet. In WIPP-12, the downhole samples 

were collected just above the probable fluid-producing fractures lying between 

3016 and 3045 feet deep in Anhydrite III. The brine sa~ples collected at the 

surface were collected as close to the wellhead as possible to minimize 

contamination. The surface brine sampling does not discriminate between 

brines from individual zones in the well. This results in an averaging of 

brine compositions near each well, and perhaps a more realistic view of the 

overall reservoir environment. 

3.1.2 Techniques 

Samples of brine for field analysis were collected at the surface in plastic 

bottles and analyzed immediately after collection. Brine samples for labora

tory analyses by D'Appolonia, Export, Pennsylvania; Global Geochemistry Corpo

ration, Canoga Park, California; New Mexico Bureau of Mines, Socorro, New 

Mexico; and Sandia National Laboratories, Albuquerque, New Mexico were col

lected in the quantities and containers specified by these laboratories. 

Bottled samples which required no filtration were sealed immediately after 

collection at the wellhead. Samples requiring filtering were collected in 

one-gallon plastic containers, and then filtered through a 0.45 micrometer 

filter, using nitrogen gas to pressurize the filtration apparatus. Samples 

that were to be preserved were treated with sulfuric or nitric acid, as 

instructed by the laboratories. Samples were transported to all laboratories 
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in sealed ice chests maintained at ahout 4°C. The details of sample collec

tion are described more fully in D'Appolonia (1982, Appendix A). Preservation 

and shipment procedures Hre in accordance with recommendations of the U.S. EPA 

(1979) or APHA (1980). Downhole samples were collected in a K-500 HONEL 

sample chamber lowered to the sampling depth. The brine and included gas were 

transported in the chamber to Core Laboratories, i1idland, Texas, for anal

ysis. A portion of the brine was shipped to D'Appolonia laboratory and a 

portion of the gas was 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 were per

formed. w~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: 

• Oxidation of the sample. 

• Precipitation, resulting from changing pH, Eh, tem
perature, or pressure. 

• Contamination due to wellhead and casing corrosion. 

• 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 

C-10 



{ 

! 
l -

TME 3153 

reasonable to assume that slow flow rates should emphasize the effects (if 

any) of the spurious phenomena. 

As a result, the chemical data were plotted as a functton of both flow rate 

from the well and time after initiation of flow (Figure C-1). The samples 

investigated were all taken after field analyses indicated that the chemical 

system had stabilized (i.e., reached a pseudo-steady state). ~ecause of the 

poorer analytical conditions that existed in the field, only samples that were 

analyzed in research laboratories have been used for the evaluation. These 

laboratory-analyzed samples were taken simultaneously with samples analyzed in 

the field, and they span the entire duration of the sampling period. All 

samples taken for laboratory testing were obtained at preset intervals (e.g. 

every 12-24 hours, depending on flow rate). All analyses are reported and 

these data form the basis for this report. 

Three types of statistical analyses were performed on the chemical data from 

the analyses of brines. The Student's "t" test (parametric) and the Mann

w~itney test (nonparametric) were used to analyze the means and populations 

for data from two separate flow tests at ERDA-6 (Flow Tests 2 and 3). The 

chemical parameters used for the comparison of the brines were calcium, 
' .d8 magnesium, potassium, sodium, bicarbonate, bromide, sulfate, on, and u 0. 

The hypothesis was that the chemical composition of the brine was constant 

throughout both flow test periods. Thls hypothesis was supported by the 

statistical tests, where no significant difference between the two flow 

periods was observed for any parameter in either test. 

The possibility that the chemical compositions of the brines could have 

changed with the decreasing flow rates observed at each of the wells through 

time was tested by means of analysis of variance (ANOVA). The same chemical 

parameters were evaluated. The chemical analyses within each well were 

divided into three or four groups which represented decreasing flow rates 

through time. The within-group variance was tested against the among-group 

variance to indicate whether or not there was a significant change due to time 
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effects. For both wells no significant differences were observed at the 95% 

C.L., ~ith the exceptions of oD showing a significant difference (C.L. = 98.9) 

in EF~A-6 and o18o showing a significant difference (C.L. = 98.5) in WIPP-12 

due to time effects. These analyses substantiate the hypothesis that the 

observed changes in flow rates through time have no statistically verified 

effect on the chemical composition of the brines. 

The consistency of the data shown in Figure C-1, the results of the 

statistical analyses, and the good agreement with established trends (see 

later discussion and Figures C-4 through C-14) indicate that concerns about 

wellhead sampling were not warranted for the majoc and minor element 

chemistry. In contrast, however, the reliability of trace metal data is still 

considered suspect in light of the potential for metal corrosion downhole and 

in the wellhead. Accordingly, no attempt to interpret the trace metal data 

has been made. 

3.2 ANALYTICAL METHODS 

3.2.1 Techniques 

Analytical methods used by the D'Appolonia labocatory, and by Core Laborator

ies, Inc. are given in detail in D'Appolonia (1982, Appendix B). The 

60 and o18o methods used by Global Geochemistry are also given in D'Appolonia 

(1982, Appendix B). Global Geochemistry's 613c and 634s methods have not yet 

been reported, but they will be included in updates of the ERDA-6 and WIPP-12 

Data File Report (D'Appolonia, 1982, Appendix A). 

3.2.2 Limitations 

All analytical methods used in this study are ASTM, API, APHA, U.S. EPA or 

U.S. Bureau of Mines published methods. Limitations of these methods are 

summarized in the references found in D'Appolonia (1982, Appendix B). Global 

Geochemistry has used its stable isotope methods successfully for a number of 

years. Precision is greater on solid and liquid samples than on gas sam

ples. However, complex natural samples can produce unexpected interferences 
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and errors. In most cases, however, samples were analyzed for isotopic com

positions in duplicate, and 10-13 samples of brine from each well were ana-

lyzed. 

3.3 SUZ.l}IARY OF RESULTS 

3.3.1 General Properties 

Brines sampled from ERDA-6 and WIPP-12 have similar major element chem

istries. Approximately ninety percent of the ions in the brines are either 

sodium or chloride. The other ten percen~ consist predominantly of calcium, 

lithium, magnesium, potassium, bicarbonate, sulfate, ammonium, nitrate, and 

boron. The average total dissolved solids (TDS) value for ERDA-6 samples is 

330,000 mg/1, and for WIPP-12 samples, is 328,000 mg/1. 

Although similar, the ERDA-6 and WIPP-12 brines are not identical. Student's 

"t" and Mann-I..T'hitney tests were used to analyze the means and populations for 

chemical data from ERDA-6 and WIPP-12. The chemical parameters used for the 

comparison of the brines were calcium, magnesium, potassium, sodium, 

bicarbonate, bromide, sulfate, OD, and o18o. Significant differences of the 

means/populations between ERDA-6 and WIPP-12 were observed at a greater than 

99.8% confidence level (C.L.) for all pararueters for both tests, except for 

bicarbonate, which showed a significant difference at a 98.6% C.L. for the "t .. 

test and no significant difference at the 95% C.L. for the Hann-Whitney 

test. These results indicate that brines from the two wells have 

significantly different chemical compositions. 

Average compositions for ERDA-6 and WIPP-12 are provided in Table C.2 along 

with data from the Union well. These compositions are shown diagramatically 

in Figure C-2. In the figure, the area of each circle is proportional to 

TDS. The proportion of each component in terms of equivalents is shown as a 

wedge, with exact values reported numerically (in percent equivalents). 

Charge balance may be assessed by comparing the size of the upper "hemisphere" 

(cations) with the lower shaded "hemisphere" (anions). Heasured water temper

ature, TDS, Eh (oxidation-reduction potential), and pH are shown heneath each 

circle. 
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3.3.2 ~ajar and Minor Elements 

A later section (5.0) will include discussions of the origin of the brines Mnd 

relate the data to issues of concern. To facilitate these discussions, the 

chemical data have been reduced and arranged in a convenient form. They are 

presented below, along with brief discussions of points of interest, in the 

following order: 

~ Evaluations of mineral saturatio~. 

• Major and minor element concentration ratios. 

Evaluations of Mineral Saturation 

Evaluations of mineral saturations are helpful when attempting to infer the 

genetic histories of the brines, and are especially important when determining 

if the brines are in equilibrium with their surroundings. In making these 

evaluations, the equilibrium thermodynamic model developed by Harvie and ~-leare 

(1980) for brines was used. This model calculates the chemical activities of 

component ions, and permits calculation of ion activity products (IAP). The 

IAP of a mineral can then be compared with the solubility product (Ksp) of 

that mineral to evaluate whether or not the solution is saturated (i.e., in 

equilibrium) with the mineral. (If the IAP is equal to or greater than the 

Ksp, then the solution is saturated with the phase. If the lAP is less than 

the Ksp, then the solution is not saturated.) Since most of the Ksp values 

and all of the lAP values were generated using the model developed by Harvie 

and Weare (1980), the evaluation of phase equilibrium is internally 

consistent. 

The IAP values are not exact and are subject to errors both in measurement and 

in computation. As a result, the calculated IAP values are reported as a 

range of possible values. Tables C.3 and C.4 contain evaluations of whether 

or not the ERDA-6 and WIPP-12 brines are saturated with common evaporite 

minerals. These evaluations are based on the reported Ksp and calculated IAP 

values included in the tables. In some cases, the range of calculated lAP's 
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spans the reported Ksp value; therefore, judgment was exercised, and the phase 

was described as "probably" saturated, or "probably not" saturated. In these 

instances, petrographic analyses or X-ray diffraction are probably the best 

means for establishing mineral stability. As with any theoretical evaluation, 

the model should be checked to ascertain its reliability. Checks on the 

evaluations contained in the tables are summarized in the column laheled 

"Ph~sical Evidence" and discussed in the following paragraph. 

In the original description of the model (Harvie and Weare, 1980), the com

puted results were compared with empirical laboratory results and agreement 

was found to be within five percent (relative). In its current application, 

the computed result can be compared with petrographic observations. The 

results are again in good agreement (see Part II, Geology, Section 4.1.3). A 

final, though less rigorous check on the model is to compare the computed 

results with established precipitation sequences (e.g., Grabau, 1920; Kraus

kopf, 1967). If inconsistencies arise, then the results of the model are 

doubtful. 

Figure C-3 is a Janecke diagram of the type commonly used to report brine 

compositions. The diagram shows stability fields for common evaporite 

minerals that can coexist with halite. Brines of any given composition can be 

plotted in terms of their three Janecke components. The field bounding that 

composition determines the evaporite mineral that precipitates after halite 

for that particular brine, and descent lines govern subsequent 

precipitation. In this way, brine mineral precipitation sequences can be 

predicted for any brine composition. For example, the heavy line (with 

a~rows) shows the common precipitation sequence for seawater. The WTPP-12 and 

ERDA-6 brines do not fall in the sea~ater field (bloedite), but instead plot 

in the thenardite (Na2so4 ) region. Therefore, the Castile brines should 

precipitate thenardite (or a related phase) as the next mineral following 

halite. ~.fuile ERDA-6 brine cannot be evaluated rigorously because it is not 

saturated with halite (therefore it does not plot on the plane of the 

diagram), the mineral saturation results calculated for WIPP-12 appear to be 
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consistent. That is, WIPP-12 brine (which is halite saturated) is also found 

to be saturated with glauberite, 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 (Na2so4) 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. In most cases, 

these equilibria have been imposed on the brine by phases in the rock (i.e., 

the rock is controlling the solution chemistry). For dolomite, however, the 

rock appears to have equilibrated with the brine chemistry. 

Major and Minor Element Concentration Ratios 

The variations of major and minor element concentrations can be used to infer 

the genetic histories 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 
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(Collins, 1975). Also shown for reference are brines that have been inter

preted as seeps of meteoric waters into salt domes (Martinez, 1979) and some 

of the briney ground waters associated with the Los Medanos region (Hiss, 

1975; Lambert, 1978). While limited data (Lambert, 1978) prevent comparing 

all of the regional ground waters with the brine occurrences, in most cases at 

least one ground water can be plotted. In these cases, the ground water is 

usually from the Bell Canyon Formation. Data from the Salado and Horrow 

ground waters are also frequently available, but sometimes they cannot be 

plotted on the scale of the figures. To avoid decreasing the clarity of 

presentation, on occasion the Salado and/or Horrow data were omitted. 

As stated above, when seawater evaporates, all dissolved components become 

more concentrated but remain in the same relative proportions that eKisted in 

the original solution. These ratios remain constant until or unless a phase 

is precipitated or dissolved (e.g. Bolser, 1966; Kittenhouse, 1967; Carpenter, 

1978). For example, when precipitation of phase AB occurs from a solution 

containing A, B, C, and D, then the solution becomes depleted in A and B but 

not in the other components. As a result, the ratio C/D remains constant, hut 

the ratios A/C, B/C, A/D, and B/D decrease. 

In seawater, bromide (Br-) is a relatively minor component (see Weast, 1971); 

however, since bromide does not partition appreciably into precipitating salts 

except in the very last stages of evaporation, it can be used to trace the 

addition or subtraction of other seawater components (e.g., Helser, 1966; 

Rittenhouse, 1967; Carpenter, 1978). 

Although the chemistries of the brines are distinctly different, the WIPP-12 

and ERDA-6 brines plot consistently near each other (see Figures C-4 through 

C-9). This general similarity probably indicates a similar source water for 

the Castile brines. The compositional differences among the Castile brines 

probably indicates separate histories following diagenesis and lithification 

of the basin. The fact that chemical differences persist indicates poor 

communication between reservoirs. While the Castile brines infrequently plot 
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near the regional ground waters and saline mine seeps, no trend among the 

brines and the latter waters is either consistent, or compelling. By compar

ison, the agreement with seawater evaporation is much better. Specifically, 

eight major brine components have been plotted as a function of coexisting 

bromide and/or chloride concentrations. These eight components comprise more 

than 99 percent of the dissolved material in the brine. ~otably, six of the 

eight components either bracket, or fall very near to seawater evaporation 

trends (i.e., fall within 5 to 10 percent relative deviation). Of the remain

ing two components, only one c~agnesium) shows a major departure from the 

seawater trend, and is significant to the origin of the brine. The other 

(boron) is significant only in that it occurs in excess. Implications of this 

excess are discussed later (Section 5.1.2). 

The magnesium/bromide concentration plot (Figure C-9) of the brines shows that 

the reservoirs are depleted in magnesium relative to seawater. If the 

magnesium content of the brines were controlled by seawater evaporation, then 

~agnesium and bromide would have become equally enriched until precipitation 

of magnesium-bearing phases such as epsomite (Mgso4 .7H2o) or bloedite 

(Na2Mg(S04) 2 .4H20) occurred. That precipitation does not occur until the 

bromide content of the brine has reached 4,300 mg/1 (Collins, 1975) which is 

far above the 510 mg/1 and 880 mgil bromide contents of the Castile brines. 

~s a result, if the general agreement of the Castile brines and seawater 

evaporation trends are to be believed, magnesium depletion must have occurred 

because of water/mineral reaction. That reaction must have occurred after the 

brines were separated from waters in the basin, and must have generated a 

magnesium-bearing phase (e.g., dolomite, chlorite, or saponite). 

In addition to the magnesium/bromide ratios, the slightly elevated sodium/bro

mide and chloride/bromide ratios are also significant. Elevation of these 

ratios above the seawater reference indicates that in addition to seawater 

concentration, minor dissolution of sodium- and chloride-bearing phases has 

occurred. 

C-18 



TXE 3153 

For ERDA-6, halite (NaCl) dissolution appears an adequate explanation for 

these elevated values. This statement can be made with some assurance because 

when sodium and chloride are subtracted from the brine compositions in equal 

molar amounts (i.e., halite stoichiometry), they reach the seawater solute/ 

bromide reference curve simultaneously. This is not the case for WIPP-12. 

When the WIPP-12 brines have sodium and chloride subtracted, sodium still 

remains elevated above the seawater reference when chloride is coincident with 

the reference curve. This implies that the WIPP-12 brines may have dissolved 

another sodium-bearing phase--perhaps a sulface (Lambert, 1978, and in prep

aration). The fact that WIPP-12 seems to be saturated with both halite and 

glauberite (CaNa2 [s04 ] 2 ) appears to support this contention (see Table C.4). 

Further support for this hypothesis is given by the WIPP-12 sulfate/bromide 

plot (Figure C-6) which shows a slight elevation of sulfate. Thus, the HlPP-

12 brines have not only an excess of sodium and chloride but also of 

sulfate. However, due to the presence of other sulfates (e.g., anhydrite) and 

the complications of incongruent dissolution, quantitative confirmation of 

halite plus glauberite dissolution has not been attempted. 

In addition to the solute versus bromide plots, chloride versus solute graphs 

have also been constructed. These figures (Figures C-10 through C-14) consis

tently show that the WIPP-12 and ERDA-6 brines do not relate well to local 

ground waters or to other brines of established meteoric origin (see Figures 

C-10 through C-14 and summary Figures C-15 and C-16). Instead, the chloride/ 

solute plots support the bromide graphs by comparing well with seawater evapo

ration curves. Of note is that the WIPP-12 and ERDA-6 brines are slightly, 

but consistently enriched in chloride, which supports the interpretation of 

some halite dissolution. 

