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BACKGROUND

The Waste lsolation Pilot Plant (WIPP)
project is a U. S. Department of Energy
{DOE) research and development facility to
Jermnonstrate the safe disposal of radioactive
wastes resulting frem the defense activities
znd programs of the United States. This
demonstration consists of two pa s. First,
bout six million cubxc feet of 1 L‘ waste
ml be emplaced in the thick bedded-salt
He"ocns of the Sa.ado Formation in south-
astern New .we,\zco at a depth of about 2150
feet. Second. the WIPP will provide for
research relative 1o the interactions of
Jefense hu\h ‘c\c waste with bedded salt,
-tevel waste will be removed
Fgecommissioning.

i

A potential location was selected for the
WIPP in the northern Del aware Basin of
New Mexico, and three expleratory core
loles were drilled (AEC—/, AEC-R,and
ERDA-6; Figure 1). While drilling the third
such hele (ERDA-6), substantial gzologic
structural deformation was noted, and brine
and gas sufficiently pressurized to flow to the
surface were erxc-umured The unpredict-
ability of the g og) led to reiccation of the
site to its pre w.rt lccation in 1974 (Figure 1).
Since relocation, anes xtensive site character-
ization program as been Londucted and the
adequacy of the site has generally been
demonsirated.

5"
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Figure | — Location of WIPP Site and Boreholes AEC-7, AEC-8, WIPP-12 and ERDA-6
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n 1981, an agreement was signed between
he State of New Mexico, the DOE, and
others which included several studies
intended to address the State’s concerns
relative to the suitability of the proposed
WIPP site. Some of these studies addressed
an area of geo! ogic interest north of the
proposed site, and pressunz-"d brine
eservolrs in the Delaware Basin, The work
was begun in Getober 1981 and included the
reopen 1ng and testing of ERDA-6, and the
uﬂepcmrg and testing of WIPP-12, an
exploration borehole which also encountered
pres>unzed brine and gas This report
provides an ascount of these studies.

!
[3
18

These studies and preparation of the brine
reservoir report were performed by the
WIPP T: xcal Support Contractor (TSC),

>chr
p:‘imar- by D'Ap olo.*u Consuiting
cinc. (a .:-cm‘oer of the WipPP-

IbC) under subcontract te the W Pmn; 1011se

Ciectric Co p ration (the TSC pnme
contractor). Sandia National Laboratories,
Albuquerque, N.M. provided critical review
of the studies 2and report; the U. S.
Geological Survey also made comments.

3

The occurrence of pressurized brine
reservoirs in the Castile Formation
(underlying the Salado Formation) of the
Delaware Basin has been documented over
ihe past 40 years by reports of reservoir
encounters by hydrocarben exploration
drilling. In general, these reservoirs were
known to be contained in fractured anhydrite
with assoctated hydrogen suifide gas and
were thought to be related to antiforms in the
Castile.

Various theorizs 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 was to determine the characteristics
and origin of these reservoirs and evaluate
their potential impact on the integrity and
stability of the WIPP site.

Data used in the performance of this study
were obtained from drilling and hydrological
testing in boreholes ERDA-6 and WIPP-12
and from _“cmz:a‘ ana

vses of samples of
reservoir brine and gas :01 zcted at these two
wells. Information wzs a obtained from a
review of published an published
literature on the "=o} n i hydrology of
the basin. The principal data reviewed and

analvzed in this report are contained in
“Data File Report - EQD% -6 and WIPP-12
Testing™ (D'Appoionia, 1982, 1983).

SUMMARY OF FIXDINGS

The analyses and interprelations by three
disciplines — geology, nvdrology, and
chemistry — have bheen : ted to form a

s:
status of brine

sess N od
reservoirs as they relat e WIPP site.
The development of the b reservoirs
began in the Permian d about 235
miilion vears be ;‘o'c prasent. The Castile

evaporites, consisti ing pnmarm of anhydrite
and halite as shewnmn F Figure 2, were
deposited at that time. Dunng the initial
chemical sedimentation {or pFec'pntatxon)
period, the solids were poorly consolidated
and highly porous. Much or all of this pore
space was filled with Permian scawater that
kad been enriched in dissohved solids,
cxygen-18, and probably deuterium by

vaporation. As sedimentation in the basin
continued, the scawater became trapped as
an interstitial fluid between individual grains
of anhydrite and halite. As compaction
increased, grain boundary 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 cencentrations in the brines
leads te the conclusion that the reservoir
brines originated from ancient seawater with
no evidence for fluid contribution from
present meteoric waters.
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Figure 2 — Fence Diagram of the Geology of WIPP Site Vicinity e

Subsequent to compaction and lithification
of the sediments, the evaporite seguence was
deformed. Deformation is represented, in
part, by the localized elongate, salt-cored
anticlines associated with the Castile brine
reservoirs (e.g., Figure 2). These features
were probably generated by flow 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 {low of salt locally deformed the
overlying anhydrites and caused them to
fracture as a result of extension (see Figure
3).

The waste disposal horizon, which is
separated from the locally fractured anhy-
drite by about 600 feet of unfractured, low-
permeability halite of the Salado Formation
(Figure 2), was minimally deformed by the
flow of Castile salt. The open fractures in the
anhydrite 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 released some of the pressure on
the brine and resulted 1n 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 WIPP-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-

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 17,060,000 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 reservorr 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 microfre s provide a slow, sustained
response. Cl\cn wfﬁc r:t ime, Fov. from the
microfractures can large I) cplenich any

SCur

.
depletion which has occurred in the large

{ractures.

At present, the Castile brine reservoirs
appr:ar to be isolated. There 1s no evidence to
suggest hydraulic or chemical cennection
between raservoirs, or between reservairs and
other ground-water systems, either at the
present or in the past. The persistence of high
and different hydraulic heads in Castile brine
reservoirs for at Jeast one mulion years (the
age of the most recent tectonic activity) is the
prinr3nal ‘mc‘»roiogic evidence for their
isolation. The four Castile brine reservairs
for which accurate data are available show
differences in hydrautic .,:ad ranging from
280 to 871 feer of water. Similarly, measured
hieads in the brine reservolrs are at Jeast 1330
feet higher than heads in aquifers in the
subiacent Delaware Mountain Group, and at
least 1530 feet } ,gher than beads in the
merlyinb Rustler Formation (Figure 4).
Hence, there is no physica! mechanism for
the brine reservoirs to receive recharge from
these underlving and cverlving units.

As regards chemical mechanisms, the gas and
brine chemistries of the two reservoirs are
distinctly different from each other and from
local ground waters. For sxample, large
differences in the reservoir gas compositions
exist between WIPP-12 and ERDA-6. The
gas in WIPP-12 is composed mostly of
methane and has little or no carbon dioxide.
The ERDA-6 reservoir contains substantial
guantities of carbon dioxide, and more
hydrogen sulfide than WIPP-12. Differences
observed in the brine composition inciude
boron, bromide, magnesium. potassium, and
lithium concentrations. Connection between
reservoirs would 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).

TME 3153

WIPP-12 brine also appears to be saturated
with halite, the principal phase of the

|
confining stra ‘. - Furthermore, calculations
indicate ink system equilibrium among
sohd. hiquid. a ad gas.

In surnmary, the brine reservoirs appear to
be local, tsnlated features that have reached
equilibrium with their environment. Evidence
{or tong-term hydraulic and chemical
isolation includes:

° Hydrau“c heads that are substantally
different from reservoir to reservoir
and higher than the heads of local
gmmd waters,

¢ The containment of gas by the
r2SeTVOIrs.

o Gecographic separation and non-
umforrr distribution of T2servoirs.,
, extensive drilling has taken place
m ths area, but o nly a few wells have
intercepied pressurized brines. There
is no evidence for a continuous,
extensive aquifer in the Castile.

@ Bulk chemical equilibrium between
the brine, gas, and reservoir rock in
the ERDA-S and WIPP-12 reservoirs.

Portions of the study presented in sections of
this report cantered aro-md natural factors
which could cause pressurized brine to
contact the radioactive waste stored in the
WIPP underground {acility, and eventually
transport radionuclides to the biosphere.
Specifically, the potential for migration of
brine as a result of hydraulic and; or
chemical disequilibrium, with resultant
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 these in neighboring ground-water systems
over at least a million vears. 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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PART 1 - PREFACE AND INTRODUCTION

l.O FPREFACE

1.1 BACKGROUND

The Waste Isolation Pilot Plant (WIPP) project is 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 WIFP project
mission consists of two parts. First, safe dispcsal of TRU waste in bedded
salt will be demonstratad by placing approximately six million cubic feet of
radinactive material in the facility. Second, 3 research facility for in-situ
zxamination of the interactions bztween bedded salt sad high-level radicactive
waste will Se provided by the WIPP. All bigh-lavel waste will be removed from
the WIPP srior to decommissioning. A description of the planned WIPP is given
in the WIPP Final Eavironmental Impact Statement (DOE, 1330a) and the WIPP

Safety Analysis Report (S4R, DOE, 1380b).

The site for the WIPP is located in the Los Medanos aresa of the northern
Delaware Basin, Eddy Countv, New Mexico (Figure 1). The selection of a bedded
salt site was initiated in 1957 when 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 resesarch associated with waste dispesal in salt were under-
taken, and led the NAS to reaffirm its 1957 pesition on radisactive waste
disposal, 1Initially, a Lyons, Kansas salt mine was used for in-situ experi-
mentation and was identified as a potential waste disposal site; however, the
site was abandoned 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 investigations were begun 1In 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, revegled severe deformation
of salt and anhydrite beds which dip up to 75 degrees. Additionally, frac-

tured anhydrite produced a significant veolume of brime and associated gas to
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the surface from a depth of about 2700 feet. DNue to the unpredictablility of

c

fac
the sudsurface zeology and the difficulty that would result fren underground

h

construction Iin the steeply dipping strata at ZRDA-6, the site was woved about

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

An extensive site characterization pregram has been conducted for the past
seven years. It has required drillinz many (wore than fifty)} boreholes,
canducting numerous gzecloglcal, gzzophyslcal, geochemical, and hydrological
studies, and performing a multitude of experiments on the suitability of
tedded salt as a waste disposal medivm. The results of these studies gener-
ally demonstrate the adequacy of the WIPP site for safe storage of radioactive

waste; they are sumcarized In the WIPP Geolozical Characterization Report

(GCR, Powers et al., 1978) and the WIPP SAR (DOE, 1280b).

In May, 1981, the State of New Mexico flled a lawsult In Federal District
Court against the DOY and the U.S. Department of the Interior (DOI) to enjoin
WIPP activities. As a result of this flling, 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:

o Test Brine Reservolir in Deformatlion Zone: Reopen
ERDA-6 and allow it to fliow for at least ten days to
measure the depletion of pressure at regular Iinter-
vals in thts well, and 1f access can be obtained, in
Pogo #1 Federal well. Perform other necessary tests
to determine the size, age, origin, and possible
assoclation with agquifers or other brine pockets.

@ Report on Brine Reservoirs: Frovide a comprehensive
topical report on available information concerning
brine reserveoirs in evaporite bads in the Delaware
Basin, including the results of tests at ERDA-6.
This should include available information on the
locatfion, sizes, quantity, pressures, guality, ideas
on origin, and methods of handling in mines.

@ Horizontal Exploration of the Disturbed Zone: At th
earliest possible stage of construction, and before
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emplacement of waste at the WIPP repository, provide
for an additional 3000 feet of drift north of
presently planned stationm #2, which 1s approximately
2500 feet north of ERDA #9, and drill 3000 feet
horizontal cores to the north from this new location.

e

n alternative to the horizontal exploration of the "disturbed” zone was
proposed by the DOE because the ability to drill 3000 feet, i{nterpret the
core, and seal tha coreholes was questionable; the mew plan fncluded deepening
EEDA-6 znd WIPP-12 at least to the base of the Castile Formaticn. The State

of Naw Mexico accepted the LOE proposal and work began In October, 1981,

In November, 1981, during the deepening of WIPP-12, pressurized btrine was

]

o

£nCounk e

)
au

%
¢
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a depth of about 3000 feet In fractured anhydrite 1a the

&

Ca

n
Yy

Y

ile; testing of this reservolr was added to the iluvestigation.

This report is an account of the above-mentloned studies perfcrmed under the

Stipulated Agreement between the DOE and the State.

1.2 PROJECT ORGANIZATION

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

following organizations:

o Sandia Naticnal Laboratories (SNL) ~ the scientific
advisor to the DOE on the WIPP project.

s Bechtel, Inec. - the architect/engineer for under-
ground and above-ground facilities.

o WIPP Technical Support Contractor (TSC) - a group
consisting of the prime contractor, Westinghouse
Blectric Corporation (Westinghouse), and subcon-—
tractors, D'Appolonia Consulting Engineers, Inc.
(D'"Appolonia), Dravo Englneers, and Gibbs and Hill,
Iac. that provides technical support to the DOE on a
variety of WIPP technilcal matters.

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

e U.S. Army Corps of
agement.

construction mana
The rclationship among these groups is shown on Figure 2.

The studles reported hereiﬁ ware conducted for the DOE by the WIPP-TSC, prim-
arily by D'Appolenia, under subcontract to Westinghouse Electric Corporation,
Advanced Energy Systems Division. The cbilectives of these studles and the
methods uzad were outlined by SNL and the WIPP-TSC with significant input from
the USGS. Analysis and interpratation of the field data were performed by the
WIPP-TSC, primarily by R'Appolonia, under Westinghouse direction, with sugges-—

tions and recommendations from SNL and USGS.