3.3.3 Trace Elements 

The reliability of transition metal trace element abundances is questionable 

because of the susceptibility of the metal well-casing to corrosion (e.g., 

reactions with hydrogen sulfide). Therefore, those data have not been eval

uated in detail. The presence of silica (Si02 ) has been evaluated and is 
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interesting because of its high concentration. It is treated here as a trace 

element because of its commonly low concentration in most hrines. 

Figure C-17 plots silica concentration against bromide for the \HPP-12 and 

ERDA-6 brines. Also shown for reference are the expected seawater concentra

tion curve (computed from Weast, 1971), and measured solubilities for amor

phous silica (Chen and Marshall, 1982) and for quartz in brine. 

As shown on the figure, the concentration of seawater will cause supersatura

tion of silica with respect to high quartz and amorphous silica. At low 

temperature, the common result of this phenomenon is the precipitation of 

amorphous silica (Iler, 1979). Rarely, however, quartz or another ordered 

silica phase may precipitate (e.g., Mackenzie and Gees, 1971). 

The wiPP-12 brines are clearly supersaturated with respect to quartz and 

either saturated or supersaturated with amorphous silica. Since authigenic 

quartz is observed in the reservoir host rock as shown in Figure C-18 (see 

Part It, Geology, Section 4.1.3), the observed silica concentration is prob

ably the result of a modified quartz solubility, i.e., solubility is control

led by the overgrowth of an amorphous surface coating on the quartz (Baumann, 

1971). 

The significance of the elevated silica concentration and the presence of 

authigenic quartz is at least three-fold. First, the silica contents of the 

brines are too high to have been generated by ground waters leaching quartz or 

clays (see Figure C-17). For example, the nearest ground-water source is the 

Hell Canyon aquifer. The water-bearing zones of this aquifer are dominantly 

quartz with clay accessory minerals (Powers et al., 1978). If quartz or clays 

exerted silica control on the leachate composition, then the Hell Canyon 

ground waters could not have attained the silica content of the brine. More

over, the silica content of any saturated fresh-water source would be expected 

to decrease as the salinity of the water increased. Such a decrease would be 
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a general phenomenon attending brine formation, because an increase in dis

solved solids decreases the chemical activity of water in solution (e.g., 

Weres et al., 1980). Thus, if a fresh-water source gave rise to the brines, 

then its silica content at low ionic strength would probably exceed that 

~easured in the brine. Ground waters of such high silica content are not 

known near the \HPP-12 reservoir (Hiss, 1975). Second, the fact that quartz 

has precipitated implies that the silica concentration was probably somewhat 

higher than its present concentration (by perhaps a factor of 2) in order that 

homogeneous nucleation could occur (~arvey et al., 1976; Midkiff and Foyt, 

1976, 1977). Such high concentrations would be consistent with those that 

might be produced by condensing seawater (see Figure C-17), but would not be 

consistent with dissolution of amorphous silica (or generation of amorphous 

silica by leaching). Third, the brines currently are saturated or slightly 

supersaturated with respect to amorphous silica. This equivalence, together 

with the observed quartz and its inferred surface coating, implies that the 

brines have reached a modified equilibrium with respect to Sio2 . 

3.3.4 Isotopes 

Major isotopes of the elements hydrogen, oxygen, carbon, and sulfur have been 

analyzed for both ERDA-6 and WIPP-12 brines. Results are summarized in Table 

C.S. These analyses were performed to support interpretations of the genetic 

origin of the brines, and to help evaluate the proximity to equilibrium and 

the extent of isolation of the brine reservoirs. The most heavily studied of 

these isotopes have been the deuterium and oxygen-18 ratios, where the ratios 

are defined (after Craig, 1961) as: 

D D H sample - H SMOW 
oo( 0 /oo) = ---=------ x 1000, * SMOW 

and 

180 180 
- sample - -- SMOW 

18 160 160 
b 0( 0 I 00) = --------::-:------- X 1000 

180 
- SMOW 
160 
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The values for the WIPP-12 and ERDA-6 brines are shown in Figure C-19A, along 

with reference fields for Standard :-lean Ocean Water (SMOW) and meteoric 

waters. As observed, the ERDA-6 and ~IPP-12 values cluster together. Figure 

C-19B places the brine reservoir data in a regional context by including data 

for local ground waters. lfuile the brine data plot at the extreme end of the 

trend, an apparent continuity between the ground waters and the brines is 

visible (Lambert, 1978). 

Another valuable way in which to view the isotopic data is to plot them as a 

function of total dissolved solids (TDS) (Clayton et al., 1966). Such plots 

can sometimes be very informative about brine origins by revealing hidden 

trends, or by exposing incorrect assumptions (Clayton et al., 1966; Kharaka et 

al., 1973; Hitchon and Friedman, 1969). Graphical plots of 6D versus TDS and 

o1Ro versus TDS can be found in Figures C-20 and C-21 for ERDA-6 and WIPP-12 

brines. Also indicated in the diagrams are linear regression fits to the 

data, extrapolated back to the y-intercept (corresponding to zero TDS). These 

lines are an aid to identifying potential sources for the brine because paren

tal waters often plot along those lines in both diagrams. For example, assume 

that the parent water which gave rise to the brine had a salinity lower than 

that now in the reservoir. To generate the current brine's composition, the 

parent water would have to react with rock to increase salinity. In so doing, 

the isotopic character of the water might change, but it must change along the 

regression line, provided that the isotopic fractionation mechanism has 

remained constant and that TDS evolved simultaneously with isotopic fractiona

tion. In no case, however, can the regression line be extended beyond the y

intercept because no water has less than zero TDS. In interpreting these 

diagrams, however, caution must be exercised. Changes in reaction mechanism 

are not uncommon. Furthermore, the mechanisms which control isotopic composi

tion are not necessarily the ones which control TDS (Clayton et al., 1966). 

Finally, regression lines through clusters of data around two points should 

not be considered definitive. Data from a third well could substa~tially 

alter tte regression fits presented in Figures C-20 and C-21. '~ith those 
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qualifications, it is worth noting that no regional ground waters currently in 

the basin plot near either regression line, nor do the regression lines 

converge on the current SMOW reference. 

34 In addition to the deuterium and oxygen isotopes, the 6 S values obtained 

from the sulfate in the brines and coexisting anhydrite are also informa

tive. For these analyses, o34s was defined as: 

34s sample - 34s Canyon Diablo Troilite 

34 ~ ~ o S(
0 /oo)== -------..,...,..-------------- x 1000 

s 
32s 

Canyon Diablo Troilite 

The measured o34 s values range between 7.43 °/oo and 9.79 °/oo for the brines 

(Table C.S) and averages 11.6 °/oo for the anhydrites (Table C.6). These 

values are characteristic for Permian-aged materials of the Delaware Basin 

(Holser and Kaplan, 1966), and are outside the range for o34s values 

characteristic of any other time period (Nielsen, 1979; see Figure C-22). 

Furthermore, the sulfur in the sulfate of the brines is consistently lighter 

than that of the coexisting anhydrite by about 3 °/oo. ?art of this 

diff~rence is explained by the 1.65 °/oo (Helser and Kaplan, 1966) difference 

which would attend equilibrium fractionation between anhydrite and water. 

Since the reaction of water and sulfate minerals is hindered kinetically 

(i.e., coexisting anhydrite and brines have remained isotopically distinct for 

tens of millions of years; Holser et al., 1979), the brines are very old, and 

may well be Permian in age. 

3.3.5 Statement of Findings 

The major, minor, and isotope chemistries of ERDA-6 and WIPP-12 brines have 

been analyzed and the data reduced. Interpretation of the chemical trends has 

resulted in the findings below: 
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• The chemistries and histories of WIPP-12 and ERDA-6 
brines are similar. Since the brine sampled at the 
Union well is chemically similar to WIPP-12 brine, it 
may also have had a similar history. 

• 

• 

• 

• 

• 

• 

The Castile brines bear little chemical resemblance 
to other regional ground waters or brines of esta
blished meteoric origin. 

\,Tflile chemically similar, the Castile brines are 
distinctly different from each other. WIPP-12 brine 
is saturated with anhydrite, calcite, dolomite,· 
halite, and glauberite; while ?.RDA-6 brine is 
saturated only with calcite, dolomite, and anhydrite. 

Both brines have apparently dissolved halite, and 
WIPP-12 brine may also have dissolved glauberite. 

WIPP-12 brine is saturated with halite and anhydrite; 
therefore, its potential for degrading overlying 
evaporites is negligible. ERDA-6 brine is saturated 
with anhydrite but somewhat undersaturated with 
halite. Consequently, P-RDA-6 brine has a small 
potential for dissolving overlying evaporites. For 
example, if the ERDA-6 reservoir \•lere to maintain it~ 
current areal dimensions (estimated at near 6.3 x 10 1 

ft 2 ; see Part III, Hydrology, Section 3.4.3) and 
dissolve its way vertically through halite, it could 
proceed less than one centimeter before the entire 
volume of brine would be saturated. 

The sulfates in the brines have o34 s values slightly 
lower than those of the coexisting anhydrites and 
reflect values characteristic only of the Permian. 

A continuous trend in 6D/o18o values from regional 
ground waters to the brine reservoirs is apparent but 
may be misleading. Present day seawater and regional 
ground waters do not plot near regression lines 
established for the brine data. 

The brines have equilibrated chemically with calcite, 
dolomite, and quartz, and isotopically with anhy
drite. These reactions are well-known for their 
sluggishness at low (25°C) temperatures. Accord
Lngly, the brines are very old (and may be Permian 
age). 
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4.0 CHEMICAL C~\CTERIZATION OF GASES 

In this section, the chemistry of the gases associated with the ERDA-6 and 

WIPP-12 brines will be presented. The presentation of results will be pre

ceded by a brief discussion of the sampling, storage, and analytical proce

dures employed. Further information concerning methodology is available in 

the companion data file report (D'Appolonia, 1982, Appendix A). The analy

tical laboratories that produced the data, and the samples that were distri

buted to each of them are also identified in that report. 

4.1 SAMPLES 

The total number of samples collected and analyzed by the various laboratories 

is shown in Tables c.7 (ERDA-6) and C.3 (WIPP-12). These tables are divided 

into data from surface flow samples (C.7a and C.Ba) and data from downhole 

samples (C.7b and C.8b). 

4.1.1 Location/Rationale 

Although small volumes of gas were sampled downhole (along with the brine), 

the majority of the data concerning gas composition were generated from sam

ples discharged from a gas/liquid separator located near the wellhead. The 

separator has different efficiencies in separating the various gas compon

ents. For example, ~Jch of the hydrogen sulfide and carbon dioxide remains 

dissolved in solution, while most of the methane and nitrogen are exsolved. 

Therefore, the actual composition of the gases under downhole pressures and 

temperatures must be estimated using thermodynamic techniques in conjunction 

with the measured values. 

The following types of containers were used for collection of the samples: 

LABORATORY 

• Thurmond-McGlothlin 

• Global Geochemistry 

CONTAII'."ER 

Metal (Iron) cylinders 

100 ml glass cylinders 
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• Core Laboratories 

• Sandia 

Heta 1 cylinders (HONEL and 
stainless steel lined with 
teflon) 

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 methods were used to collect gas samples: 

• Surface samples: 
gas from the gas outlet of a gas/liquid separator. 
gas collected with brine under pressure in "in-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 

ERDA-6 Flow Tests 1 and 2 by Profile Reservoir ~nalysis, Carlsbad, New Mexico, 

and during WIPP-12 Flow Tests 2 and 3 by Morco Geological Services, Carlsbad, 

:'~ew Mexico. The concentration of hydrogen sulfide in the gas was measured in 

the field every three to six hours by Thurmond-McGlothlin and D'Appolonia. 

Gas sampling techniques are described in detail in D'Appolonia (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 

brine 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. 

C-26 



TME 3153 

Some degree of air contamination occurred in several samples. Contamination 

is easily recognized by increased abundances of nitrogen and carbon dioxide, 

and the presence of oxygen and argon. The data from suspect samples have not 

been considered in this report. 

The reactions of the gases (especially hydrogen sulfide) with metal surfaces 

in the flow lines, separator, and sample cylinders will cause some decrease in 

the concentrations measured. However, the metal surface usually stops 

reacting after an initial "wearing-in" period. As a result, gas samples ta~en 

later in the sampling program are considered more reliable. Replicate 

analyses of gases taken in different containers showed little appreciable 

difference, indicating that sampling and storage precautions were successful 

in alleviating reactions with container walls. 

4.2 ANALYSES 

4.2.1 Techniques/Instrumentation 

Analytical techniques used by the respective laboratories are described in 

detail in D'Appolonia (1982, Appendix B). Hydrocarbons, nitrogen, and carbon 

dioxide were analyzed by gas chromatography. Hydrogen sulfide was analyzed by 

tnree methods: 

• Global Geochemistry: Hydrogen sulfide in the sample 
is precipitated as Ag 2S, and the precipitate weighed 
to determine H2S concentration. 

• Core Laboratories: Gas chromatography. 

• D'Appolonia (in the field): Tutwiler Method. 

Isotopes in gases were analyzed by mass spectroscopy after chemical treatment 

of samples. Commercially available standards, and Global Geochemistry Corpo

ration's own calibrated working standards were used in all analyses. 

Other Quality Control measures are documented in D'Appolonia (1982, Appendix 

B). For example, most analyses by Global Geochemistry were performed in 

duplicate. Split samples were also sent to various laboratories. 
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4.2.2 Limitations 

Because methods vary among laboratories, split samples were routinely 

distributed among laboratories to promote obtaining reasoDahle results. 

~ultiple samples were sent to individual laboratories to increase the reli

ability of the data, and to provide an internal check on consistency. 

4.3 SU~~RY OF RESULTS 

4.3.1 General Properties 

Gas compositions are summarized in Table C.7 and Table C.8 for ERDA-6 and 

WIPP-12, respectively. A wide variation exists in the measured gas composi

tions of samples from both wells, in part because of air contamination of the 

samples. qowever, compositional differences exist that probably reflect 

inherent differences between ERDA-6 and WIPP-12 gases. As shown in Tables C.7 

and C.8, carbon dioxide (C0 2 ) is a major constituent in most ERDA-6 samples. 

Hydrogen sulfide (BzS) tends to be higher in ERDA-6 gas (see D'Appolonia, 

1982, Tables 6.9-C2 and 12.20-C3, for H2S determined by the Tutwiler Method); 

while methane (CH4) and heavier hydrocarbons comprise a larger proportion of 

most WIPP-12 gas. Student's "t" and Mann-Whitney tests were used to analyze 

differences in the means/populations of the hydrogen sulfide, carbon dioxide, 

and methane data from ERDA-6 and WIPP-12. Significant differences between 

wells were observed at a greater than 99.8% confidence level for all 

parameters for both tests. Gas samples from both wells contain appreciable 

concentrations of nitrogen (N2). Because no oxygen and argon were observed, 

this nitrogen cannot be attributed to air contamination. 

4.3.2 Proportions and Volume Estimates of Phases 

Data discussed in the preceding paragraph were treated thermodynamically in 

order to estimate phase proportions and compositions of phases present down

hole. 
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Boiling Point Elevation 

The boiling point elevation of an ideal, pseudo-binary mixture( 1) consisting 

of a volatile (low boiling point, high vapor pressure) phase and a non

volatile phase can be calculated. For the WIPP-12 gas, the volatile phase 

consists mainly of methane; however, nitrogen and ethane are co~sidered part 

of the volatile phase and are treated identically to methane. The "non

volatile" phase is hydrogen sulfide. Figure C-23 shows the critical point 

elevation curve for the CH4-H2S binary mixture (Katz et al., 1959). The 

boiling point elevation for a mixture of 75 percent methane 25/percent hydro

gen sulfide, corresponding to the mean \HPP-12 gas composition for F'low Test 3 

as analyzed by Global Geochemistry (D'Appolonia, 1982, Table 12.20-C?), ~as 

also calc,Jlated and plotted, w-ith details shown on Figure C-24. At points 

along the curve where ideal gas laws poorly represent gas hehavior (i.e., at 

pressures along the curve above the critical points of the individual gases 

alone), the curve shape was estimated by smooth-fit techniques using the most 

ideal (i.e., most volatile) gas as a constraint. At the maximum downhole 

pressure measured in WIPP-12, 12.7 MPa (about 1840 psia, 125 atm), and the 

downhole temperature, 26.7°C (80°F), the distribution of phases appears to be 

approximately 30 percent gas and 70 percent liquid. Consequently, only 30 

percent of the moles collected as gas at the surface is expected to exist as 

gas downhole. After correcting for the effects of downhole pressure on 

(ideal) gas volume, the estimated in-situ volume of gas will be approximately 

7 ml gas/liter of brine. This volume has been considered when estimating the 

compressibility and volume of fluid in the reservoir (see Part III, ~ydrology, 

Sections 3.3.5 and 3.4.4). 