Most of the background 1nformation on the zeology and h?drology of the
northern Delaware Basin was derived {rom the exploration efforts of SNL and
the USGS during the period from 1375 to the present. Referances for informa-
tlon extracted from documents prepared by these organizations are cited

frequently i{n the text.

2.0 TINTRODUCTION
2.1 BRINE OCCURRENCES IN THE CASTILE FORMATION

The WIPP site {s located within the northeastern part of the Delaware Basin, a

structurally downwarpad crustal area of about 12,000 sguare miles. The
Delaware Basin contains about 18,000 feet of sediments, dominated by strata of
Permian 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, west and
southwest and 1s, in effect, the boundary of the basin. The Castile Formation
halite and anhydrite beds were deposited inm a deep Inland sea within the
Delaware Basgsin 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 radiocactive waste.
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The occurrence of pressurized brine reservoirs in the Castile Formaticn has
been documented over the past 40 vears. Host of thase reservolrs were
encountered duriag exploratory drilling for hydrocarbons, and reliable
information on reservoir flow rates, volumes, and pressures is not avail-
able. TIn general, the reservolrs encountered were contalned within fractured
anhydrite layers In the Castile Formation, and they were sufficiently
oressurized for brine to flow to the surface. Further, all krnown reservoirs
contaln hydrogen sulfids gz2s and are associated with antiforms f{n the

Castile. The occurreace of reservoirs is unpredictable however, ian that

L

egsaervolrs are not found In association with 21l antiforms. Available

infermation on these reservoirs is iacluded with this report.

Variocus theories proposed for the origin of brine reservoirs In the Delaware

2asin include:

o Dissolution of evaporites by fluids from underlying
aquifers followed by fracturing of cverlying anhyd-
rite and migration of aquifer fluids into the
fractures.

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

® Collection of entrapped ancient seawater in fractures
formed during the structural avolution of the basin.

e - 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 wmight 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?

o 1Is brine reservolr formstion an oagolng process, or
has the system remalined essentially static during the
recent geologic past?

® TIs the occurrence of brine reservolrs structurally
controlled?

The purposes of this report are to address the above guestions and in doing
so, develop a supportable hypothesls on the origin of the re=servelirs.
Ineclnded {8 a prezdiction of the potential impacts of the reservolrs on the

Integrity of the WIPP site hased on this information.

(3]

SCOPE CF STUDY

3
Information rolative to pressurfzed bdrine reservolrs was obtained from two

sources —- drilling reports, and extensive testing of the reservoirs inter-
sected by ERDA-6 and WIPP-12. The iavestigations at the two boreholes
required the iategration of geology, hydrology, and chealstry. 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 cbtained by performing reservoir tasts in the
boreholes, znd chemical data were gathered by analyzing brine and gas samples
i{n the fleld aad ia various lzboratories. Additional information on the
toplcs of study was obtalned from materials publishad on the Delaware Basin

and WIPP site.

ERDA-6 and WIPP-12 field and laboratory data have been reviewed, raduced, and
interpreted. A hypothesis explalning the characteristics and genesis of bdrine
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 testlng activities conducted at ERDA-6 and WIPP-12, the New Mexico

Eavironmental Evaluation Group observed portions of the tests and obtalned a
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small nunber of samples for limited chemical analysis in the New Mexico Bureau
of Mines laboratory at Sccorro. The results of the State's studizss have not
been included in this repert because the Environmental Evaluation Group 1s in
the prcocess of publishing {ts cwn reports. The results of the State's studies
are not expected to conflict In any way with the analyses znd conclusions

presented In this report, because thelr work fs a subset of the studies

performed by the TSC.

2.4 O2GANIZATION OF REPORT

The main body of the report is divided {ato four parts, zach with a tabdble of
contents, tadbles, and figures. The final section of the report integrates and

svmmarizes the findings.

Part TI, Geolegy, presaats the regional geologle 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 hrine reservolrs and deformation of

the basin.

Part III, Hydroleogy, describes the data cbtained from reservoir testing at

ERDA-6 and WIPP-12, and from the literature, It also includes a discussion of
the methods used to evaluate the data and presents a hydrologic model of the
reservoirs which includes degree of conmectivity and estimates of reservoir

volume. A disecussion of the hydrologic evidence oa brine reserveolr forrmation

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 {acluded and an
hypothesis is developed and supported to explain the origin and history of the

reservoir fluids.
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Part V, Suvmmary snd Cenclusions, 1s a syanthesis of the conclusions rezached in

Parts LI, IITI, and IV, and presents a description of the evolutlon of brine
reservoirs ia the basin and the potential impact that these reservoirs could

have on the WIPP facility.
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PART II - GEOLOGY

1.0 INTRODUCTION AND SUMMARY

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 iaformation.

The geoleogic framework of southeastern New Mexico is formed by the Delaware
Basin, the Central Basin Platform, Yidland Bégin, Capitan reef zone,
Northwestern Shelf and Guadalupe Mountains. The WIPP site is located in the
northeastern quadrant of the Delasware ZBasin, a structurally-downwarped basin
of 12,000 square wmiles, approximately 90 miles from east to west and 150 miles
aorth to seuth. The Belaware Basin is bounded 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 RBasin, providing a nearly
complete record of Palevzoic sedimentation. The Permian strata are the
thickest of these sediments and include a thick section 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 members {in zscending
order): Anhydrite I, Halite I, Anhydrite II, Halite IT, and Anhydrite III.
Halite I is somewhat thicker than the typical section in the bzsin. The
anhydrite rock is microcrystalline and dense, with thin bedding laminae made
up of carbonates, organic material, and clays. Fractures are-present in
Anhydrite IIT, 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 (Jeones, 198la). High-angle fractures are located in Anhydrite

I1 which contain pressurized brine.
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Information on other brine occurrences was analyzed and compared with WIPP-12
and ERDA-6 data to determine any basic patterns. 3Brine 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 IIl produced brine; at ERDA-6 the brinme is thought to be
located in Anhydrite II. BRrine occurrences are associated in every known case

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

The cause of fracturing of the anhydrites in the Castile Formation is thought
to be the result of salt movement in the intercalated halite units. Examina-
tion of the anticlinal structures at WIPP-12, ERDA-6, and several other

reservolir locations where data are available, shows that the halite units in

o

the Castile vary in thickness. Thickening of the halite resulted from salt
deformation. Initiation of deformation was caused bv one of the following
mechanisms: (1) gravity foundering of anhydrite; (2) tilting of the basin due
to tectonic stresses which led to gravity 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 deformations 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 AND 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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o Detailed geologic description of the Castile Forma-
tion, ia the vicimity of WIPP.

o The relationship between structure/stratigraphy and
reservoilr occurrence.

o The mode of origin and timing of reservoir formation.

e The origin of brine preseant in the reservoir.

To address these items, WIPP-12 was re-entered and deepened into the basal

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

¢ Logzing of recovered core.
¢ Analysis of zeophysical logs run in the borehole.