(1) The system is pseudo-binary because all volatile components were lumped 
together and treated along with methane. Similarly, significant nonvola
tiles were treated with hydrogen sulfide. The effects of the resulting 
mixture on inputs to the calculation were computed by weighting the com
ponents according to molar proportions. 
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Composition of Liquid and Gas P~ases 

A composition-t2mperature plot was constructed for the hinary system methane 

(CH4) - hydrogen sulfide (HzS). Initial calculations were hased on Raoult's 

Law, but did not produce meaningful results at small concentrations of the 

"non-volatile" phase. ?or consistency, these portions of Figure C-25 have 

been derived primarily from the boiling point elevation diagram. As shown in 

the diagram, under downhole conditions at WIPP-12, and an initial composition 

of 75 percent methane/25 percent hydrogen sulfide, an approximate liquid 

composition is 68 percent methane. Similarly, the vapor phase is expected to 

approach 92 percent methane. This result agrees with an intuitive estimate 

that the downhole gas will be composed dominantly (if not entirely) of non

condensible gases (i.e., methane and nitrogen). The condensible and soluble 

gas, hydrogen sulfide, probably does not exist as a gas in significant amounts 

downhole. 

These approximations apply to WIPP-12 only. A similar treatment for ERDA-6 is 

not ~ecessary because the downhole pressure at ERDA-6 is ahout 14.2 MPa (2060 

psia; 140 atm). At 27°C, and in their observed concentrations, carbon 

dioxide, methane, hydrogen sulfide, and nitrogen result in a supercritical 

fluid at all pressures above 9.3 MPa (1350 psia, 92 atm; Katz et al., 1959). 

This is primarily due to the high proportions of the condensible gases 

hydrogen sulfide and carbon dioxide. At downhole pressures, individual gas 

solubilities indicate that the fluid is totally miscible in the brine. The 

compressibility of the brine, t~erefore is unchanged, and calculations of 

reservoir volume are unaffected. 

4.3.3 Isotopes 

A summary of the isotopic compositions of gases from ERDA-6 and WIPP-12 is 

shown in Table C.9. A complete data listing is given in D'Appolonia (1982, 

Tables 6.7-C7, 6.7-C8, and l2.7-C7). 
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34 o S in Hydrogen Sulfide 
'l4 

Sulfur isotopes in hydrogen sulfide show depletion in J S (see Figure C-26). 

This result suggests isotope fractionation by bacterial sulfate reduction 

(bacteria will preferentially Qetabolize 32s versus 34s; Nielsen, 1979). In 

ERDA-6, the o34s values are consistently lower (-20.46 °/oo) than in WIPP-12 

(-14.36 °/oo). This difference may be due to less favorable conditions in 

WIPP-12 for bacterial processes (i.e., more sluggish sulfate reduction). 

Alternatively, WIPP-12 may have been mixed with an isotopically heavier H2s, 
such as that generated by thermogenic processes (see discussion for methane). 

Further evid~nce for a biogenic origin of hydrogen sulfide is found by compar

ing o34s in hydrogen sulfide with that in the sulfate of the brine. 
2-

~cso4 - H2s) values in WI?P-12 average +22.57 °/oo and in ERDA-6 are +29.43 
0 /oo. These delta values are cl~se to tr.e range reported for fractionation 

due to bacterial reduction of sulfate (+15 °/oo Harrison and Thode, 1958; +25 
0 /oo to +65 °/oo Nielson, 1979). In contrast, isotopic equilibrium which 

occurs at elevated temperatures in the absence of bacterial sulfate reduction 

is: 

(Sakai, 1968; Faure, 1977) 

Thus, the signature of bacterial action on the isotopic composition in sulfide 

and sulfate suggests that only limited interaction could be occurring between 

brine sulfate and hydrogen sulfide in the reservoirs, and that the reservoirs 

have never been exposed to high temperatures. 

bD in Hydrogen Sulfide 

Both the ERDA-6 and WIPP-12 gases are strongly fractionated toward depletion 

in deuterium. Average 6D values are -570 °/oo and -544 °/oo for ERDA-6 and 

~IPP-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." 
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Given the comparatively large abundance of hydrogen sulfide in the wells, and 

the strong fractionation observed, there was initially some concern that the 

brine samples may have been enriched in deuterium during hydrogen sulfide 

production. Mass balance calculations have shown that this is not the case. 

The deuterium content of the brine has not heen affected significantly by 

hydrogen sulfide generation. 

6l3c and vD in Xethane 

Comparison of the o13 c and •)D values of ERDA-6 and IHPP-12 methanes reveals a 

significant difference between reservoirs. Specifically, ERDA-6 methane has a 

o13 c value that is more negative than -60 °/oo. This inrlicates that ERDA-6 

methane was derived al~ost entirely from biogenic processes (such as bacterial 

respiration and elimination; Fuex, 1977; Rice and Claypool, 1981). This 

origin is also supported by the relative absence of heavy or "wet" hydro

carbons (e.g. ethane, propane, and/or butane; see Table C.7b) which would 
13 attend thermogenic processes. In contrast, the b C of WIPP-12 methanes are 

less negative than -50 °/oo. This value for the carbon isotope indicates a 

probable thermogenic origin (Schoell, 1980). However, some contribution of 

biogenic methane cannot be ruled out. The interpretation of a dominantly 

thermogenic origin for WIPP-12 methane is supported by the presence of heavy 

hydrocarbons (ethane and propane; see Table C.8b). This thermogenic 

interpretation requires that portions of the gas were derived from a deeper 

and separate source than the brines. The greater depth of the source is 

inferred from temperature requirements. The separateness of the source is 

inferred from several lines of evidence including: 1) the low permeability of 

the rock; 2) the relatively unaltered chemical condition of the brine; and 3) 

the lack of physical evidence for deep rock-water interaction. Mechanisms for 

this gas evolution and collection are discussed in Section 5.1.4. 
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o13c and o18o in Carbon Dioxide 

The isotopic composition of carbon dioxide in the F.RDA-6 gas is shown in Table 

C.9 and plotted in Figure C-27. As shown in the figure, the o18o in the 

carbon dioxide is not in equilibrium with the atmosphere. This poor agreement 

indicates that the reservoirs and the surface (or surface-equilibrated waters) 

are not connected. The &18o values for the Castile brine waters consistently 

plot + 10 °/oo from the atmospheric (ocean equilibrated) reference. This 

difference coincides exactly with the enrichment of the brines relative to 

SHO'~ (see Figure C-19). Therefore, the oxygen in the brines and associated 

carbon dioxide appear to be in equilibrium. 

18 If one proposed nechanism for explaining some of the o 0 enrichment in the 

ERDA-6 brine is correct (i.e., exchange with carbonates), then the enrichment 
.13 

in o C observed in the carbon dioxide is probably due to the leaching of the 

minerals, and equilibration at 27°C with the dissolved carbonates. The 

difference between the 613c in carbon dioxide and that in dissolved carbonate 

is about 7 °/oo to 9 °/oo. This difference is in the range for carbonate-co2 
equilibrium (Faure, 1977). 

4.3.4 Statement of Findings 

The bulk chemical and isotopic data for the ERDA-6 and WIPP-12 gases have been 

reviewed and analyzed. The important findings relative to these gases are 

summarized below: 

• The gases obtained from ERDA-6 do not exist as 
identifiable gases under downhole conditions. 
Instead, they are fluids which will have 
compressibilities similar to the brine. Accordingly, 
ERDA-6 gases do not affect estimates of brine 
reservoir volumes (see Part III, Hydrology, Sections 
3.3.5 and 3.4.3). 

• Because gases exsolve as pressure is released during 
sampling, the volatiles and gas/liquid ratios 
obtained from WIPP-12 consitute an overestimate of 
downhole gas. The actual amount of gas downhole is 
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closer to 30 percent of that obtained at the surface, 
or ahout 7 ml gas/liter brine when corrected for 
temperature and pressure. The downhole gas is nearly 
pure methane and nitrogen. This information has been 
included in brine compressibility and reservoir 
volume calculations (see Part III, Hydrology, 
Sections 3.3.5 and 3.4.4). 

• Methanes from ERDA-6 and WIPP-lt were generated by 
different processes. ERDA-6 methane has been pro
duced by bacterial processes (i.e., it is primarily 
biogenic), while WIPP-12 methane has had a much more 
significant contribution from thermogenic sources 
(i.e., thermally driven decay of organic material is 
significant). 

• Hydrogen sulfide in both wells has been produced 
primarily by bacterial reduction of sulfate, although 
a thermogenic contribution for some of the HI?P-12 
hydrogen sulfide is likely. 

• Carbon dioxide is in isotopic equilibrium with brine 
waters, ~hereas hydrogen sulfide is not in equili
brium with sulfate in brine. 

• Brine gases are very reducing in both reservoirs 
(methane and hydrogen sulfide are present). Evidence 
of communication with the atmosphere or other more 
oxidizing sources is not apparent. The chemically 
distinct nature of the gases implies no communication 
between the reservoirs. 

5.0 DISCUSSION OF THE DATA AS RELATED TO ISSUES 

In this section, the chemical data will be discussed in terms of their rele

vance to identified issues. For ease of presentation, the discussion will 

start with an explanation for the origin of the brine. This explanation will 

help to frame subsequent interpretations by placing the discussion of issues 

in a mechanistic context. 

5.1 ORIGIN OF THE BRINE 

5.1.1 Introduction 

In most cases, the interpretation of complex data will result in more than one 

credible working model. This is especially true when selected data sets (such 
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as trace element variation, etc.) are viewed without the perspective of the 

total chemistry. Fortunately, when the collective data are considered, a 

"best", or "most likely" (commonly the simplest) explanation for the observed 

trends often emerges. Such is the case for the origin of the WIPP-12 and 

ERDA-6 brines. 

To help focus this investigation, an informal hierarchy of data has been 

established. This hierarchy r~lates loosely to the importance or weight 

ascribed to the data, and is derived from the observation that major compon

ents of systems are often the most reliable indicators of genesis. Greater 

confidence can be placed in major/minor element trends because their system

atics are less lf<ely to be perturbed by materials or processes which occur 

infrequently. As an illustration, trace element trends ~ay lend themselves to 

ambiguous interpretations as a result of strong partitioning by accessory (or 

trace) phases (e.g., compare Green and Ringwood, 1967, with O'Hara, 1971). 

Accordingly, the major and minor element chemistries of the brines and gases 

will be used to interpret the basic origin of the brine. Isotope geochemistry 

will be used to refine the basic model and to increase the level of detail. 

5.1.2 Major and Minor Element Chemistry 

The composition of the ERDA-6 and WIPP-12 brines could only have been produced 

by: 

• Dissolution of evaporite minerals (e.g., halite, 
sylvite, etc.) by a non-seawater source. 

• Evaporative concentration of seawater. 

To investigate these possibilities, the major and minor element chemistries of 

the brine have been determined. 

During these determinations, the bromide concentrations of the brines were 

routinely measured. Bromide is of special importance because it is used to 

determine brine origins (Holser, 1966; Valyashko, 1956; Braitsch, 1971; 
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Carpenter, 1978; Collins, 1975). Because of this importance, bromide concen

trations were measured 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: 

• The two techniques produced concentrations which 
agreed within the range of analytical error. 

• Accuracy was greater than ninety percent as deter
mined by comparison of analysei to known standard 
compositions. 

• The concentration of bromide at ERDA-6 is about 880 
mg/1 and at WIPP-12 it is about 510 mg/1. 

All other major and minor element solutes were also measured using standard, 

approved techniques, and are referenced to bromide concentration in Table 

C.lO. The results 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 minerals, the total dissolved solids of 

the solution increases. To determine if the brines were produced 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 (Lambert, 1978). Simul

taneously, the model evaluates waters of dehydration of gypsum (taken as 

equivalent to rain bulk chemistry, but with a different isotopic identity). 

In the calculation, the original compositions of the fresh waters have been 
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modified by assuming that dissolution of evaporite minerals takes place(l). 

Published concentrations for bromide minerals of the Delaware Basin (Holser, 

1966; Adams, 1969) were used to increase the bromide concentration in the 

water. For both simplicity and conservatism, only the minerals halite, 

sylvite, carnallite, thenardite, and calcite were used i~ the calculations. 

This simplifies the calculation by avoiding uncharacterized incongruent 

dissolution of minerals. Tt is conservative because a maximum amount of 

bromide is introduced into solution by dissolving these phases. The 

calculation was 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 two factors: (1) the relative 

casses of minerals required to form the brine, and (2) the agreement bet~een 

calculated and measured solute/bromide ratios. 

Figure C-28 summarizes the results of the calculation for several oajor compo

nents. It can be seen that agreement in the soluteibromide ratios is poor. 

Moreover, 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 formations were also calculated using the water quality data presented 

in Lambert (1978). However, to arrive at compositions similar to ERDA-6 and 

WIPP-12 brines, chloride phases must be precipitated. ~~en starting with Bell 

(1) 
In some cases, components were subtracted by assuming common reactions 
such as calcite reacting to form dolomite and removing Mg 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. 
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Canyon waters, magnesium and calcium phases must also be removed. For Salado 

waters, potassium and magnesium must be precipitated in addition to chlo

ride. As precipitation of chloride phases also removes bromide, the resultant 

bromide concentration is always less than the starting concentration. In most 

instances, the starting concentration of the bromide in the Salado and Bell 

Canyon ground waters will be less than the concentration in ERDA-6 and WIPP-

12; therefore, no credible dissolution/precipitation path can be employed. 

Furthermore, to arrive at the correct concentrations, sodium phases must be 

dissolved. However, the only abundant sodi_um phase is halite. Halite also 

contains chloride which must be removed. Therefore, no straightforward, 

simple pathway of dissolution/precipitation can he calculated. 

Seawater Evaporation Model. 

The solute/bromide plots (used above to evaluate the dissolution model) can 

also be used to determine if the Castile brines have heen derived from 

seawater. 

As shown in Section 3.3.2, the major and minor element compositions of the 

brines can best (and perhaps only) be explained by concentration of sea

water. Figures C-4 through C-14 illustrate this relationship and show a 

consistent variation of dissolved components relative to both bromide and 

chloride. 

Several deviations from the seawater curves are apparent in the plots and in 

Table C.lO. For example, all of the chloride versus solute graphs plot 

slightly but consistently higher in chloride than the seawater reference. As 

discussed below, this implies some dissolution of a chloride phase. 

Valyashko (1956) and Braitsch (1971) noted that chloride/bromide ratios in 

open seawater were approximately 300 (wt/wt) (see Table C.lO). At the 

beginning of NaCl precipitation, the ratio is approximately 70 (wt/wt). The 

average WIPP-12 chloride/bromide ratio is 360 (wt/wt), which exceeds the 

seawater ratio. This elevated value suggests some dissolution of halite by 
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the brine. The ERDA-6 brine, however, has an average chloride/bromide ratio 

of 207 (wt/wt). This ratio more closely resembles evaporating seawater with 

only minor (or without) halite dissolution. 

Verification of halite dissolution in both wells is obtained by performing 

mass balance calculations in which sodium and chloride are removed from the 

brine compositions according to the stoichiometry of halite (i.e., 1 moleNa: 

1 mole Cl). The results of these calculations for ERDA-6 show that 

dissolution of halite alone is responsible for the elevated sodium and 

chloride concentrations (i.e., excess above concentrated seawater) in those 

brines. Similar calculations for WIPP-12 show that an additional sodium phase 

has also been dissolved. ~ost probably that phase is glauberite, 

CaNa2(so4) 2 • Evidence for glauberite dissolution may he found in 

thermodynamic calculations and in the sulfate/bromide plot (Figure C-6). 

Specifically, solubility calculations (after Harvie and Weare, 1980) show that 

the WIPP-12 brine is probably saturated with glauberite (ERDA-6 brine is 

possibly saturated) (Tables C.3 and C.4). Furthermore, the sulfate/bromide 

ratio in WIPP-12 brine 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.lO 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. Nevertheless, 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). Furthermore, alkali 

enrichment during diagenesis has apparently occurred in the Delaware Basin, 
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giving rise to the commercial potash deposits that overlie the Castile (Lam

bert, 1978, and in preparation). A possible mechanism for this alkali enrich

ment ~ay be the decomposition of organic marine material. Brown algae (e.g., 

order Fucales) and red algae (e.g., R11odymenia palmata) are potential sources 

for potassium and lithium, respectively (Borovik-Romanova, 1969). 

Perhaps more likely than diagenetic enrichment is that the elevated lithium 

and boron concentrations derive from chemical weathering of (or ion exchange 

with) terrigenous materials. The southwestern United States is well-known for 

anomalously high lithium contents in igneous· rocks and in sediments (Vine, 

1975). Furthermore, high lithium and boron concentrations are commonly asso

ciated with sedimentary uranium deposits (Vine, 1979). Deposits of this type 

are common in New ~exico. Consequently, the chemical weathering of igneous 

and/or sedimentary sources may have enriched the Permian seawater of the 

Delaware ~asin in lithium and boron. Terrigenous clays in the Castile may 

also have exchanged with brines to enrich the brines in lithium to a minor 

degree. 

Another deviation from the seawater curves may be found in plots of magne

sium/bromide (Figure C-9). These plots are perhaps the most significant 

divergence from the seawater reference, but they are easily explained. The 

magnesium depletion results primarily from the reaction of calcite to dolomite 

which commonly attends the diagenesis of carbonate (e.g., Shephard, 1963): 

+ co z-3 
calcite + dissolved material 

CaMg(C03 )z 

dolomite 

Verification that such a reaction took place is confirmed by the presence of 

dolomite near fractures and contacts (see Part II, Geology, Section 4.1.3). 