® Determination of the nature and intensity of deforma-
tion at WIPP-12, based on microstrusctures observed in
core and other evidence of disturbance.

® Deotermination of orientation of deformation struc-
tures in oriented core intervals.

The related geologic investigations undertaken at ERDA-S were limited because
a complete data report on the ERDA-6 geoloagy was issued in 1981 {Jones,

198la). The investigations for the current program included:

o Logging of recovered core through the previously
plugged interval.

e Logging of about 150 feet of drill cuttings samples.,

In addition to ERDA-6 and WIPP-12 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 aand scientific literature concerning WIPP, the

Castile Formation, and brine reservoir development were consulted.
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3.0 GFOLOGY OF TBE DELAWARE 3ASIN

Following is a precis of numerous previous investigations of the regional
geology in the WIPP vicinity. The area has attracted much geologic study not
only because of WIPP siting considerations, but also oil, gas, and potsash
resources, snd 3 thick, well-preserved svaporite segquence. This geolozic
overview 1s provided here as a framework within which the site-specific

geologic investigations are batter understood.

3.1 REGIONAL GEOLOGIC AND PHMYSIQGRAPHIC SETTING

The WIPP site is located in Eddy County, New Mexico, about 30 miles southeast
of the city of Carlsbad. The site is within the Peccs Valley subdivision of
the southern Great Plains phvsicaraphic province. The Pecos Valley is flanked
to the west by the Guadalupe and Nelaware Mountains which are within the Zzsin
and Raunge physicgraphic province. To the east lies the relatively flat and
undissected High Plains of the Great Plains ohysiczraphic province, known in
southeastern New Mexico as the Llano Estacado. The significant topoeraphic
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 geologic framework of the region is formed by the Delaware Basin, the
Central RBasin Platform, Midland Rasin, Capitan reef zone, Northwest Shelf, and
Guadalupe Mountains. The WIPP site is located in the northeastern quadrant of
the Delaware Basin (Figure G-1), a structurally-downwarped basin of 12,000
square miles approximately 90 miles from east to west and 150 wmiles 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 is bounded on the north, west, and southwest by the Capitan

reef, an extensive basin-margin reef deposit. The reef crops out and foras an

G-4
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escarpment to the west of Carlsbad; this escarpment forms the eastern boundary
of the Guadalupe Mountains. 32ehind the reef to the northwest of the Delaware
Basin is the Northwest Shelf area, underlain by flat-lying rock strata
deposited in shalleow water (Ring, 1942). The Northwest Shelf is considered

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

like the Delaware Basin.

Other structural Ffsatures which played a role in the development of the
Delaware Basin are the Huapache, Bone Spring, and Victorio flexures (Figure
G-1). These features are related to the deformation which accompanied the
rapid subsidence of the Delaware Basin {Ring, 1942). All of the elements
which comprise the geologic framework will be discussed in greaater detail in

the folleowing three sections.

3.2 REGIONRAL 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 documented in numerous published reports as well as unpublished
oil exploration drilling data. Briefly summarized, about 18,000 feet of
sediments are present in the Delaware Basin. A nearly complete record of
Palenzoic sedimentation has beaen preserved (with the exception of Cambrian
strata). In particular, the Permian evaporite saquence is one of the thickest
and best preserved in the country. Figure G-2 is a regional east-west crecss
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 iaterval of deposition, indicated by comparison of thickness of
Permian and Pre-Permian strata. The Mesozoic and Cenozoic eras are poorly
represented, because erosion has femoved most Mesozolc strata, and deposi-

tional activity was very limited duriang Tertiary and Ouaternary 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

G-5



THME 3153

the WIPP project sre the Castile and Salado Formations of Gchoan Age (upper
Permian). The Salado Formation, comprised primarily of bedded salt, is the
stratum proposed for waste dispcsal. The Castile, underlying the Salado, is
comprised of anhydrite with interbedded halite and is the reservoir rock
containing pressurized brine encountered in several wells in the northern
Delaware Basin. The Castile Formation is of primary interest and was investi-
zated in detail in relation to hrine occurrences. Flgure $-4 is a simplified
cross section of the Castile Formation in the Delaware Rasin, showing the

relationship of the halite snd anhydrite units from north to south.

3.3 REGIONAL AND LOCAL STRUCTURES

Regional Structures

&

The large-scale tactonic features which form the structural framework of the
region include the Delaware RBasin, Central Basiwn Platform, Capitan reef,
Northwest Shelf area, and several monoclinal flexures, all of which developed
from Late Peonsylvanian to Early Permian time. The Guadalupe and Delaware
Mountains and regional tilting of the region were developed during middle to
late Tertiary time. The following are brief summary descriptions of the major

structural elements.

Delaware Basin - As described earlier, the Delaware Rasin is a structural

downwarped basin encompassing southeastern New Mexico and western Texas. The
basin is oval and slightly ssymmetrical with a northerly trend and southward
plunge (Powers et al., 1978), The Delaware Rasin is the area of maximum
subsidence of the larger Permian Basin, with more than 20,000 feet of struc-
tural relief (Powers et al., 1978) and contains the thickest sequence of

Permian strata in the Permian Basin,

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 BRasin Platform, and several monoclinal flexures
including the Bone Spring and Huapache momoclines, which in part determined

the configuration of the Delaware Basin.

9]
{
)]
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Central Rasin 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 weak zone which underwent movement from Precambrian
through early Permian time (Powers et al., 1978). According to Adams (1965),
the uplift of the platform was necessary to compensate for compressional
stresses generated by rapid, deep subsidence in the adjacent basins. The
faults bounding the platform treand north to northwest, and predate the Permian
evaporite deposits of the Delaware and Midland bzsins. Maximum strauctural
relief between the Platform and the Delaware Rasin is about 9000 feet and is
fairly uniform from north to south (Powers et al., 1978). 32ecause of move-
ments of the Cenftral Basin Platform from Precambrian through Pennsylvanian
time, 1t exhibits a zreater Jdegree of structural disturbance, such as folding
and faulting, than do adjacent basinal areas. The Platform has been rela-
tively stable tectonically since early Permian time (Powers et al., 1978);
minor low magnitude saismic activity has been recorded historically in the
vicinity, but is generally attributed to hydrocarbon extraction activities in

the area (Powers et al., 1978).

Capitan Reef Zome ~ Growth of the Capitan reef, and its predecessor, the Goat

Seep reef, appears to have been controlled by flexures near the pargins of the
Delaware Basin (King, 1242). Reef growth during middle and upper Guadalupe
time initiated on sloping sea floor overlyingz 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.

Zrosion and Cenozoic uplift have acted to exhume the Capitan reef along the
eastern edge of the Guadalupe Mountains whéere 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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bad, contiauing to subcrop in a horseshoe shape arcund the northern and

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

Northwestern Shelf A&rea - This structural area extends northward and north-

wvestward of the Delaware 2asin. Some investigators consider the Capitan reef
the element which divides the Northwestern Shelf from the Delaware Basin
{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 was in
exlstence prior to Permian time, based on the rocks present. Tt probably
formed the shelf margin of the early Tobosa sag, or Permian Basin (Powers et
al., 1978). The shelf area exhibits many small flexures, folds, and domes,
some of which may be related to the large besin-marzin flexures such as the

2one Spring monocline discussed below.