Mass balance calculations indicate that sufficient dolomite is present in 

fractures to account for the observed magnesium depletion. For example, at 

ERDA-6, 0.1 percent dolomite in the fractures is required to account for the 

reduced magnesium content of the brine. This amount agrees well with X-ray 

and petrographic observations of dolomite abundances. 
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Summary 

The collective major and minor element chemistry i~plies that E~DA-6 and WTPP-

12 brines were both derived from seawater, and that subsequently each had 

distinct histories. WIPP-12 brine probably originated as seawater concen

trated by evaporation. During transport and collection in the fractured host 

rock (see Part II, 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, the brine dissolved halite and another sodium-bearing phase 

(probably glauberite). ERDA-6 had a similar history but did not dissolve 

glauberite and probably dissolved only minor SQOunts of halite. The higher 

bromide content of the ERDA-6 hrines probably indicates a more extended period 

of seawater concentration. 

5.1.3 Isotopic Geochemistry 

While the major and minor elements of the brines clearly indicate a link to 

ancient seawater, the isotopic data are somewhat a~biguous in their support of 

any particular model for the origin of the WIPP 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 approach taken above for major and minor element chemistries. 

Dissolution Model - 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 

on and 6180, 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 brines. Considering 

the exchange of structural water only, if the montmorillonite-water 
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fractionation factor (0.938; Savin 3nd Epstein, 1970) is used to model the 

isotopic change in water, around 50 hatch equilibrations are required to 

transform water from a 6D of -20 °/oo (least negative juvenile ground water) 

to a co of -1.0 °/oo (brine value). Mass balance calculations based on 

interlayer (or exchangeable) water exchange indicate that there is probably 

only enough clay to fractionate less than one percent of the water in the 

reservoirs. To fractionate the 8.0 x 109 moles of water in the WIPP-12 

reservoir (see Part III, Hydrology, Section 3.4.4) would require at least 6.7 

x 108 moles of clay along the water's flow path. A conservative estimate of 

the fracture surface of 2.67 x 109 m2 can be derived from the fracture spacing 

and cross-sectional area of the reservoir (see Part III, Hydrology, Section 

3.4.4, and assume continuous fractures across the entire area of influence). 

If the average depth of alteration across t~e fracture is on the order of 1 

mm, then the maximum 0.1 percent clay content of the rock (found at contacts, 

see Table C.ll) is insufficient for producing the isotopic shift from ground 

water to brine. Given the conservative assumptions employed, fractionation by 

clay has probably not contributed significantly to the isotopic character of 

the brine. If the mechanism is operative, then either the brine followed a 

very complex and tortuous path, or the zone of alteration is much more 

extensive than that sampled by coring. 

The mass balance calculations discussed above indicate that clay is unli~ely 

to alter known Delaware Basin ground waters to the point where they resemble 

the isotopic chemistries of the Castile brines. This does not, however, rule 

out the potential for another mechanism having caused such a shift. To assess 

this potential, the relation between TDS and brine isotopes may be considered. 

As discussed earlier, the variation of oo ( 0 /oo) and co18 ( 0 /oo) as a function 

of TDS can sometimes be used to determine the parent liquid of a given water 

source. The technique requires construction of a linear regression fit 

through the data, and extrapolation to infinite dilution (i.e., TDS = 0). 

These regression lines should pass through points for the source water, as 

long as the mechanism that fractionates the isotopes remains constant, and the 
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fractionation occurs while the TDS of the ~ater is being developed (Clayton 

et al., 1966). As observed from Figure C-29, no local Delaware Basin ground 

waters are safely within the statistically derived 90 percent confidence area 

of the source, although ground waters from the Bell Canyon and Salado forma

tions plot on the very edge of that confidence zone. Based on the isotopes 

alone, these ground waters could conceivably have given rise to the brines; 

however, they are high-TDS ground waters. Mixing of high-TDS waters with 

concentrated seawater would probably result 1n alteration of the solute/ 

bromide ratios (i.e., mixing would add rr:ass to the system but not sufficient 

bromide). If mixing occurred to the extent where the isotopic fingerprint 

resembled the ground water rather than the brine, mass ~alance calculations 

(viz., Hitchon and Friedman, 1969) indicate a ground water:seawater ratio near 

2:1 would be required. Such dilution would perturb the bromide ratios to the 

point where resemblance to seawater curves would not be possible. 

Finally, it is instructive to examtne the o34 s values of the sulfate in brine 

and in the reservoir rock. The value for the rock (- 12 °/oo) is well within 

the range for Permian sulfate minerals of the Delaware Basin (Holser and 

Kaplan, 1966). The value for the sulfate in brine (- 9 °/oo) is isotopically 

lighter than the rock. If the sulfate in brine were generated by dissolving 

the rock, then the c34s value for the brine should be at least equal to that 

of the rock(l). However, bacterial sulfate reduction has produced H2S from 

the brine. This process fractionates light sulfur into the gas and makes the 

residual brine heavier. Consequently, the combination of anhydrite dissolu

tion, and bacterial sulfate reduction would have produced brines that are 

heavier than the reservoir rock. 

Therefore, the isotopic geochemistries of the Castile brines do not support 

the contention that dissolution of rock by ground water has produced the 

reservoir fluids. Furthermore, ground waters have probably not contributed to 

reservo1r formation. The basis for these conclusions includes: 

{l)In order to be less than the rock, pyrite (or a related phase) would 
have to be precipitated. No such phases are reported in the Castile. 
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• Mass balance constraints do not permit fractionation 
of ,~D over the range required, using any known mech
anism. 

• Delaware Basin ground waters that have isotopic 
compositions within the possible range of source 
waters are all high TDS waters. Hixing of these 
waters with brine would perturb the major element 
chemistry. 

• The , 34s values {or sulfate in brine are consistently 
less than the &3 S values of the.rock, which pre
cludes dissolution. 

Waters of Dehydration 

As noted earlier (Section 5.1.2), at an extreme, the hulk chemistry of mete

oric ~ater and waters of dehydration would be similar (very low TDS); however, 

their isotopic identities would be distinctly different. The isotopic differ

ence results from the fact 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., Safer and Gat, 1975) which later 

precipitates gypsum. The second fractionation occurs when gypsum nucleates in 

the seawater (Safer, 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 effect 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 SMOW 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 waters of dehydration is possible. However, at 
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least two arguments (based on isotopes) may be raised to weaken this interpre

tation: 1) The Permian ocean may have been isotopically different from the 

current ocean. Depending on the magnitude of the difference, the WIPP-12 and 

ERDA-6 data might not coincide with the dehydration field. 2) The c.13c and 
18 c, 0 data from co2 indicate that the brine has reacted with carbonate to 

generate co2 (at ERDA-6). This reaction should increase the <18o value of the 

brine. Mass balance calculations indicate that the shift could be in the 

range of 3 °/oo to 6 °/oo. Such a shift would displace waters of dehydration 

from the gypsum crystallization field. 

\.fuile these arguments weaken the hypothesis that the brines originated as 

waters of dehydration, they do not preclude the possibility. For example, 

Kharaka et al. (1973) estimate that the Permian ocean was about 5 °/oo 

depleted in c) 8o relative to SMOW. If this were true, then t}Je isotopic shift 

in ancient seawater would compensate for the shift induced by carbonate reac

tion, i.e., the correspondence between the Castile brines and waters of dehy

dration of gypsum would remain. Analysis of isotopes, therefore, cannot be 

used unequivocally to support or condemn the hypothesis that the brines orig

inated from waters of dehydration of gypsum. 

Seawater Evaporation Hodel 

If the brines were derived from ancient seawater, then the age of the waters 

is Permian (the same age as the sediments). As discussed above, the present

day seawater reference (SMOW) may be inappropriate for interpreting the 

consistency of measured brine isotopes with a seawater evaporation model. For 

example, on the basis of melted polar ice caps in the Permian, Kharaka et al. 

(1973) calculated a shift in the 0D and o18o ocean water references (-5 °/oo 

and -0.5 °/oo, respectively). The details of this calculation are unclear, 

but the results provide one estimate of how the isotopic composition of the 

water in the Permian ocean varies from that of SMOW. 

Another method for estimating the isotopic composition of the Permian ocean is 

to utilize the relation between 1)
180 in ocean water and 518o in ocean water 
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sulfate (Kaplan, 1982, personal communication). The current ocean water 

sulfate has a ~ 18o value of about 12.5 °/oo (Claypool et al., 1980). This 

value is approximately the same as the value found from coexisting sulfate 

mineral precipitates, i.e., essentially no fractionation of oxygen in sulfate 

attends precipitation. If the relationship hetween 18a in seawater and 18o in 

ocean water sulfate has remained constant with time, and if the dissolved 

sulfate and precipitating sulfate have always equilibrated to the same extent, 

then isotopic differences in ancient and modern sulfate minerals reflect the 

differences of ancient and modern oceans. In contrast to modern sulfate min-
18 erals, the Permian sulfates of the Delaware Basin have o 0 values of about 

9 °/oo (Claypool et al., 1980). Employing the assumptions outlined in the 

previous paragraph, the Permian ocean is calculated to be 3.5 °/oo lighter 

than the modern ocean (9 °/oo -12.5 °/oo = -3.5 °/oo). The reference value 

for Permian ocean water o18o is therefore -3.5 °/oo. A minimum value for 

coexisting deuterium may be estimated by using the relationship for Raleigh 

distillation, i.e., unimpeded evaporation: 

(Craig, 1961) 

For a o18o value of -3.5 °/oo, the resulting ,)D is -23 °/oo. This estimate, 

together with the one computed by Kharaka et al. (1973), has been used to 

define a range for the Permian ocean. The range is depicted as a heavy line 

in Figure C-30. The stippled area shows a field appropriate for evaporation 

from these sources. 

Of significance is that the Castile brines plot above and to the right of both 

Permian ocean estimates (see Figure C-31). Although evaporation might be 

invoked to explain the position of the Castile brines in the shaded area, such 

an explanation is probably valid only for the enrichment of deuterium, and a 

portion of the o18o. Additional enrichment in o18o probably has resulted from 

isotopic exchange between the brines and carbonates (subsequent to removal of 

the brine from its basin). Mass balance estimates indicate that such exchange 
OJ ~18 could account for at least a 1 oo increase in v O, and perhaps as much as a 

5 °/oo increase. 
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In addition to the brine isotopes, the isotopes of sulfur in sulfate are 

consistent with the seawater evaporation model. The o34 s in brine sulfate i.s 

measured as around 8 °/oo to 9 °/oo compared to about 11.5 °/oo in the co

existing rock. This relationship is consistent with the 1.65 °/oo fractiona

tion that might he expected when anhydrite precipitated from ancient seawater 

(Bolser and Kaplan, 1966; Claypool et al., 1980). ~oreover, both 

o34s values fall in the range for Permian materials. 

The discussion above has been premised on an assumed difference between Per

mian ocean and present-day seawater. This difference cannot be demonstrated 

conclusively and is a subject of academic debate. Consequently, whether the 

isotopic character of the Castile brines can be explained using reasonable 

processes and the current S~OW reference should be determined. 

Mechanisms for increasing the brines in 18o relative to SMOW include: 

• Evaporation 
• Reaction with carbonates 
• Reaction with silicates 

By analogy to the discussion above, the o18o shift can be accounted for by 

these mechanisms. 

Mechanisms for altering the 6D of the hrines relative to SMOW include: 

• Evaporation 
• Reaction with marine clays 
• Mixing with other waters 

Evaporation could produce the on values observed in the brines, if the brines 

followed an evaporation path similar to those for bitterns (see Sofer and Gat, 

1975). However, given the low magnesium content of the brines, this explana

tion does not appear credible. Reaction with marine clays probably could not 
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produce the observed on values because there does not appear to be a suffi

cient mass of clay in the formation. As a result, tf no isotopic difference 

existed between Permian and current oceans, then the isotopic character of the 

hrtnes is best explained by mixing seawater with low TDS waters. These waters 

must be low TDS to avoid altering the major and minor element relationships 

discussed earlier. 

One potential mixing model might be that fresh water isotopically similar to 

that found in some regional meteoric waters (618o ~ -2 °/oo to -7 °/oo, 6D = 
-10 °/oo to -30 °/oo) mixed with concentrated seawater. If mixing occurred in 

a 1:1 ratio (see Hitchon and Friedman, 1969), then a source near the edge of 

the 90 percent confidence field of Figure C-29 would result. To generate the 

observed isotopes in the brines, that source would then have to be fraction

ated. In this scenario, at least two possibilities exist: 

• The mixing occurred either soon after (or during) the 
last stages of sedimentation. Evaporation through 
pores or at the surface then concentrated the heavier 
isotopes into the residual brine. 

• Isotopic fractionation occurred after burial of the 
mixed solution. Fractionation of hydrogen by hydrous 
phases (e.g., Savin and Epstein, 1970; Lambert, 1978, 
and in preparation) enriched the residual brine 
slightly in deuterium. Reaetion with other reservoir 
r~cks (anhydrite and dolomite) enriched the brines in 

0 (Lloyd, 1968; Clayton et al., 1966). 

Alternatively, seawater underwent concentration by evaporation to generate its 

major and minor element chemistries and precipitated gypsum during the 

process. As salinity of the basin increased, the gypsum destabilized and 

dehydrated to form anhydrite (e.g., Posnjak, 1938). Since waters of 

dehydration are low TDS, the major/minor element proportions of the seawater 

would be unchanged by mixing of the two waters. The isotopic identity of the 

residual brine would be changed, however, and depending on its proportions (at 

least 1:1 mixing is required), it would plot along the regression line 

somewhere between the center of the 90 percent confidence field and that 
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measured for the brines (see Figure C-29). Subsequent evaporation would cause 

isotopic frnct!onation and major element concentration trends consistent with 

those observed for the brine. 

One strength of this last alternative is that the linear regression line 

derived from isotope versus TDS plots (Figures C-20 and C-21) converges on the 

vertex of the waters of crystallization of gypsum field (Figure C-29). 

Furthermore, anhydrite pseudomorphs after gypsum may be present in cores taken 

from the reservoir host rock (see Part II, Geology, Section 4.1.3 and Figure 

C-18). 

The major weakness of the model is the lack of extensive physical evidence for 

gypsum pseudomorphs. At best, the criteria used to identify gypsum 

pseudomorphs (i.e., relict cleavages and replacement textures) are subjective 

and inconclusive. Furthermore, the presence of such textures is not pervasive 

as might be expected if extensive gypsum dehydration has occurred. Finally, 

some of the anhydrite grains appear to be primary precipitates. It would be 

unusual for anhydrite and gypsum to coprecipitate. 

Therefore, the isotopic data are not inconsistent with an ancient seawater 

origin for the brine. The bases for this conclusion are: 

a Two models have been evaluated; one in which ancient 
seawater is isotopically identical to SMOW and 
another in which the ancient ocean differs from 
SMOW. Both models can be used to arrive at isotopic 
values observed without being inconsistent with 
material abundances existing in the basin. Speci
fically: 

- Mixing of SMOW with ancient meteoric waters or 
waters of dehydration of gypsum in proportions near 
1:1 could produce waters near the "unfractionated" 
source of the brines. Subsequent reaction with 
carbonates and clays or evaporation of the mixtures 
could produce waters with the isotopic composition 
of the brines. 
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• 

- Estimates of Permian ocean water fall below and to 
the left of the Castile brines. Evaporation of 
such seawater and isotopic exchange with carbonates 
are therefore viable mechanisms for generating the 
Castile brine isotopes. 

The measured o34s of the sulfate in the rocks and 
brines are consistent with Permian-aged materials. 
Differences between the two sulfates can be attri
buted to fractionation during precipitation. 

• The preferred model for brine origin is ancient sea
water modified slightly by reaction with basin min
erals. This model is preferred because of its sim
plicity, and because of a lack of evidence for alter
native models. 

5.1.4 Gas Compositions 

The major element chemistry, and the isotopic ratios of the gases obtained 

from ERDA-6 and WIPP-12 show differences between the two wells. First, the 

compositions and proportions of the gases, and their amounts relative to brine 

are different at each well. (See Figure C-26 and Tables c.7 and C.8). These 

differences may be attributed to: 

• Different sources of generation. 

• Different downhole conditions affecting the effi
ciency of rate-dependent processes. 

• Different downhole conditions affecting the equili
brium proportions of coexisting volatile components. 

The hydrogen sulfide of WIPP-12 exists both as a gas, and as a dissolved (or 

miscible) liquid. In contrast the hydrogen sulfide at ERDA-6 exists only as a 

dissolved phase. At both wells, the hydrogen sulfide has been generated 

dominantly by bacterial sulfate reduction. This process usually requires 

still-water conditions. Therefore, the hydrogen sulfide generation probably 

occurred either in-place in the reservoir, or after collection of pore waters, 

but prior to reservoir formation. Conditions for hydrogen sulfide production 

may have been more favorable in the ERDA-6 environment. ~·fore likely, however, 

C-50 



t . 

l. 

THE 3153 

the WIPP-12 reservoir contains a thermogenic hydrogen sulfide component. 

Upward-moving therDogenic hydrogen sulfide might have been trapped along with 

pore water by the rapid sedimentation of anhydrite during the Permian. 

Alternatively, the thermogenic hydrogen sulfide could have heen acquired by 

WIPP-12 during the deformation that resulted in the reservoir. 

Less ambiguous than the hydrogen sulfide is the origin(s) of methane at the 

two wells. ~,e methane at ERDA-6 is probably all of biogenic origin. In 

contrast, the methane of WIPP-12 is dominantly thermogenic with perhaps a 

minor contribution from biogenic sources. Deformation and flow may have 

liberated the~mogenic methane from the fluid inclusions of the underlying 

halite. Alternatively, deformation may have disrupted grain boundary 

contacts, allowing thermogenic methane to diffuse from a deeper source. The 

less equivocal presence of thermogenic methane at WIPP-12, supports the 

interpretation of thermogenic hydrogen sulfide at that well. 

Nitrogen and carbon dioxide are also present at both wells. Nitrogen may have 

been generated either by air entrapment, by pyrolysis of organics, or most 

likely by bacterial processes (e.g., Desulfovibrio denitrificans; Kuznetsov et 

al., 1963). The carbon dioxide is present in greater amounts than can be 

attributed to air entrapment. Consequently, it is probably a result of bio

genic activity and/or carbonate dissolution. 

Of some interest are the different proportions of carbon dioxide and methane 

at the two wells. ERDA-6 is much richer in co2 , while WIPP-12 is much richer 

in methane. Both of these gases are carbon bearing and can coexist at equili

brium. The relative proportions may be a function of different carbon to 

hydrogen ratios (see Gerlach and Nordlie, 1975). Accordingly, the difference 

between the two wells may be due to the greater carbon:hydrogen (rock:water) 

ratio at ERDA-6. 
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5.1.5 Residence Time 

Determination of the length of time that the ERDA-6 and WI?P-12 brines have 

resided in the fractured anhydrite reservoirs was calculated using the 

uranium-isotope disequilibrium method (Appendix A). This method utilizes 

deviations in the 234 u; 238u specific activity ratio from unity to estimate the 

age of confinement of ground water (Kronfeld et al., 1975; Andrews and Kay, 

1978; Barret al., 1979). Determination by this method of the time of entrap

ment of fluids, however, is not unequivocal for fluids that might have 

migrated along uncharacterized flowpaths or that could have complex histor

ies. Significant factors contributing to this uncertainty are that a 
234u; 238u specific activity ratio of the water at the time of its isolation 

must be inferred, and a model of fluid movement, including potential changes 

in fluid chemistry created by the lithology of the travel path and eventual 

trap rock, must be considered. These factors are seldom known, but must be 

inferred from other geological and hydrological information (see, for example, 

Andrews et al., 1982). ~evertheless, geologically reasonable inferences can 

be made that allow bounding calculations of residence time. 

Residence time of the ERDA-6 and WIPP-12 brines by the uranium-isotope 

disequilibrium method was calculated according to various models of origin by 

Lambert and Carter (in press) on samples collected for that purpose and 

supplied to Sandia National Laboratories. For the reasons discussed above, an 

absolute time of residence could not be uniquely determined. 

Significantly, however, the activity ratios in the brines are not unity (i.e., 

the uranium isotopes are not in secular equilibrium). Since secular 

equilibrium between 234u; 238u will be established in less than two million 

years, the excess 234u implies brine and rock have interacted within the last 

2 x 106 years. Such interaction is likely to occur when fresh rock surfaces 

are exposed to brine and 234u is preferentially leached. Therefore, if the 

brines are trapped Permian seawater, then the· initiation of brine collection 

in fractures must have occurred no more than one to two million years ago (the 

time for achieving secular equilibrium between 234u and 238u is less than two 

million years). More rigorous residence time calculations are included in 
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Appendix A. The results of these calculations, however, are entirely 

dependent upon model assumptions that cannot yet be verified. Moreover, the 

uncertainty in the exact histo~y of the fluids may obviate attempts at more 

precise refinements. 

5.1.6 Summary of Brine Fluid Origin 

The Castile brine reservoirs appear to have formed from ancient seawater, 

without a noticeable contribution from any other water source. During the 

Permian, seawater was trapped in a restricted basin and the water was concen

trated by evaporation. During formation of the Castile anhydrite, between 75 

percent and 90 percent of the o~iginal water volume was lost by subaerial 

evaporation (gypsum/anhydrite to halite saturation). This distillation in

creased the TDS of the brine, and enriched it in deute~ium and 18o. During 

chemical precipitation of gypsum/anhydrite, some of the basin water was trap

ped as sediment pore water. The sediment was subsequently compacted, 1ithi

fied, and tilted (see Part II, Geology, Section 3.4), and these ancient pro

cesses mobilized the brine. After release from the pores, the brine traveled 

along fractures and bedding planes to a point of collection. This transport 

is of an unspecifiable distance, but was probably relatively short (i.e., it 

was not basin-wide). During this ancient transport, perhaps initiated by 

episodes of regional tilting, the brine reacted with calcite to form dolo

mite. This depleted the brine in magnesium. Isotope exchange between the 

brine and carbonates also enriched the brine in hea\~ Ob~gen. Minor dissolu

tion of halite and precipitation of quartz also occurred during brine trans

port, and in the case of WIPP-12, glauberite may have been dissolved. This 

dissolution elevated the sodium and chloride components of the brine. 

When the brine came to rest, biogenic activity may have begun. Since the 

brine was held in an hydraulically tight environment, gases that were produced 

by bacterial processes were retained. These gases included hydrogen sulfide 

and methane, and may have included carbon dioxide and nitrogen. The deforma

tion that gave rise to reservoir formation (see Part II, Geology, Section 

4.3.1) remobilized the brine. At this time, the brine probably traveled only 

C-53 



TME 3153 

a very short distance (meters to tens of meters). During this mobilization, 

the thermogenic gases were probably acquired by the reservoir. Since reser

voir formation, very little or no introduction of fluids into the reservoirs 

has occurred. As a result, the fluids have reached (or very closely 

approached) equilibrium with their ~nvironment. 

From this description of brine origin, several significant observations may be 

made. The brines observed in the Castile were derived virtually entirely from 

waters no longer available as sources. Therefore, brine reservoir formation 

may be considered ijactive or dormant. If dormant, then the frequency and 

size of additional reservoirs are dependent upon the geomechanical history of 

the specific areas of interest. The volume of water for forming the reservoir 

is limited by the amount of pore (i.e., fracture filling) water available. 

5.2 EXTENT OF CHEMICAL EQUILIBRATION 

The brines, and to a large part, the gas chemistries(l), suggest that compon

ents of the reservoirs have equilibrated with the host formations. Since dis

solution and transport commonly lead to disequilibrium relations, this equili

bration can be taken as an indication of a near-stagnant regime. 

5.2.1 Gases 

The environments of both brine reservoirs are very reducing (i.e., oxygen is 

absent). The probable control on this condition is hydrogen sulfide. Figure 

C-32 is an Eh/pH diagram for aqueous sulfate systems computed for the tempera

ture and pressure conditions that exist downhole (see Part III, Hydrology, 

Sections 3.4.3 and 3.4.4). The measured Eh and pH of the brines appear to be 

controlled by the reaction: 

(1) The exceptions are major isotopes of CH4 and H2s. These gases have been 
influenced by biogenic activity, and the lack of equilibrium between them 
and the rest of the reservoir reflects the relatively-low temperature. 
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(Garrels and Christ, 1965) 

I 2- 3 at an H2S so4 ratio near 10 . 

This estimate, however, depends on the accuracy of field-measured Eh and pH. 

Field measurements of Eh are notoriously difficult and often unreliable. 

Furthermore, the brine pH and Eh were not measured downhole. As a result, the 

measurements should be validated by examining a different system. 

The carbon gases present downhole can be used to estimate the equilibrium of 

the brine system. Methane and carbon dioxide equilibrium may he used in 

conjunction with water to define the active oxygen content: 

The equilibrium oxygen fugacity (active oxygen content) can be calculated from 

the well-known equilibrium relation: 

~G = - RT In K 

and from the mass action expression: 

K [products] 
[reactants] 

f(C02 )f(H20)
2 

f(CH4)f(02 )2 

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 

l0-67 atm for ERDA-6, and l0-69 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: 
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Eh (volts) = 1.23 + 4.96 x 10-5 (T°K) log f0 2 -1.q84 x 10-4 (T°K) pH 

- (T°K-298)9.196 X 10-4 (Smith et al., 1980) 

In this way, theoretical equilibrium Ehs for \HPP-12 and ERDA-6 were calcu

lated as -232mV and -17lmV, respectively. These values compare to the average 

measured values of -225mV and -152mV. Thus, the theoretical results are in 

surprisingly good agreement with the measured results, being within 12.5 

percent of the measurements for both wells. Although it was believed origi

nally that kinetic factors might negate the calculations, the agreement 

implies that the Eh measurements are reliable, and that the gases are in (or 

are approaching) chemical equilibrium with the environment (i.e., the calcula

tions were made with equilibrium as an assumption. If that assumption were 

incorrect, any agreement between the theoretical and measured values would be 

highly fortuitous.). Equilibrium at a reduced (i.e., negative) Eh is a signi

ficant finding given the poor reducing capacity of the reservoir rocks. The 

approach to equilibrium implies that the brines have been isolated and undis

turbed for a long period of time. 

5.2.2 Brines 

Perhaps a more powerful argument for reservoir/host rock equilibrium can be 

made by comparing the results of equilibrium saturation calculations with 

observed phases. These calculations were performed using the equilibrium 

thermodynamic model developed for brines (Harvie and Weare, 1980). The 

results of the model predict that both wells are saturated (i.e., in equili

brium) with calcite, dolomite, and probably anhydrite. All of these phases 

are present in the rocks of both reservoirs. More significantly, the model 

detects a difference between the brines in that the WIPP-12 brine is probably 

saturated with halite and glauberite while the ERDA-6 brine is not saturated 

with halite, and may not be saturated with glauberite. Physical and petro

graphic observations appear to confirm this relationship. Specifically, 

fractures in the WIPP reservoir contain secondary halite in addition to anhy

drite while the ERDA fractures contain anhydrite, but are devoid of halite. 
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The significance of this equilibrium is that the brines have little or no 

potential to dissolve the host rock under present conditions. 

5.2.3 Isotopes 

In addition to the major element chemistry, the isotopic data appear to sup

port the assertion of equilibrium. Least ambiguous are the o34s data obtained 

on the sulfate in the brine. These values (near 9 °/oo) are centrally located 

in the field for Permian sulfates (Faure, 1977; Nielsen, 1979; Thode et al., 

1961). Since the reservoir rocks are known-to be Permian (e.g., Adams, 1944), 

and since no other materials generally produce o34s values near 8 °/oo (see 

Figure C-22), either the brines were derived directly from Permian seas or the 

~aters have equilibrated with Permian sulfate minerals. In either case, the 

brines are in equilibrium with the host rock. 

34 613 In addition to the o S isotopes in sulfate, the C isotopes in co2 and in 

brine carbonate appear to show equilibration. The observed fractionation 6 7 

to 9 °/oo is consistent with the equilibrium range at 25-30°C (Faure, 1977). 

Finally, the o18o in carbon dioxide appears to be in equilibrium with the 

oxygen in water. Figure C-27 presents the data from the Castile brines. For 

reference, the o13c and o18o values for atmospheric co2 are also shown. 

The o18o values of the Castile brine carbon dioxide are 10 °/oo greater than 

atmosphere. This 10 °/oo increase is precisely the same as observed for the 

oxygen of the brine water. Accordingly, the brine water and carbon dioxide 

are in equilibrium. 

5.3 EXTENT OF CHEMICAL ISOLATION 

As shown in Sections 2.0-4.0 (above), many chemical similarities exist between 

ERDA-6 and WIPP-12 brines. These similarities may be attributed to the common 

origin of the hrine reservoir waters (See Section 5.1). Distinct differences 

between the brines are also apparent, and these differences imply a distinct 

lack of chemical communication between reservoirs. Moreover, the chemical 
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differences between the hrines and known ground-water sources suggest little 

or no communication between them. 

5.3.1 Gases 

Perhaps the strongest evidence for isolation may be found in the gases of the 

brine reservoirs. Thermodynamic evaluation of the volatile mixtures of the 

brine show that at least for WIPP-12, a substantial gas (as opposed to super

critical fluid) concentration exists. The fact that these gases have remained 

trapped by the stratigraphy enclosing the brines attests to the closed nature 

of the reservoirs. Furthermore, the mobility of gases should lead to mixing 

of the reservoir volatiles, if communication between them exists. The con

siderable difference in the compositions of gas mixtures at ERDA-6 and WIPP-12 

indicate that mixing has not occurred. Further~ore, the methanes associated 

with each of the reservoirs are of distinct origins (thermogenic versus bac

teria-produced). Based on these differences, communication between the reser

voirs appears to be nil. 

5.3.2 3rines 

As well as the gases, the brine chemistries are indicative of isolation. 

Figures C-4 through C-16 illustrate the character of the brine reservoirs 

relative both to other Delaware Basin ground waters and to seawater. ~~ile 

the resemblance to seawater is striking, any continuity between brine composi

tions and ground waters is lacking. For example, introduction of ground 

waters into seawater-derived brines should increase the mass of major element 

components relative to bromide. Such is not the case; in fact, where serious 

departures from the seawater curves are apparent (e.g., magnesium), those 

departures are in the negative direction. Thus, the major element/bromide 

ratios, which are sensitive to slight perturbations (see Carpenter, 1978), 

indicate that no mixing of seawaters and local ground waters has occurred. 

In addition to lack of mixing with ground water, the brine chemistries appear 

to indicate a lack of communication between reservoirs. Host notably, WIPP-12 

brine appears to be saturated with halite while ERDA-6 brine is not. This 
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difference, along with the perceptible differences in both absolute and 

relative concentrations of dissolved components and gases, support the 

interpretation that the reservoirs are not chemically connected. ~oreover, 

given the poor reducing capacity of evaporite rocks, any communication between 

the reservoirs, or bet~een the reservoirs and a ground water source, would be 

expected to perturb the Eh of the reservoir. Since the reservoirs appear to 

he in equilibrium with their surroundings, and since they have distinctly 

different Eh's, each reservoir appears to be a closed system. 

-~sot opes 

Previous examinations of brine isotopes (Larnhert, 1978) have noted the seeming 

continuity from meteoric Delaware Basin ground ~aters to the brine 

reservoirs. These examinations have been made in the absence of the complete 

data. As a result, one credible interpretation of this trend was a continuous 

fractionation of the hydrogen and oxygen isotopes from meteroic water to the 

brine. w~ile the mechanism for deuterium enrichment is uncertain (compare 

Lambert, 1978, and in preparation; with: Savin and Epstein, 1970; O'Neill and 

Kharaka, 1976; and Kharaka et al., 1973), one might propose that, at the very 

least, mixing of waters has occurred. However, the isotope (o18o and oo) 

versus salinity (TDS) plots presented earlier (Figures C-20, C-21, and C-29) 

argue against such a source. Moreover, mass balance constraints and the major 

and minor element chemistries of the brines appear to refute this hypothesis. 

5.4 SUMMARY OF FINDINGS AS RELATED TO ISSUES 

In the sections above, the chemical data have been discussed in terms of 

issues relevant to the suitability of the proposed WIPP site. The major 

findings are summarized below: 

• The brines are probably derived from ancient sea
water. In any case, no ground water currently in the 
basin contributed significantly to formation of the 
reservoirs. (For a comparison of the different 
origin hypotheses see Table C.l2.) 

• The formation of brine reservoirs can be considered 
an inactive or dormant process. If dormant, the 
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formation of brine reservoirs is nependent upon the 
geomechanical environment of the area. Water for 
forming the reservoirs is limited to water currently 
contained in the fracture pore space of the Castile 
Formation. 

• The brine reservoirs are stagnant and have reached 
equilibrium with their surroundings. Flow into or 
out of the reservoirs approaches zero. 

• The brine reservoirs are not in chemical communica
tion with each other or with other known sources of 
water. Accordingly. the reservoirs can be considered 
closed or isolated systems. 