Flexures — Near the wastern margin of the Delaware Basin, several structural
flexures or monoclines are present which appear to have formed in response to
rapid subsidence of the Delaware Rasia (King, 1942), Two easily-identified
features are the Bone Spring and Wuapache monoclines. The Bone Spring
directly underlies the Capitan reef escarpment, just south of the New Mexico -
Texas border, The Huapache flexure is southwest of Carlsbad, along the

2astern edge of the Guadalupe Mountains. Both features reflect similar

-y

lexures 1a the Precambrian basement, and mway indicate historical zones of
weakness dating from the Precembrian (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 Leonardiaan 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

aud other similar flexures probably have a similar history (Ring, 1942),

C;)
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Guadalupe-Delaware Mountains Uplift - The Guadalupe-Delaware Uplift is a fault

block dipping gently northeastward, extending from Van Horm, Texas northwest-
ward for about 110 miles. In New Mexico, the western boundary of the uplift
is a great fault scarp produced by a system of nearly en echelon normal faults
with displacements canging 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 mountaiss
exhibit an asymmetric profile with the fault scarp forming the steep western
slope 2nd the eastern slope dipping gently eastward at about 3 degrees.
Structarally, the fault block is part of the Northwest Shelf, and it lies
within the Basin and Range physicgraphic province. Faulting occurred during

late Cenozoic time as 3 result of Basin and Rznge tectornic activity.

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

taken place in the Delaware Basin. The area was elevated and tilted slightly
to the northeast during very early Tertiary time, during the Laramide Revolu-
tion which initiated mountain building in other parts of the Rocky Mountain
Region. Minor igneou§ activity occurred ia the 0Oligocene, producing the dike
swarms observed in the northwestern Delaware Basin. Geatle tilting to the
southeast occurred during late Tertiary {(Pliocene) time, concurrant with basin
and range activity to the west of the Delaware 3asin. At this time, the
Parmian evaporites in the western part of the bazsin were elevated and exposed
to erosion., During late Pliocenme 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 in

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 ia the

vicinity of WIPP.

G-9
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Structure in Pre—-Evaporite Rocks - Pre-Permian strata underlying the WIPP site

have a regional dip of about 100 to 150 feet per mile (1 to 2 degrees) to the
southeast reflecting the Delaware 3asin dewnwarp. Minor faulting and warping
is superimposed on this regional structural dip. The swmall fsults tend to
have a north-northeast trend, roughly parallel to regional strike, and are
zenerally upthrown on the east. In Devonian strata, these small faults have
displacements of up to 400 feet. Small arch-like swells are spaced several
miles apart with amplitudes of several hundred feet and general east-west

T

trends. These small-scale featuress are probéBly the resnlt of basinal adjust-
zent during late Faennsylvanian and early Permian time which accowpanied the
uplift of the Central Rasin Platform. The subdued east-west-trending arches
apparantly szrve z2s reservoirs for 2as produced from the Morrow Formation of
2unsylvanian age. Small-scale structures In the Fermian Delaware Mountain
Group, abour 9500 feet above the Morrow, do not show correlarion with pre-
Permian festures. Warping is mors subdued; small offsets of lz2ss than 50 feet
are discontinuous and trend northwest. These small features, unrelated to
underlying strata, probadbly formed in response to the very rapid accumulation
of massive amounts of sediment during the Permian, which undoubtedly underwent

differential subsidence, gravity creep, and other minor diagenetic adjust-

nents.

Structure in Permian Ochcan Series — The Cchecan strata show a relatively

uniform dip of one degree or less to the southeast, which is less than the dip
of the underlying pre-Permian strata. Local variations in the regional dip of
Ochoan strata have besen 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 WIPP site and irmediately adjacent to the buried Capitan reef front, the
Castile and the underlying Pelaware Mountain Group are depressed into a
structural trough paralleling the tase 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

G-10
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of Anhydrite I have been involved in the deformation. Several large salt
"anticlines" or antiformal structures bave been vecognized in the vicinity of
the WIPP 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 Halite I member has
apparently thickened from a normal 300 feet to over 1200 feet (Powers et al.,
1978). Another similar structure is located about 9 miles southeast of ERDA-
5, delineated by several deep oil exploration boreholes., A smaller similar
structure was penetrated by borehole WIPP-12. Many investizators working in
the area have noted these deformations in the Castile, aand chserved that the
overlying Salado 1s also affected to a much lesser degree, as indicated by
some warping. The deformation has been recogmized through the use of deep
Yorehole data, as well as seismic reflection data gatherad during characteri-
zation of the WIPP site. These structures will be discussed in greater detail
in later sections, in terms of the relatioaship of the structures to bdbrine

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

3.4 SUMMARY OF GEOLOGIC HISTORY

The present configuration of the Delaware Basin was developed during Peannsyl-

vanian 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 Platform; this median uplift created
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 wmargins of the
rapidly subsiding basins were sites of extensive carbornate vreef growth. The
reefs eventually ringed wuch of the Delaware Basin, creating a nearly

restricted, deep basin.

During early and middle Permian time, the basia became evaporitic and the
Castile Formation (and cverlying 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. 130)

G-11
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uggests that deposition in the Delaware Basin during Castile time proceeded
slightly faster than subsidence, so that at the end of Castile time, the basin
was filled. The uppermost portion of the Castile includes a thin tongue of
magnesitic anhydrite, locally known as the Fletcher anhydrite, which was
deposited over the Capitan reef and the Northwest Shelf area at the cleose of
Castile time (Brokaw et al., 1972, p. 33; Adams, 1965, p. 2148). 4As a result
of slight sagging and consequent rise 1a sea level following deposition of the
Fletcher, deposition of evaporites continued and created 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. Xing (1947) pro-
c .

[

»ssed the "raflux” theory te explain the fact that tha Casti

T

[1X
¢

ontains a
zrzater volume of anhydrite than halite, when the volume ratio of halite to
anhydrite components is 30 to 1 in se=a water. In a typical evaporative
sequence, calcium carbonate precipitates when sea water is evaporated to one-
half the original volume; calcium sulfate is precipitated when the volume
reaches about one-fifth of the origiral, 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 hasin. 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 demsity of the water increased,
the danse brine would sink below wave base. The heaviest brimes enriched in
sodium and chloride would, according to King (1947), reflux or percolate
through the permeable bar back to the sea, wmaintaining 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 Muir, 1964; Udden, 1924; Anderson and Kirkland, 1966;

Adams, 1944) that these laminations, or varves, of interlaminated anhydrite
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and calcite with varying awmounts of organic matter represent yearly deposi-

tional cycies during which the carbonates and organics accumulated during the

winter months.