• Brine from WIPP-12 is saturated with all major phases 
of the reservoir rock. Brine from ERDA-6 is satur
ated with all major phases, but is slightly under
saturated with halite. The potential for brines from 
either reservoir to dissolve overlying rock is negli
gible. 
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TABLE C.1 
TIME AND DISTANCE RELATIONSHIPS FOR A DIFFUSING GAS 

Time (years) Characteristic Distancea (km) Complete !·1ixing Distanceb (km) 

a 

1,000 
10,000 

100,000 
1,000,000 

10,000,000 
100,000,000 

0.79 0.10 
_3_.2_l_(!_}..L600_y.!_sl 0.31 

7.94 I 1.00 
25.12 ________ 3 _:_1~ 14~ _x_1_Q_6__y.!_sl_ ~ 
79.45 9.99 

251.23 31.58 

Extent of diffusion calculated from x 
D 
t 

(2DtjQ where: x = distance 
diffusion coefficient 
time 

b ci _ 
Calculated from--- 0.90 co erfc [x/2(Dt }/2J 

where: C
0 

= initial concentration 
c1 = concentration at time = t 
(Freeze and Cherry, 1979) 

c Dashed line shows times appropriate for ERDA-6 and WIPP-12 reservoir separations. 
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TABLE C.3 

EVALUATION OF ERDA-6 BRINE FOR MINERAL SATURATION 

Phase 

Anhydrite 

Calcite 

Dolomite 

Glauberite 

Halite 

Log (Ksp) 

-17.0b 

-5.3la 

1. 5 7a 

Log (lAP) Calculated 
Activity Product 

Range Including Error* 

-4.65 to -4.21 

-8.33 to -7.53 

-16.25 to -14.70 

-5.79 to -5.24 

1.28 to 1.42 

Physical 
Evidence 

Secondary anhydrite 
observed 

Secondary calcite 
observed, calcite 
preCipitated 

Dolomite observed 
in fractures 

None 

Evaluation 

Probably Saturated 

Saturated 

Saturated 

Possibly Saturated 

Not Saturated 

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 samples from 

Flow Test 3 were numbers 53, 61, 76, and 99. Compositions of the sam

ples are reported in the ERDA-6 and WIPP-12 Data File Report (D'Appo

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 of interest (pH 6.0-

7.0). For dolomite the lAP reported is for the average measured pH of 

ERDA-6 (pH= 6.4). 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 

these phases were undersaturated by more than an order of magnitude. 

*Includes errors of measurement and one a errors of calculation. 

aHarvie and Weare, 1980 

bBarnes and Back, 1964 
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TABLE C .4 

EVALUATIO~ OF WIPP-12 BRINE F'OR HINF.RAL SATURATION 

Log (lAP) Calculated 
Activity Product Physical 

Phase Log (Ksp) Range Including E~ror* Evidence Evaluntion 

Anhydrite -4.39a -4.63 to -4.19 Possible secondary P~obably Saturate~ 

anhydrite ob-
served 

Calcite -8.35a -8.48 to -7.66 None Saturated 

Dolomite -u.ob -15.86 to -14.35 Dolomite observed in Satu~ated 

fractures 

Glauberite -5.3la -5.55 to -5.02 ~one Prohahly Saturate: 

Halite 1.5 7a 1.41 to 1. 59 Salting out Probably Satu~atec 

The samples evaluated we~e from Flow Test 1 and Drill Stem Test DST-

3020. The samples from Flow Test 1 were numbe~s 7, 14, DH-1 (D'Appo

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 Data File Report (D'Appolonia, 

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 cr errors of calculation. 

aHarvie and Weare, 1980 

bBarnes and Back, 1964 



TARLE C.S 

ISOTOPIC COMPOSITION OF BRINES 
SUMMARY Of STATIST{£} 
ERDA-6 AND WIPP-12 

LABORATORY: GLOBAL GEOCHEMISTRY GLOIIAL GEOCHEMISTRY 
LOCATION: ~:RDA-6 WIPP-12 

PARAMETER(Z) UNITS 
NUMBER OF 
ANALYSES MINIMUM MAXIMUM AVERAGE()) cv<4 > 

.NUMBF:R Of 
ANALYSES MINIMUM MAXIMUM AVERAGE( 3 ) 

HzO 

bD 0 /oo 19()) -8 +1 -5 50 zs<n -4 +) -0.8 

6180 0 /oo 16(6) 9.02 9.93 9. 51 1 23(8) 9.08 11.23 10.45 

so2-
4 

6345 0 /oo 9(9) 8.64 9.79 8.97 5 21(10) 7.4 3 8.63 8.21 

co2-
3 

613C 10(11) 5oz > 0 /oo 3.02 5.16 3, 96 24 -12.)5 -3.28 -9.14 

61a0 0 /oo -- -- -- -- -- zo0 3 > 10.28 11.09 10.65 

NOTES: 

(l)Ana1yses performed by Global Geochemistry Corporation, Canoga Park, CalHornia. 

X 103 

Contaminated samples excluded. 

(2) bx • [ :samp l e _ 1 J 
Standard 

x • D, R • D/H, Standard • SMOW. 
18 18 16 

x • O, R • 0/ 0, Standard • SHOW. 
34 34 32 

x • S, R • S/ S, Standard • Canon Diablo Trlollte (CDT). 

x • 13c, R • 13ct12c, Standard • Belemnite from P~~dee Formation in South Carolina (POB). 

())Average • Arithmetic Mean. 

C4>cv • Coefficient of Variance (%) • StandaJd Deviatton x 100 • 
Average 

of eight split samples and three duplJcateR of three of the ~plit samples wer~ performed. 

of eight split sampleR were performed. 

of eleven split sampl~s and three duplicates of three of the Rpl tt sample,; were p~rformt•d. 

of nine split samples, two individual samples, and three duplicates of three of the spilt samples were performed. 

of one split sample and seven individual aamples were performed. 

of ten split SAmples and one individual sampl~ wer~ performed. 

of one split sample and eight individual samples were performed. 

of five individual samples were performed. 

cv< 4) 

170 

; 

2 

38 

2 

( 5) Analyses 

(6)Analyaes 

(7) Ana lyses 

(8)Analyses 

(9)Analysea 

(lO)Andyses 

(ll)Analyses 

(l2)Analyses 

( 13) Analysee of ten aplit samples were performed. Vslu""" reflect aoolytlcal technique of huhhlln~ through water (that if<, value!' • o1Ro of water). 

"-" • Analyses not performed because the results would reflect the analytieal technique of bubhling through water (that 18, values • tP'~o of water). 

-1 
3: 
m 

LN 
--' 
Vl 
LN 



TA~l.F. C.b 

ISOTOPIC COMPOS ITT ON Or SHF.CTt:D MINERALS 
SUMMARY Or STATISTff~ 
F.RDA-6 AND WTPP-12 

LARORATORY: GLOIIAL GWCHF:HISTKY GLOI\AL GEOCllf.H IS TRY 
LOCATION: r:RDA-6 

NUMJlF.R OF 
AVF.RAGF.(}) cv< 4 > 

NIIMRr~R OF 
PARAMETF.R( 2 ) UNITS ANALYSF.S MTNIMIJM MAXIMUM ANALYSI'S 

Anhydrite, so 2-4 

634s 0 /oo 4(5) 11.)8 I I • (, ., II. 52 12 ( 6 ) 

Calcite, co 2-3 

o13 c 0 /oo ,< 7) 6.0} 6.74 6.41 .., 4(8) 

olBo 0 /oo ,o> 32.91 34.17 33.7fi 2 4(11) 

Dolomite, co 2-3 

o13 c 0 /oo 2 ( 9) 

ol8o 0 /oo 2(9) 

~?TF.S: 
Analyses performed by Global Geochemistry Corporation, Cano~a Park, California. 

(2) 0,. • [:sample _ 1] x 10 3. 

Standarg 
x * 180, R • I 0/160, Standard • SHOW. 

x • 34s, R • 34stl2s, Standard* Canon Diablo Triolit~ (CDT). 

x • 13c, R • 13ct 12c, Standard • Belemnite rrom Peedee Formation in South Carolina (PDR). 

(J)Avera~e • Arithmetic Mean. 
(4) Standard ll~viAt~nl1 

CV • Coefficient of Variance (%) • ------A;;raK-.. -. ---- x 100. 

( 5 )Analyses of four individual 11amplea collected from 2600 to 2fil2 feet were perfor.m .. d. 

WJPI'-12 

MINlMlJM MAXIMUM 

II. I 5 12.47 

6.40 ().87 

)I. 71 32.99 

-2.02 5.16 

)fi.39 37.)6 

( 6 )Analyses of ten individual samples and I split aample were r~rformed. Sample~ were cnll~ct~d from 2H01 to ]'104 f~et. 
(7)Analyses of three individual sampl .. s and one 11plit aample wr.rt> pf>rformed. (Samples w .. re ~arne a11 in Footnote 'i.) 

(fi)Analyses of twc split samples collected from 3324 and 3904 feet were analy~~d. 
( 9 )Analy11es of two individual aampl~s collected from 2'145 and )017 feet were analy7.t•d. 

" • Parameter not analyzed. 

AVf:RAGF:()) 

ll.b) 

6. 70 

32.111 

1.()7 

)fi.88 

cv< 4 > 

3 

3 

3 

310 

2 
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PARAMETERS 
SAMPLE TYPE: 

LABORATORY: 
LOCATION: 

FIELD ANALYSES: 

Hydrogen Sulfide 
Gaa/Liqut~)Ratio 

{V /V) { 

... 

LABORATORY ANALYSES: 

Gl!s Components: 

Hydrogen Sulfide 
Nitrogeu 
Carbon Dioxide 
Methane 
Ethane 
Propene 
I so-Butane 
N-Butane 
ho-Pentsne 
N-Pentaf~) 
Hexanes 
Oxygen 
Argon 
Un'knovn 

NOTES: 

,~,··- ~ - -~ 

THURMOND/McGLOTHLIN 
ERDA-6 

TABLE C.7a 
GAS COMPOSITION (MOLE%) 

SUMMARY OF STATISTICS 
ERDA-6 

FLOW SAMPLES 

NO. OF 
ANALYSES MINIMUM MAXIMUM AVERAGE( 2) cv<3) 

NO. OF 
ANALYSES 

3 21.41 27.66 24.44 13 

3 0.35 0.54 0.44 30 

3 
10 2.33 19.28 11.30 48 3 
10 19.86 25.18 23.62 6 3 
10 10.96 21 • 54 15.72 22 3 
10 0.25 0."15 0.51 29 2 
10 0.06 0.20 0.14 2'1 2 
10 o.oo 0.02 0.01 86 2 
10 o.oo 0.02 0.01 47 2 
10 o.oo 0.02 0.01 140 
10 o.oo 0.11 0.02 160 
10 0.00 4.21 0.63 200 
- -- -- --
- -- -- --

10 32.25 56.04 48.05 17 

GLOBAL GEOCHEMISTRY( 1) 
ERDA-6 

MINIMUM MAXIMUM AVERAGE( 2) 

25.9 31.7 21!.4 
3.6 17.0 12.5 

36.9 46.8 41.5 
10.3 15.0 12.1 
0.3'J 0.39 0.39 
0.10 0.10 0.10 
0.00 0.005 0.002 
0.00 0.012 0.006 

(l)Minimum and maximum values based on all analyses. However, mean value calculated excluding air contaminated samples. 

( 2}Average • Arithmetic Mean. 

{3)cv • Coefficient of Variance (%) • Standard Deviation x 100. 
Average 

<4 >volume of gas to volume of brine. Gas volume corrected to standard temperature and pressure. 

(S)Includea hexane and higher molecular weight hydrocarbons. 

" • Parameter not analyzed. 

cvC3) 

10 
57 
12 
21 

0 
0 

140 
140 

-l 
3 m 

w _, 
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PARAMETERS 
SAMPLE TYPE: 

LABORATORY: 
LOCATION: 

CORE LABORATORY 
ERDA-6 

TABLE C.7b 
GAS COMPOSITION (MOLE%) 

SUMMARY OF STtTISTICS 
ERDA-6( ) 

DOWNHOLE SAMPLES 

GLOBAL GEOCHEMISTRY 
EROA-6 

NO. OF 
ANALYSES MINIMUM MAXIMUM AVERAGE(2,4) 

NO. OF 
ANALYSES MINIMUM MAXIMUM AVERAGE(3,4) 

LABORATORY ANALYSES: 

Gas/Liqutg)Rstio 
(V /V) ( 

Gas Components: 

Hydrogen Sulfide 
Nitrogen 
Carbon Dioxide 
Methane 
Ethane 
Propane 
lao-Butane 
N-Butane 
lao-Pentane 
N-Pentafg) 
Hexane a 

4 1.92 

4 23.06 
4 0.91 
4 26.68 
4 7.30 
4 0.28 
4 0.00 
4 o.oo 
4 o.oo 
4 o.oo 
4 o.oo 
4 o.oo 

2.96 1.92 

44.74 44.74 
43.52 0.91 
46.16 46.16 
8.34 7.89 
0.34 0.30 
0.02 o.oo 
o.oo o.oo 
0.00 o.oo 
0.00 o.oo 
0.00 0.00 
0.00 0.00 

4 0.96 23.7 23.7 
4 40.4 68.9 40.4 
4 Present 27.1 27.1 
4 0.26 6.4 6.4 
4 0.012 o. 21 0.21 
4 0.003 0.05 0.05 
4 o.oo 0.00 0.00 
4 0.001 0.01 0.01 

Oxygen 
Argon 

4 10.9 7 20.5 7 10.9 7 
4 Present( ) Present( ) Present( ) 

Unknown 

NOTES: 

(l)Minimum and maximum values based on all analyses. However, mean value calculated excluding air contaminated samples. 

<2>only one sample analysis reported (DH-2). Air contamination suspected in remaining three samples. 

( 3)All samples show air contamination. Only one sample analysis reported (DH-4). This sample contained the smallest 
quantity of oxygen and nitrogen. 

( 4)Average • Arithmetic Mean. 

<5>volume of gas to volume of brine. Gas volume corrected to standard temperature and pressure. 

( 6 )1ncludea hexane and higher molecular weight hydrocarbons. 

<7>Argon peak present, but could not be quantified. 

" • Parameter not analyzed. 
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~-Tl:!!_$ 

s-.r nP£· 
li\IIOilATOI'Y· 

LOCATIOOI: 
ACTIVITY 

OE:$CRIPTIQN: 

,. 

THI.IRMOHO/IId1LOT!t..IN1 I I 

·- --· ...!~~~-- --w·-----
F<.OW TEST I 

Gl081\1 GEOC'1£MI STAY 

TAB.( C.Ae 

Gl\5 CCWOSITION IP«llnl 

5-Y Of' STATISTICS 

WIF"P-12 

FlOW S-lES 

_, ____ - ----~~~_:-_12_~--------
CORf L AEiORAf~Y 

W~PP-t2 

n~ lf'.IT, 

-N-o-.-Of'c=----- 01 cv'4l NO. 
NO, ryF--·-·-·-- ------···· -· ----- -~---~-· 

M!N. YS[$ !IIMI!'l.!M MMit!Jl! AVERAGE 11HAp$(S MINI- !IAAI- AYER.IG[I~l CVU! IIHN..YS£5 I'IIIIIIU!< 

!!f~ _ _AN~_!~~)>: 

Hydr()(fjtn Su l f I de 2 16 6 -~) 

Getlllquld Aetlc> 

CVI•t151 u 0.11 0-2• 

~.:'!~!_~: 

.!!,•~ ~~ntt~ 

KydroPf'r; Svltt• 

Nltro9tn IQ,QI n.oo 
Cor~ Olol'tlde 6 0-01 2.98 

Ml!lfhaM 6 ,,,, 18.31 

(tho"* A 
4 ·" 