A point of considerable debate is whether the calclum sulfate of the Castile
was 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 fcrmed by recrystallization of
primary gypsum (Dean, 1367). Experimental thermochemical and solubility data
indicate that primary precipitation of anhydrite Is entirely possidle in the
laboratory at normal basinal temperstures and pressures, depending on concen-
tratfons of siher saits (Posnijak, 1940), or on the presence of orgenic
compounds (Cody and Bull, 1980). Anhydrite has been observed 2s a recent
primary precipitate fn a few locations (Xinsman, 1966). Some investigators
feel that the anhvdrite of the Delaware Basin Castile Formation is primary
(King, 1%47; 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 teen relatively quies-
cent In terms of sedlment zccumulation and tectonic activity. ©BDuring most of
the Trlassic 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 may have
taken place. During Jurassic time, the area was 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 crezted 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). TEvidence of tectonism is indicated by

minor flexing and folding in the Gaudalupe Mountains. The rocks deposited
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during middle Cretaceous time were stripped off, and erosion of Triassic
strata and solutlon of Permian evaporites continued. 1In late Tertiary, gentle
nplift snd tilting occurred again, creating an east-southeast regional dip
throughout the basin. The Permian strata in the western part of the Delaware
Basin were elevated as the western escarpment of the Guadalupe Mountains was
uplifted due to basin and renge activity, facilitating erosion, dissolution,
and subsidence 1n the evaporites to the west of the Pecos River. The 0Ogallala
Formation was deposited cver most of the reglon during Miocene time, forming
the High Plains surface (Powers et al., 1978). The main uplift and faulting
of the Guadalupe Mountaims occurred in late Pliocane to early Pleistocene

time.

i ene time, erosion has bzen dominant in
the Delaware Zazsin area. Most of the 0gallala sediments were removed, and
solution subsidence features, such as Nzsh Draw and San Simon Swale, were
zstablished. The Catuna Formation present in the vicinity of the WIPP site

presents a valley-filling deposit consisting of ccarse debris, possibly the
remains of erosion of the Ogallala. The Mescalero caliche formed during this
period. In conclusion, the Delaware Basin area has been remarkably stable in

terms of tectonic disturbance since deposition of the Permian sediments.

4.0 GEOLOGIC ISSUES RELATED TQ BRINE OCCURRENCES

A4s described in Section 2.0, the geologic issues important to an understanding

of the brine occurrences are:

o Characterization of the Castile Formation

@ The relationship between brine occurrences and
geology

¢ The origin of the brine reservoirs.

e The origin of the fluids in the reservoirs.

The following major sections explore each of these lssues in detail.

G-14
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4.1 CHARACTERIZATICN OF THE CASTILE FORMATION

4,1.,1 Investigative Methods

Raticnale

Characteristics of the Castile were determined in both ERDA-6 and WIPP-12 from
examination of rock core obtained during drilling. &RDA~6 was drilled
originally in the summer of 1975 to a depth of approximately 2775 feet and
partially plugged after brime was encountared (Jones, 128la), ZRDA-6 was re-
entered during this study and the cemeat plug and surrounding rock were cored

to the previous total depth sad the well was reopened to the brine reservoir,

WIPP-12 was drilled initially in 1978 to a depth of about 2775 feet, just
Selow the top of the Castile Formation. During the present investigation, the
well was re-entered and despened 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 examiaation, and a
lithologic description was prepared. This lithologic description and the
details of coring are preseanted in the Data File Report issued by D'Appolonia

in February 1382 (D'Appolonia, 1982).

Samples of the WIPP-12 and ERDA-6 core were selacted for further testing,
including microscopic analysis (petrography), X-ray diffraction, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, and isotopic

analysis. This further testing was undertaken to determine:
e Flemental and mineralogic composition of selected
zones of interest.

# Extent of brine-rock interactions in the fractured
zones.

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

“Yost of the information presented, including hydrologic and geochemical data,
1s based on two S—inch drill holes located appreoximately 4 miles apart. While
the assumption has been made that the characteristics of the host rock
zxhibited in WIPP-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 hele locations. Variations in stratigraphy and litholegy are
srasent a2lsewhere due to structure and slight variations in depositional
environment. The results and interpretations presented in this report should

be coasidered in this context.

e~

.1.2 Stratizrachy of the Castile Formation at the WIPP Site

When WIPP-12 was originally drilled in 1978, about 50 fzet of the top member
of the Castile Formation were peanetrated. For this iavestigation, the well
was deepened into the 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
axception of Anhydrite I, which was not fully penetrated. The Ralite I member
is thickened, probabdbly 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). The members

overlying Halite I are consistent with typical regional thicknesses.

Member Drilled Interval (Ft.) Elevation (Ft.) Thickness (Ft,)
Anhydrite I1I-1IV 2725.3 - 3053.9 746.,2 - 417.6 328.6
Halite II 2053.9 - 3281.8 417.6 - 189.7 227.9
Anhydrite 11 3281.8 - 3391.0 189.7 - 80.5 109.2
Halite I 3391.0 - 3901.6 80.5 - -430.1 510.6
Anhydrite I 3901.6 - 3925 (T.D.) -430.,1 - 17 ?
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RDA-6 was criginally drilled in the sumwer of 1975, and about 42 feet of the
2ssumed Hallte I wember of the Castile were penetrated. During the present
iavestigation, ERDA-6 was reovened and drilling did not proceed deeper than
the 1975 investigation. TZacsuse of deformation in the vicinity of TRDA-6, the
Anhydrite ITI wmember is presumed to be missing from the section. 3oth Jcues
(1981a2) and Anderson and Powers (1978) interpret the anhydrite intercepted in
the borehole as Anhydrite I1, based on correlation of lithology with that of
z2arby boreholes. The intanse deformation observed in the core supports the
cenclusion that thickening and uplift of underlying halite has created
extension and separation of Anhydrite III, so that it Is not present at the
ERDA-6 lceation. Possible mechanisms for this deformation are discussed in

Secticn 4.3. However, the possibility exists that the anhydrite unit

r

Q
m

encountered during drilling is Anhydrite III. ©Orilling of WIPP-12 rzvealed
that Anhydrite III exhibits beddirng laminage previously thought to be present
only 1o the lower sznhydrites. Since the ERDA-6 anhydrite 1s also laminated,
its stratigraphic identity cannot be readily determined. For this report, the
Interpretation of Jomes (1981a) snd Anderson and Powers (1978) 1s acceptad

pending definitive borechole data from the ERDA~6 vicinity.

The following table relates stratigraphic depth of the Castils members present

In ERDA-6 (from Jones, 1981a), as seen in Figure G-5.

Yember Depth Interval (Ft.) Elevation (Ft.) Thickness (Ft.)
Anhydrite ITI Hissing - -
Halite TI 2400.5 - 2555.1 1139.7 - 985.1 154.6
Anhydrite TII 2555.1 - 2732.5 985.1 - 807.7 177 .4
Halite I 2732.5 - 2775 (T.D.) 807.7 - ? ?

Flgure G-6 is a fence diagram of the WIPP site and vicinity, showing the
stratigraphic relationships among WIPP-12, SRDA-6, and other nearby boreholes,
including the WIPP exploratory shaft, as ianterpreted for this report. This
representation 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 zpproaching the Capitan reef, the Castile
Formation begins to exhibit evidence of significant deformation, an =xample of
which can be seen in the correlaticn between the ERDA-6 and AEC-7 boreholes.
The structures shown in Figure G-6 are interpretations based on geophysical
logs, surface seismic data, available structure contour =m=aps, and literature
review, The structures, zlong with their pcssible modes of orizin, are

discussed 1a Sections 4.2 z2nd 4.3,

4.1.3 Litholoay and Texture - WIPP-12

he following is a summary description of the lithology and texture of the

Castile Formation core recovered from WIPP-12, augmented with iaterpretation.,

4nhydrite - The anhydrite observed in the WIPP-12 core is dense and micro-
crystalline, ranging in color from light gray (n) (D) through madium-light
gray (¥6) light bluish-gray (58 7/1), medium gray (N¥5), to dark gray (%3) 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 crystals 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 form of gypsum. Also, other criteria for identifying
gypsum pseudomorphs are the observation of remmant gypsum cleavage parallel to
the long crystal axis, and radiating clusters of acicular crystals, a common
growth habit of gypsum. Possible pseudomorphs ware observed near the base of
Anhydrite IIT, in anhydrite stringers within Halite [I, at the base of
Anhydrite II, and in Anhydrite I. An example of a possible pseudomorph group
is shown in Figure C-18, in the Chemistry section. Although this suggests

primary precipitation of gypsum, the criteria described above are sub-

(I)Color designations taken from Geological Society of America Rock-Color
Chart, and used here for consistency of description,
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jective. The acicular growth habit could also be the result of primary

anhydrite precipitation, possibly due to rapid crystal growth.

Some anhydrite c¢rystals show weak pleochroism which is not characteristic of
the mineral. BRacause pleochroism is differential absorption of transmitted
light ia different crystallographic directions, pleochroic anhydrite probably
possesses a slight structural defect which creates unequal absorption. This
crystal lattice defect couwld be the result of included cations of transition
metals which deform the lattice slightly (Stoiber and Yorse, 1972, p. 202),
“icroprobe analysis would be necessary to detect foreign cations in the
snhydrite crystals, Lattice defects as described above may have been
compounded due to strain caused by post-depositional movements or tectonic

acrystallization, but this is purely

It
(o}

stresses during crystallization o

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 Il and Anhydrite II,
consisting of euhedral grains with the C;axis narallel 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 demenstrates some textures often noted in 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 appareant between 2818 and 2830 feet (depth
below grovnd surface), Another texture noted in WIPP-12 resembles flocculent
texture (Riley and Byrne 1961), in which irregular feathery masses of yellow-
ish-gray (5Y 7/2) to light olive-gray (S5Y 5/2) anhydrite float in the matrix

of gray achydrite. This texture is common between 2330 and 2940 feet.
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The most notable textural feature ia the anhydrite, other than the fractures

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

—

aminae, probably a result of minor, short-term salinity variations during
deposition (Section 3.4). The laminae range from white (X9) to yellowish-gray
(57 7/2) to dusky yellowish-brown {18 YR 2/2) to dark yellowish-brown (10YR
4/2) and range from less tham 0.03 inch to 0.5 inch thick. The laminae are
composed primarily of calcium and magnesium carborate, with minor amounts of
clays and organic material. The carbonate 1s usually extremely fine grained

in the form of wispy lamellae dispersed around anhydrite crystals. Dolomite
e

Py
433

i1s fournd in lsamina cent to anhydrite/halite contacts; its abundance

8

ad?
decresses away from the contacts and calcite becomes the dominant carbonate
{Part IV, Chemistry, Table C-11)., For example, Sample 1%A was taken about 12
inches sbove the Anhydrite II/Halite I contact; x~ray data show that all the
carbonate is calcite. Sample 183, taken about 1 inch above the contact,
contains roughly equal zmounts of calcite and doleomite., Samples from the mid-
sarts of znhydrite units have laminar material of predominantly calcite with
trace amounts of dolomite. Adams (19244), as well as Kirkland and Anderson
(1970), report that the carbonate material is calcite, bSased 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 diffraction 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 =2s opposed to calcite may be related to the
chemical composition 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 in the appearance

of the laminae with depth. Throuzhout the anhydrite section (as noted below),
the laminae locally exhibit evidence of deformation referred to here as
"micrestructure', Microstructure is used here to describe small folds and
crenulaticns with amplitudes generally ranging from less tham one inch to
sbout 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 are indistinct z2nd generally ill-defined in the upper
sortion of Anhydrite III, Below 2940 feet, thin bedding laminae bacome
apparent, and were uncted in groups of several laminae, spaced sbout one inch
spart., Below 2943 feet, bedding laminae appear to be a result of cyecles of
deposition and are spaced quite regularly 1/2 inch apart. The laminae are 1in
some cases slightly undulatory and slightly inclined from the horizontal.
Z2low 3000 feet, some small microfolds are observed in the bedding laminae;
these small deformations become more apparent with depth, particularly below
3030 feet. Three feet above the contact with Halite II, the bedding laminae
Sacome more steeply inclined until, at the contact, they are dipping about 30°

from the horizeatal (parallel to the coatzact),

In coatrast, the Anhydrite I[I member exhibits thin bedding laminae throughout,
generally consisteat in appearance, Anhydrite II shows the most abundant
evidence of microfolding of bedding, the small folds generally having an
amplitude of less than 0.25 inch. 1In scome cases these microfolds are very
regular and symmetrical in appearance, while in others, such as at a depth of
3302 feet, the laminae appear irregularly contorted, resembling flow struc-
tures, The microfolding is disharmonic, weaning that adjacent layers show

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

style in Anhydrite II.

The Anhydrite I wmember is similar to Anhydrite III in that the beddiag 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 2918 feet, the
lamicae 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 micrestructures in the Castile Formaticn. The excellent
preservation of the laminae and accompanying microfolds suggests stagnant deep

-
IS

water, and appears to preclude strong currents or wave action. or example,
current or wave acticn should have produced recognizabtle ripples, cross-
bedding, or scour marks. As shown in Section 3.4, many investigators agree
that the Castile sea was deep (up to several thousand fest) to allow for
operation of the reflux precipitation model, and to be consistent with the
observed elevation difference between the top of the Delaware Mountain Group

zand the top of the Capitan reef.