~.8~ 

A'"O!Pantt 6 0.75 0.99 

~~~Butane 6 o.o) 1.09 

N•t'utttfle 6 o.oo 0.1. 

tso-Pentene 6 0·00 o.oe 
;~~ ... Pflnt liM 6 o.oo 0.4} 

J.te)l(enes 
(61 6 0 42 2 ,, 

0•Y9t!U't - --
Arqon .. 
U~IVtowft o.oo u.n 

NOT£$ 

4-91 49 

Ool~ 2(1 

... ,o }1 

I ·~8 11<1 
6~·69 " ~ 24 ,. 

0·67 I? 
().0<1 ·~ 
0·11 2(1 

o.o• 71 

o." 140 
0·82 " --.. 
~.o• 71 

2>~. l 

e.• 
o.on 

'~·· 
··~ o.oo 

o.oo 
o.oo 

ll . ., 

a.• 
o.oo 
6i.~ 

•. 6 
o.oo 

o.on 
o.oo 

"·' 8.6 
o.oo 
61.2 
~.o 

o.oo 

o.oo 
000 

t 0 Atr contetllfttn4ltlon fr(Jftl tfllpor•tnr •"st>&C1'~d \n tone 'lii'ID Hts &AO\Vtttd by Thuri'IIO'ht$~Mc'Gi01'M \t'l, tnc. Mhil and. re·.u,. 
Oupl*tetft ftftelyws etJ.O prfor-• b~ S.IJ P&troleum Leboretat'lb end Corfll LlbOf"'atOf"hts f,..,., O'.-.,poiOf\18, 1981~. 

~ 

1 
0 

1 
? 

0 

0 

CHTI\-e ttydro(fi'Jn -,ul n• M&lyl~' end QG'511 lqutd ratio dflt.,..mltustlons IIH!'f""ft J)4Vf0f"'irlt'H1 bV O'Appolonlo. NHrog;.an, r.orbon dloldd~ 

IMthan., end ethe~ne vel...-s ..,..~ mett,.urod In th& fl•id by M::lr"eo Inc: •• Clll'lsbed* N1h Ht'l~~tlcn. 

())Awtragt"': • Arlthi'IWttlc Mften.. Saml)llb tttet havfll been contemlnated bv air were not lncluMd In th" ovttri!IOI't• 

U•cv "CoeffiC:IMt of Vorlonce {S) • ~tan:~~vlotton IIC H')(). 

U)Yolume of 9«1 to volvtftlr of brl~te~ Gos 1t0lu1M arrected to stonderd t~eturo end pr•ssure. 

t&Jfnctudn he•entt end Mqflftf"' MOhrwJor •IQtlt htdrocer-bQits. 

• __ "" • Ptr'a'Mter Mt ettelyr•-

' ~ 
~ 

~ 

' 0 

0 

\7 ~l 

q,l, 

000 
A-,,Al 

... '?9 

0.11 

Tractt~ 

Trer"" 

0 00 

o.oo 
oon 

MMt~~ 1\V(R!\Gl ·-~~~ 

t9 nn 18.~0 

9.M 9~•f- ) 

0 10 
0 "'' 

hO 

M.n 66.1 ~ o.~ 

•-'H • ~tl 

o.q} O.A7 

Trac"' T,.oM.:~ 

ft'&<;P f'ft("P 

(}.{)0 o.oo 0 
(l,(l(), (i.(,O 0 
o.on f).()O 0 

'()RC0° 71 

WtPfl' .. 11 

·-----· ._!!2'!..!!.~..!.-~-----.o. ()t 

AN~V$ES ~tNIMUM IWAX:tf-U4 AVERAGl ( )l 0~ 

.o 9 •• I 1.11 " •o " 
I '0 ).8] .. ~ .. ,, 

171 10 ·~ 11 '? 
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TME 3153 

T.,BLE C.Sb 

GAS C()oP()SITION I~ESl 
5\J+I.IIRY Of STATISTICS 

WIPP-12(1 l 

?AA,tlo!ET(RS ----

SAM>Lf TYPE: DCWNHCl..£ SAM>LE S 

L~ATalY: C(RE L'BORATalY '106AL. GEOCHEMI STliY 
LOCATION: WIPP-12 WIPP-12 

~-~ ~-~ 
All~ YSES "IN 1!4JM ~IJ[ 1"'-"l AVERAGE 121 cv 01 

.<.N~ YSES "IN I- '!!\XI- HERAGEC21 cv'3' 

L1.BCRATORY ANAL YS£5: 

GesA lqu i d Ret io 
IY/Vl 14 l 2 0.511 o.ss9 O.S}5 6 

G~s Co~n&nts: 

Hydr"9"n SuI f I de 2 13.61 27.57 20.~9 48 2 7.5 2e.2 17.9 82 
Nitrogen 2 .t5.97 59.30 57.6~ 29 2 49.8 54.4 52.1 6 
C8rbon 0 i o•l de 2 0.20 0.61 0.41 12 2 Trece 0.48 0.24 !40 
"eth8ne 2 15.49 23.~ 19.45 :?9 2 5.7 6.4 6.1 8 
Eth- 2 0.99 1.46 1.2) 21 2 0.17 0.60 0.39 79 
Propane 2 o.oo 0.26 0.1) 140 2 0.015 0.06 0.04 a5 
I sv-8ut erte 2 o.oo o.oo o.oo 0 2 o.oo o.oo o.oo 0 
N-Butone 2 o.oo o.oo o.oo 0 2 ':).001 0.015 o.o1 120 
I so-Pentane 2 o.oo o.oo o.oo 0 2 o.oo o.oo o.oo 0 
N-Pentane 2 o.oo o.oo o.oo 0 2 o.oo o.oo 0.00 0 
Hexanes( 5 ) 2 o.oo o.oo o.oo 0 2 o.oo o.oo o.oo 0 
C><v9efl -- -- -- -- -- 2 1).4 18.1 15.8 21 
Argon -- -- -- -- -- 2 ?resent161 0 resent 161 ere-sent 161 

~TES: 

f. 
CllAII s....,les h8ve re8cted with 8nd been cont..,ln8ted by air +o SOllie degree. 

121
Average • Arlthnetlc Mean. 

131cv • Coefficient of hrlance lSI • Stondard Devl"t 1on" 100. 
A~erage 

141
Vo1UIII8 of gas to volume of brine. Gas volume ccrrected to stondard t~erature 8nd pressure. 

151
1ncludes he><ane and l>lgher molecular weight hydrocarbons. 

16111rgon peak present, but could not be quantified. 

. . • P!lr.sneter not analyzed. 
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I.ABORATORY: 
I.OCATION: 

NUMIIER 01' 

TARI.E C.9 

ISOTOPIC GOMI'OS IT ION Of GASES 

SUMMARY 01' STA'rlST!f~) 
EKOA-h ANO WIPP-12( 

CLOnAL GEOCII EMI STRY 
Ell.llA-6 

NiliifiYH OF 

r.t.OilAL r.mCIIF.MlSTKY 
W)I'P-12 

PARAMETF.R( 2 ) UNITS ANALYSES ~INlMliM 11AX I ;.111M AV EKAr.~:( 1) cv<4> ANALYSF.S Nl N I MliM ~IAXI~Hm AVERAGE()) 

u2s 

cn 4 

COz 

NOTF.S: 

60 

s34s 

M 

.'ilJC 

lil3C 

61Ro 

0 /oo l1 (S) 

0 /oo 14(7) 

0 /oo 1 ( 9) 

0 /oo q(l •1) 

0 /oo 11,(11) 

0 /oo 14< 11 > 

-6ll -4fil 

-22. 1? -l'l.li) 

-321 -2/.Q 

-6~.112 -S'l.Rfl 

-ll.f;l -1.14 

4'1.02 )2.'1) 

-5]1) ') J(,(h) -)h4 -522 -544 

-20.46 ) 19 (II) -15.13 -13.94 -14.31) 

-264 l'l 16(h) -2211 -21"/ -221 

-f'>l. 'IIi 4 l6(f;) -46.116 -I,R.42 -4fl.f;~ 

-.~., 7 41 

'>l.f;O 2 

(l)Anslysea performed hy Glohal Geochemistry Corporation, CanORS l'ark, CRIIfornla. Value~ cxcl~dP ~lr-contamlnated samples. 

< 2 > 6x - [ ;s~"T.!!_ - 1] x 1 o 3• 
Starltlard 

x • O, R • 0/11, Standard • SHOW. 

x • 111o, R • 111o1 16n, Standard • SM~J. 

x • 14s, R • 14s1 12s, St~nd~rJ • Connn 0\ahln Trfnl fLP (COT). 

x • 
11c, R • 13ct12c, Stnndotrd • llt•lemnlte J'roni P •. •,•dee FormHion In South C.unllna (I'Oll). 

())Averar,e • Arithmetic Me11n. 

<4 >cv • Coefficient of Varl11nce (7.) • Standar.'~.!~-~l_;~t lon x 100. 
Averar,l' 

(
5

)Analyses of five split samples and one Individual snmpll' were performed. 

(h)Analyse,; of six ,;pllt sampleR and four lndlvldu.~l "nmples wpro" pt>rfnrml'd (flow ""mples only). 

(l)Annlyses of ~Pvrn ~rltt RAmplrM were pl'rform~d. 

CV ( 4) 

2 

2 

0.2 

(R)Analy~eR of six Rpl\t SAmples, four lndlvlthlRl Rnmples, 11n1l three duplicAtes of onr lndlvl•lual .1111i two of till' ,;pllt s11mplrs were perf,>rm••ol. 

(Q)An~lvscs of thrcl' IndividuAl Hample~ were performed. 

(IO)Analyso•,; of four SJ>llt "Rmples anrl one fnfilvldual .o;nmple wcr" p••rformpd. 

(ll)Analyses of Rix split samples and two IndividuAl sampleR were performer!. 

" • ParAmeter not analyzed; no carhon dloxlfie detected in ~li'P-12 ~ases. 

--i 
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m 
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TABLE C .10 

IONIC RATIOS IN SEAWATER AND BRINE 
(wt/wt Basis) 

RATIO 
SEAWATER OR BRINE Li/Br Na/Br K/Br M~/J~r 

Seawater 0.003 169 5.4 20 

Seawater at beginning of 0.003 163 6.0 22 
gypsum/anhydrite precipita-
tion 

Seawater at beginning of 0.003 35 S.A 19 
halite precipitation 

Seawater at beginning of 0.003 16 8.6 19 
magnesium sulfate precipita-
tion 

Seawater at beginning of sylvite 0.003 1.5 3 .o 15 
precipitation 

ERDA-6 (average) 0.28 144 5.1 0.5 

WIPP-12 (average) 0.55 276 6.0 1.2 

Reference: Collins, 1975, Table 7. III 

.l .·t ... 

Ca/Br Cl/Br 

6.2 292 

2.8 297 

0.03 69 

0.002 64 

o.o 42 

0.57 207 

0.73 360 

if.: s~ll .. 

TDS/Br 

494 

492 

129 

109 

63 

375 

744 



TAI'IL£ C.ll 

P<IN[RALOGICAL C(l'f'OSITION ClF SFLFCTII> l~(l()< SA>PLF~ 

FROM FRDA-6 AND WIPf'-12! II 

SAWL£ DEPTH OESCR I PT I ON OF 

1FT .l · WELL LOCATION Aulk (1) 

c.,lclte O;r,lomlte ~nhydr f te He,lhydr.ete t-f" II t.., ::lu..,r tz 

rc..co 11 !C.,..g!C0112 l rcoso4 1 rc.~o4 • 1t 2 H2ol (~I!CI I ~ ---

2R~I.'·2R~I. 7~ WlpP·J2 AnhydrIte II I -- -- ?'I tr -- tr 

2941.1-2'141 •• WIPP-12 A.nhydrlte Ill, so""' clays -- -- 99 tr -- --
}016. 7-101~.9 WIPP-12 fracturtt In Anhydrite Ill cnotalrdng hrfne -- tr ~A tr -- tr 

}061.4·3~1.~ WIPP-12 Contoct Mhydrlte II 1/Hollt., II tr tr M tr J} 

1120.~-}120.7 WI PP-12 AnhydrIte s tr I t't9ftr In He I I te I I tr -- ')~ tr -- --
J27~.6-J177.0 WIPP-12 Contoct Hollte 11/Anhydrl te II -- tr 7A tr 11 

112,.0-JI/~.2 WIPP-12 Anhydrite II with l.,.lnoe ' tr 96 tr -- --
1194.2-}1~4.8 WIPP-12 Vugs In Anhydrite II nftar Hallt~ I cont.,~t ? -- Q() tr 

ll85.4-na~.e WIPP-12 Cont.5ct Anhydrite 11/Ht!llte I tr tr (,'\ tr I·' 

JJ85 .4-JIA5 .8 WIP:>-12 Anhydrite II near Halite I cont.,ct -- tr q9 tr 

IB91.1-IB91.~ WIJ'0-12 Anhydrite ' .et contact ,.Jth Halite I -- -- IOCl tr 

IQ04. 1-1qo4. Q WIPP-12 0 ol nt where Antlydr 1 to:t I becomes h"di':IAd I -- 98 tr -- --
2611.9-2612.0 ERD~-6 Recrystalllzad core bre~k In "nhydrlte II 2 -- ?7 tr -- --

NOTfS: 

(J),t,nl'lty~~.., 01!1"'10t"r'l'ftd hy qes~~volrs, tnc.., Oenv('lr, C'.oloro{to u~lnq.., !iclntiJq Pft\l II "utornatad Dlfrri'ICfOI'h':?ft,,r with 1000 S.,rh~s IIi-Purity Germ.,ni,Jrn low 

E'nargy P,oton i:lt!tector. Bulk sornples were onolyzed frtJ'n 2 to tlO dftqretts two thf'lt1t ttt steps of 'l.O'\ d~ore~,. countln9 fl.'j ~t!Cond'!" ~t "'"ctr '!lf<l!'p. 

Cloy SN"Pies were anolyz~d from 2 to 27 de9rees two theta. ror qreater re,otutlon ~elf!Chtd os~lt:ts were ttnolyz,u1 nt ,..,,..p!li ot O .. ()l t1e•lrot•w• countin~ 

n to Q s~confls e11ch step for G tot&l scttn tlnte o1 20 hours. o\c:cur11cy uslnq this tMtt"lot1 Is ttstlmat.,rl o1! "; p~rc~nt t~nr:J pr~clsloo ,t..!. :l pprct-nt .. 

(
21

votues expressE"d as wel9ht percftnt. "tr" • l.f!ltss 1hon 1 parcant. 

(,')V11Iu~s e)ll'pra,,ed as wel9ht parcent of moterlol hnio thnn' microns In '''P. <cloy traction),. 

The total t~mount o1 ~noterlols cloy slu•d portlclfJS Is less than ona perc~nt. 

•--• • Not pres.ent. 

<'j j.l 

Tot111 

Cl ~v 1111 te Ch lor It~ 

tr 100 

tr -- --

tr )7 --

tr -- 4n 

tr )4 30 

(\) 

Stnact I ttl' 

--

--

--
)f, 

Uon-e)fpllndnh I e 

"'fl )l('!',t-layP.r 

1!10 

0 

" 

-i 
3 
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Origin 

1. Meteoric Water 

2. Waters of Dehydration 

3. Ancient Seawater 

4. Mixture of Current 
Meteoric Water and 
Seawater 

s. Mixture of Ancient 
Low-TDS Meteoric 
Water and Seawater 

6. Mixtures of De hydra-
tion Waters and Sea-
water 

"No " indicates data do not 

TABLE C.l2 

CORRESPONDENCE BETWEEN CHEMICAL DATA AND 
HYPOTHETICAL ORIGINS FOR BRINE 

Major/Minor Trace 
Element l.Jater Other Elements 

Chemistry Isotopes Isotopes Chemistry 

No No No No 

No Maybe Maybe No 

Yes Yes Yes Yes 

No Maybe No Yes 

Yes Yes Yes Yes 

Yes Yes Yes Yes 

sueport hypothesis. 
"Yes " indicates data do sueEort hypothesis. 
"Maybe .. indicates data may or may not support hypothesis. 

Physical 
Evidence 

Yes 

Maybe 

Yes 

Yes 

Yes 

Maybe 

>-i 
:X 
M 
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<n 
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0~ 1- (m~j/1) 
z 
w 

~ u 
:r:. z ,.,., 

0 CD, 

~ u 
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NOTES• 

I. CASTILE WELLS= ERDA-6, WIPP-12, UNION, 

SHELL BOOTLEG AND UNM POKORNY. 

2.. NUMBERS EXPRESSED IN RELATIVE 
PERCENT EQUIVALENTS. 
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NOTE= 

TME3153 

A. PHOTOMICROGRAPH OF WIPP-12 CORE {SAMPLE 14,3276.6 FT.) 
SHOWING AUTHIGENIC QUARTZ CRYSTAL !N CENTER 

OF PHOTO, AT ANHYDRITE IT I HALITE II CONTACT 

B. PHOTOMICROGRAPH OF WIPP-12 CORE (SAMPLE 6, 2943.3 FT.) 
SHOWING POSSIBLE PSEUDOMORPHS OF ANHYDRITE AFTER GYPSUM 

IN ANHYDRITE m. {RADIATING GROUP OF ACICULAR 
ANHYDRITE CRYSTALS, LEFT OF CENTER) 

FIGURE C-18 

PHOTOMICROGRAPH OF 
WIPP-12 CORE 

PHOTOS TAKEN BY RESERVOIRS, INC., 
DENVER, CO. DEPTHS ARE FEET BELOW 
GROUND SURFACE, AS MARKED ON CORE 
{UNCORRECTED FOR GEOPHYSICS}. 
REFER TO TABLE C-11 FOR MINERALOGIC 
COMPOSITION. 
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PART V - SUHMARY ANO CONCLUSIONS 

1.0 INTRODUCTION 

The analyses and interpretations by three disciplines geology, hydrology, 

and chemistry -- have been integrated to form a model of brine reservoir 

genesis, and to assess the current and future status of brine reservoirs as 

they relate to the WIPP site. In particular, the effect of these reservoirs 

on the potential suitability of the proposed research and development facility 

for storing transuranic radioactive waste was assessed. The model presented 

ln this summary section represents the hypothesis which encompasses and 

explains more of the data than any other hypothesis. Alternative hypotheses 

are presented in the body of the report. 

2.0 GENESIS OF PRESSURIZED BRINE RESERVOIRS 

The development of the brine reservoirs began in the Permian Period about 235 

million years before present. The Castile evaporites, consisting primarily of 

anhydrite and halite, were deposited at that time (Part II, Section 3.4). 

During the initial chemical sedimentation (or precipitation) period, t~~ 

solids were poorly consolidated, and porosity may have been as high as SO 

percent (Part II, Section 4.4). Much or all of this pore space was filled 

with Permian seawater that had been enriched in dissolved solids by evapora

tion. As a result of that evaporation, some enrichment of deute~ium and 

oxygen-18 in the water also occurred (Part IV, Section 5.1.3). 

~s sedimentation in the basin continued, the seawater became trapped as an 

interstitial fluid between individual grains of anhydrite and halite (Part IV, 

Section 5.1). As compaction increased, grain boundary accretion of halite 

probably surrounded some of the pore fluids and gave rise to fluid inclusions 

in halite crystals. 

Subsequent to lithification of the sediments, the evaporite sequence was 

deformed (Part II, Section 4.3). Deformation is represented, in part, by the 

localized elongate, salt-cored anticlines associated with the Castile brine 

1 
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reservoirs (Part II, Section 2.3). These features were probably generated by 

flow of halite in response to differential stress. Mechanisms for salt flow 

that have been proposed include the following (Part II, Section 4.3.1): 

(1} halite thickening occurred as a result of gravity foundering (or density 

contrast between halite and anhydrite} possibly aided by interstitial fluids 

or small-scale faulting; (2) regional tilting of the basin, which took place 

in early Tertiary time (about 65 million years ago), Miocene time (between 25 

and 12 million years ago), and late Pliocene to Pleistocene time (12 to 1 

million years ago) may have caused gravity sliding and thickening of the lower 

halite against the buttress of the Capitan reef; (3) dehydration of gypsum to 

form anhydrite with attendant release of water locally reduced the strength of 

anhydrite and facilitated upward halite movement. 

By whatever mechanism, the upward flow of salt deformed the overlying anhy

drite and caused it to fracture as a result of extension (Part II, Section 

4.3.3). The open fractures acted as unfilled voids to attract the most mobile 

phases present in the evaporite sequence. Those mobile phases were brine and 

perhaps some of the associated gases. Flow into the fractures of the anti

cline released some of the pressure on the brine and resulted in the current 

reservoir pressure being somewhat less than present lithostatic, but greater 

than present hydrostatic pressure {Part II, Section 4.3.3). During this local 

flow of brine, some halite and (in the case of WIPP-12) glauberite were 

probably dissolved (Part IV, Section 5.1.2} 

Most of the brine originated as pore waters associated with the anhydrite. As 

the magnesium-rich waters mlgrated toward fractures, they reacted with calcite 

to yield dolomite (Part IV, Section 5.1.2) This accounts for the presence of 

dolomite in the anhydrite (Part II, Section 4.1.3). The reaction also greatly 

enriched the brine in oxygen-18 and depleted it in magnesium (Part IV, 

Sections 5.1.2 and 5.1.3). 

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, 
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whereas in WIPP-12 a portion was produced thermogenically (by the thermal 

degradation of organic matter) (Part IV, Section 4.3.3). Most of the hydrogen 

sulfide (liquid) ~as produced biogenically after the physical processes of 

reser~oir formation were completed. However, a portion of the hydrogen 

sulfide may have had a thermogenic origin and been trapped similar to the 

methane (Part IV, Section 4.3.3), At this stage, the evolution of the brine 

may have been complete. However, minor dissolution of the confining halite 

beds (top and bottom) may have occurred, resulting in the halite saturation of 

the WIPP-12 reservoir (Part IV, Section 5.1.3). 

3.0 PRESENT STATUS OF PRESSURIZED BRINE RESERVOIRS 

The ERDA-6 and WIPP-12 brine reservoirs may be modeled as fractured hetero

geneous systems. The volumes of the ERDA-6 and WIPP-12 reservoirs are 

estimated, within an order of magnitude, to be about 630,000 barrels and about 

17,000,000 barrels, respectively. Of these volumes, only three percent or 

less could be delivered to the surface without pumping if a man-made 

connection were provided. The vast majority of brine is storerl in low

permeability microfractures. About five percent of the overall brine volume 

in each reservoir is stored in large, open fractures (Part III, Sections 3.4.3 

and 3.4.4). The large fractures form an infiltration gallery or extended 

well, providing a collection mechanism and high-permeability conduit for brine 

flow. The large fractures provide an initially vigorous flow or pressure

buildup response (Part III, Sections 3.4.3 and 3.4.4), The microfractures 

provide a slow, sustained response. Given sufficient time, flow from the 

microfractures can largely replenish any depletion which has occurred in the 

large fractures. 

The Delaware Basin has been tectonically stable for at least the last million 

years. At present, the Castile brine reservoirs appear to be isolated. There 

is no evidence to suggest hydraulic or chemical connection between reservoirs, 

or between reservoirs and other ground-water systems, either at the present or 

in the past (Part III, Section 3.4.1; Part IV, Section 5.3). Prior to 

testing, the hydraulic head in WIPP-12 was 4680 ft MSL (for pure water) while 
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in ERDA-6 it was 5551 ft !-1SL. If good hydraulic communication between the t"Wo 

wells existed, these hydraulic heads would he nearly equal. Furthermore, the 

hydraulic heads in both the ERDA-6 and WIPP-12 reservoirs exceed those of 

local ground waters, including the highest ground-water recharge zones of the 

basin. Thus, ground water cannot be recharging the brine reservoirs. The 

maintenance of these elevated hydraulic heads for at least a million years 

with no recharge potential attests to the lack of flo"W from the reservoirs to 

the local ground waters. With flow occuring neither to nor from th~ 

reservoirs, hydraulic isolation is maintained. yinally, the gas and brine 

chemistries of the two reservoirs are distinctly different from each other and 

from local ground waters. For example, large differences in the gas composi

tions exist between WIPP-12 and ERDA-6 (Part IV, Section 5.1.4). The gas in 

WIPP-12 is composed mostly of methane and has little or no carbon dioxide. 

ERDA-6 contains substantial quantities of carbon dloxide, and more hydrogen 

sulfide than WIPP-12. Differences observed in the brine composition include 

boron, bromide, magnesium, potassium, and lithium concentrations (Part IV, 

Section 3.3.2). Connection between reservoirs would eliminate these 

differences, especially with respect to the highly mobile gases. Accordingly, 

if connected in the past, the current brine (and associated gas) compositions 

of the two reservoirs would be equivalent or more closely related. 

In addition to being isolated, the brines appear to be in chemical equilibrium 

"With their surroundings, and they are stagnant (Part IV, Section 5.2). 

Specifically, the Eh's measured for each "Well are consistent with theoretical 

equilibrium calculations for Eh using thermodynamic data for coexisting gas 

pairs (methane-carbon dioxide) and for dissolved sulfide species (hydrogen 

sulfide-sulfate). This agreement indicates bulk system equilibrium among 

solid, liquid, and gas phases. Moreover, the brines are chemically saturated 

with the primary phases of the reservoir host rock (anhydrite and calcite). 

WIPP-12 also appears to be saturated "With halite, the principal phase of the 

confining strata. These data further support the contention of equilibrium 

(Part IV, Section 5.2). 
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'Itle origin of water in Castile brine reservoirs preferred in previous work 

(~~rt, 1978; Barr et al, 1979; Lambert, 1983; La~rt and Carter, 1983) is 

old meteoric groundwater, acquiring its present solutes and D/H and 18o;16o 
ratios during extensive interaction with minerals associated with the evaporite 

sequence. If this grourrlwater is inferred to have originated in the nearest 

highly proouctive groundwater reservoir, the Capitan LL-nestone, its probable 

a is 5.14 for the actively recharged region near Carlsbad {Carlsbad Well 
0 

No. 7). 

Hiss {1975) showed L~at other nearby portions.of the Capitan hydrological sys

tem {near b,e postulated groundwater divide) are probably not actively moving. 

The waters from the Middleton and Hackberry wells, on eiL~er side of the divide 

apparently formed by the Laguna Sub1larine Canyon syst~11, have a -values of 1. 81 

and 1.22, respectively (Barr et al, 1979). These wells are inferred to have 

no direct interconnection with each other, because of their distinct a -values. 

Further, as discussed by Barr et al (1979), these waters have been isolated 

from their inferred source of recharge ( a
0 

= 5.14) for 500,000 to 1,100,000 

years; ~~e Middleton and Hackberry wells are developed in relatively stagnant 

portions of the Capitan. Thus, it is not geologically reasonable to use their 

a values for calculating ages of isolation for the brine reservoirs, since 

their observed a values 

(a) do not represent a \ralues of actively recharged groundwater, 

{b) have themselves ~ecreased by radioactive decay since the formation of 

the brine reservoirs, and 

(c) were probably significantly different from their modern (observed) 

values at the time the brine reservoirs formed. 

Given a reasonably fast transit time for water in the "active" portions of the 

Capitan (Hiss, 1975), and inferring that, for a period of time, the fractured 

Castile anhydrite was at·one time hydrol~ically connected to the Capitan, this 

model allows calculations of the age of the end of the hydraulic connection, 

i.e., entrapnent of the fluids within Castile anhydrites. For WIPP 12, the 

resultant age range is 360,000 to 610,000 years, and for ERDA 6 700,000 to 

880,000 years. The latter age is in close agreement with the work of Barr et 

al (1979) • 
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-~-~ ------~~~-~-~----------------------

• 

• Higration of brine made possible by hydraulic and/or 
chemical disequilibrium and dissolution of halite 
(Part IV, Section 3.3.5). 

Neither of the above mechanisms are feasible in the study area. The proposed 

horizon for the WIPP facility is separated from the brine-bearing anhydrite 

horizon by approximately six hundred vertical feet of halite with minor clay 

interbeddings. The extremely low perme~bility of halite, combined with the 

absence of fractures, and the fact that the brines are saturated or nearly 

saturated with halite, removes from further concern the potential for vertical 

brine migration. 

At present, the brine reservoirs are stable. Moreover, brine reservoirs 

appear to have been stagnant for at least a million years, as evidenced by 

permanent hydraulic disequilibrium and distinctly different chemical charac

teristics. No feasible course of events can be anticipated which could cause 

the Castile brine reservoirs to have a significant adverse effect on the 

suitability of the WIPP site for the disposal of TRU waste. 
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Gro~~dwater Residence Time 

Introouction 

r:-rE 315 3 

The uraniurn-isotope disequilibr iwn method (the U method) of determining t.~e age 

of entrapment of sroundwaters is dependent on the systematic preferential 

buildup of 234u with respect to 238u in one part of the groundwater system, 

and the radioactive decay of 234u (faster than Lliat of 238
U) in another 

part of the systern. Deviations of the 2?~u;238u specific activity ratio 

( et) from unity provide the basis for tracing groundwater flow paths (Kronfeld 

et al, 1979) and estimating limits to the age of confine.:nent of the water (Barr 

et al, 1979). Note specifically t.IJat the age given is that of entrapment of 

the water, not necessarily that of initial origin, and that entrapment is 

defined as the process by which the groundwater ceases to be e:qx:>sed to new 

surfaces of fresh, unaltered rock. It must be kept in mind t.'Jat fresh rock 

surfaces can be exposed to fluid contact by continuous processes, such as minor 

fracturing, as well as by more discrete or singular events. Like the well

known carbon-14 method, the U method does not yield an absolute age from a 

single data point; rather age is some function of the inferred initial and 

measured final states of the system. Unlike the chlorine-36 and carbon-14 

methods, the U method does not depend on a component of ground·,.;ater that is 

purely atmospheric in origin. 

The U method allows calculations of residence tirnes to a maximum of approxi

mately 2,000,000 years, well beyond the limit of C-14 (35,000 to 45,000 years). 

The maximum measurable age is set by analytical limits resulting from the rela

tively rapid decay of 234u. Even for groundwaters of very high a., say 15, 

the calculated activity ratio decreases to a value analytically indistinguish

able from that at secular equilibrium (1.0) well within 2,000,000 years. ·rtle 

initial conditions inferred in the U method need not be atmospheric. Instead, 

transit times can be calculated based on the inference that b1o bodies of 

groundwater with different a.'s are now connected or have been connected in the 

past. The "age" calculated from the u method, based on decrease in a. from an 

inferred initial value at the time of entrapment, is thus entirely dependent 

on the inferred model of origin a..'1d emplacement of the groundw·ater. 
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The assUJnptions f1.mdamental to t.IJe U method involve t.'le processes governing the 

h . 234 . . 1 . . . . be d th c anges 1n U concentration 1n so ut10n. FH st, 1 t must assume at 

only radioactive decay diminishes the 234u activity relative to that of 
238u. This appears valid, since, in the age ra..r1ge of the U method, it can be 

assi.Ulled that virtually no 238u decays. Second, it is assurned that only 

preferential leaching of 234u relative to 238u results in a buildup, as 

discussed by Kigoshi (1971), Andrews and Kay (1982), and Fleischer (1982). 

Both of these assumptions are reasonable, since a mass difference of 4 out of 

238 is insufficient to give rise to appreciable physicochemical isotopic 

fractionation in exchange, dissolution, or precipitation reactions (Urey, 

194 7). 'Itlus, the preferential leaching of 234u (daughter of 234Th, itself 

a daughter product of 238
U), a result of dairege to the surrounding crystal 

lattice upon recoil during alpha-decay of 238u, is not reversible. 

The work of Barr et al {1979) resulted in the development of two geochronolog

ical models, one involving no additional uptake of U frQ~ rock along the flow 

path between inferred source and present occurrence, the other taking into 

account continuous leaching of additional U from the rock. The no-leaching 

model: 

t .. 

depends only on the 234u;238u activity ratio in the groundwater of inter

est(ob), its ge::>logically inferred original a (a
0
), and >..

2
, the radio-

234 -6 -1 active decay constant for U (2.806 x 10 a ). The leaching model: 

(
Clb - 1 

ln 1 a -0 

- fr) 
fr 

t = 

in addition depends on r (the equilibrium ratio of specific activity in rock 

to that in coexisting water) and f (the composite fractions of 234Th precur

sor, 234u, and 238u leaching from rock). 
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'ttle latter equation is equivalent to that developed by A.'1dre.,.,·s and Kay (1982) 

for the increase of a. in solution as a function of tL'lle: 

Discussion 

a = 

= 234 A 
238 Th 

A = 
234 u 

A = 
238 u 

us = 

~ 
238 ) 234 J.23S Au 

ATh 234>-. 238u 
Th s 

[ 234 J 1-exp(- Aut) 

activities of 234u and 238u dissolved from 

rock by chemical etch processes (no recoil

facilitated preferential leac~ing) 

decay constant of 234Th (10.5 yr-1 ) 

decay constant pf 238u (1.537 x lo-10yr-1) 

decay constant of 234u (2.806 x lo-6yr-1) 

number of 238u atoms within the 234Th recoil 

range of the continuously leached rock surface. 

Lambert and carter (1983) applied toth the "leaching" a'1d the "no-leaching .. 

models of Barr e t a 1 (1979) to the ERDA 6 and ¥t'IPP 12 brine reservoirs in 

calculating residence times of the respective waters in their anhydrite host 

rocks. In the "no-leaching" model, it is asswned that trapped fluids do not 

equilibrate with ~,e rock ~~ss in which they are found, either during flow to 

the present location or after entrap-nent. In the "leaching" model, it is 

assumed that in-place equiiibrium is approached. 11'le a. for E.'IIDA 6 is between 

1.34 and 1.58 at the 95 percent confidence level, (3 replicates), and for WIPP 

12 is between 1.74 and 2.54 (8 replicates). 

One proposed model for the origin of the Castile brine reservoirs is the migra

tion of primary intergranular pore water (Permian seawater) into the fractures. 
If this rrodel is correct, and Permian seawater is assi.IITled to have the ·sam! Com:-:{· 
position as present seawater, the initial 234u;238u . . 
is constrained to be 1.15 (Osmond and Cowart, 1976). 

The brines in the fractured reservoir rock of ERDA 6 and w"'PP U 

a -values in the range 1.3 to 2.6. An apparent negative 

of the no-leaching model (Barr et al, 1979), since only 
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the observed a are taken to represent the initial and final states of the 

system in this model. 

less than the observed 

implies the a
0 

selected 

not apply, or both. 

The awarent negative age arises because the a is 
0 

a. Since negative ages are of course not real, this 

is wrong (wrong origin) or the no-leaching model does 

An age or residence time can be calculated based on a buildup in a closed, 

stagnant syst~~ of groundwater in contact with host rock; this is the "leach

ing" rrodel. This is done here using the method of Andrews and Kay (1983) and 

the values for U content for rock in the ERDA 6 reservoir, 2 parts in 106 by 

wt (Barr et al, 1979) and 0.22 x 10-6 g/kg for the water. 

Additional specific assumptions made are that: 

a) The brine reached secular equilibrium (a = 1.0) at its former 

location. 

b) 'Ihe brine was e..11placed at its present location "instantaneously," 

i.e., rapidly enough so that no leaching took place along the path of 

injection. 

By this method and under these assl.liTiptions, the closed-system "leaching" calcu

lation predicts t.l-!at t.l-!e a value of the water should have risen from a 0 = 1.0 

to 1.3 in only 25,000 years and to 1.58 in 50,000 years. Thus, residence times 

in ERD~ 6 and WIPP 12 under these assumptions do not exceed 50,000 years. 

If, on the other hand, it is assumed that brir.e emplacement has been a result 

of ongoing structural deformation, and that brine continuously equilibrated 

with the surrounding rock mass un~il entrapment, the initial a value is inde

terminate. The rraximum measurable residence time, as described above, becomes 

no more than 2,000,000 years. In fact,·for the specific rock systerr..s of inter

est here, the maximum measurable age appears to be approximately 800,000 years. 

The fact that measured a 1 s in ERDA 6 and WIPP 12 are distinctly greater than 

1.0 thus strongly indicates that local residence times for t.~ese brines are 

less than 800,000 to 2,000,000 years, regardless of assumptions about original 

brine origin and mode or rate of brine emplacement. 