The microfolds may be a result of small movements due to sliding or slumping
during or immedlately following deposition. These penecontemporaneous
2ovemants could explain the presence of deformed laminae surrounded by
zpparently undeformed anhydrite. Xirkland znd Anderson (1970) argue that the
apparent correlation of deformed laminae cver a distance 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
rasponse to tectonism or an initial slope as a cause of folding. Xarthquakes
could be a trigger which would result in widespread and consistent small-scale
adjustments. Riley and Byrne (1961) have sugzested on the bhasis of laboratory
experiments that microstructures similar to those observaed 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 gsome primary gypsum may have been replaced by
anhydrite. Geochemical data also do not rule out the conversion process as a
minor source coatributing 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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Anderson and Kirkland (1966) point ouvt, the microfolds are observed in both

Lo

anhydrite and gypsum; the appearance of the folded laminae is the same whether

wn

observed in core or at the gypsifiad Castile outcrop southeast of Carlsbad on

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

Another explanaticn proposed by Kirkland and Anderson (1970) is that the
microstructures formed due to tectonic stresses. Microfolds formed, according
to their analysis of folding stvle, in the hinge areas of larger scale folds
formed probably during Tertiary time. This mechanism does not appear to fully
explain the presence of microfolded laminae intercalated with undisturbed,
unfolded laminae, as is often observed in WIPP-12 core. Anderson and Powers
{1978) have shown that microfolds have been subjected to extension at ERDA-6,
which iadicates that the formation of microfelds probably predated the

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

(31

o
("]
12. Thus, several explanations exist for the origin of wicrestructures of the

type observed at WIPP-12,

Falite - The halite present in the Castile Formation is typically slightly
translucent with a faint light gray (N7) to olive-gray (5Y 4/1) 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
large crystals up to 3 iaches loang were observed in Halite I. The halite
contains an appreciable amount of anhydrite. According to a report which
investigated 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
as white (N9) to medium gray {(NS5) thin beds and laminae 0.125 to 0.25 inch
thick, within a band or zome of dark olive-gray (SY 4/1) 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 anbedral, with irregular crystal boundaries.
Masses are vary friahle, Cubic crvstals arve rare; hopper cubes were not
observed. At the contact between Anhvdrite II and Halite I, pestrographic
examination revealed cubic halite molds filled with fine-grained zranular
anhydrite; these molds may represent relict hopper cubes which could have
subsequently been dissolved by fluids saturated in anhydrite. In many places,
the elongated halite crvstal axes show a3 lineation or fadbric. These types of
halite crystal textunres suggest that the halite has cecrystallized under th
influence of stress and subseguent flow, possidbly aided by interstitial fluids

(0de, 1568).

Halite Microstructures ~ As with the anhydrite, variations occur in the

appearance of the halite and its impurities with denth. These vsriations
might lend evidence of the deformation history of the strata and the origin of

the brine reservoir, The Halite II wmember sxhibits the zreater amount of

[av]

included znhvdrite when compared to Halite I. The upper iaterval in Halite II
baetween the contact with Anhydrite [IT and 3118 fezet contains aumerous
anhydrite impurities which appear to have undergone considerable deforma-
tion. The most common pattern of anhvdrite stringers or thin beds observed
through this interval is a semi-circular or arc pattern. The core appears to
have ianterceptad portions of small recumbent folds in the halita (with
amplitudes of several inches to three feet) with their zxial planes perpend-
icular to the long axis of the core. The folds are wmade 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 anhvdrite stringers.

Retween 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. Bacause of the greater

thickness of anhydrite impurities which increases the strength of the halite
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(0de, 1962, p. S76), deformation is less through this interval. However,

bedding laminae within the anhydrite beds are often inclined, as at 3128 feet,

Selow 3198 feet to the contact with Arnhydrite II, Halite II exhibits structure
and patterns indicating considerable deformation. A common feature is a3
circular or elliptical thin bed or stringer of anhydrite, surrcunded by halite
as shown in Figure G-8. This type of feature could be 3 section through a
sheath fold or closed fold. An analegy of this type of structura would be to
take a flat hankerchief, pull it upward through the cleosed ring of your
fingers, cut off the tip, and observe the closure outlined by the cloth, which
would rapresent one of the thin anhydrite striagers (Muehlberger, 1968).

Small isoclinal folds are also common, 2s at a depth of 3218 and 3223 feet. A
section of core through cne of these folds with an undeformed sxial plane
could also produce a circular outline in the core. The thin anhydrite
stringers also show evidence of rigid Sehavior such as boudinage, as cbserved
at a depth of 3218.3 feaet. 4n interesting feature is that deformed intervals
are often separated by inches from horizontal, apparently undeformed anhydrite

impurities.

The Halite I member contains fawer anhydrite impurities than Halite II,
especially in the upper portion, Anhydrite impurities which are present are
indistinct, and evidence of salt flow or deformation is rare. Cubic halite
crystals were observed throughout the interval, 4&n isoclinally-folded, thin
anhydrite stringer is locally observed, with an asmplitude of cne inch or
less. 3Below 3600 feet, Halite I begins to show more evidence of deforma-
tion. Anhydrite impurities appear as very light gray (N8) or moderate
yellowish-brown (lOYR 5/4) mottles, circular patterms, 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 ia Figure G-9.
Zones or bands of sulfate-rich impurities are spaced from 0.5 to three feet
apart in the halite, The halite crystals exhibit eclongation 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,
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The variations in texture and micrestructure in the halite units indicate that
different intervals within the halite deformed or were stressed with varying
inteasity., Differences in amounts of impurities within the halites also

contributed to variations in deformation styles due to differing properties.

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

dissolution of halite or anhvdrite was encountered during analysis of the
WIPP-12 core. All core was fresh and unweathered (fractures did exhibit some
microscopic evidence of fluid movements and are discussed below). In parti-
cular, the contacts between the anhydrite znd halite units were esxceedingly

clean, tight, with no opan space or weathering. Hawever, wmicroscopic evidence

-

of fluid movement exists, such as the halite molds filled with anhydrite at
the Halite I/Anhydrite IT contact. Thus, the rock matrix at WIPP-12 shows no

evidence of large-scale undersaturated mzateoric fluid flow haviag occurred.

4.1.4 TFractures - WIPP~12

Several fractures were encountered in Anhydrite III and in an anhydrite
stringar near the top of Halite II during drilling of WIPP-12; one fracture
was observed naar the base of Anhydrite II. All fractures were readily
observed in the rock core; the majority of fracturas were also detected using
a U.S. Geological Survey televiawer log, 2n accustic 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
ILI (fractures C-G) has been estimated, based on the fracture distribution, at
about two to three feet. The persistence of individual fractures is uanknown;
based on the properties of halite, none would be expected to extend iato

averlying and underlying halite uaits, and ian fact, none were observed in
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halite. The fractures are gzenerally planar and fairly smooth, Wall strength,
although not measured, would appear to be unaltered. An exception is the
major brinme-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 intarval, Fracture F includes an interval also crushed
into small fragments. Fractures H and J are closed with visible halite
fillirg. Fracture 3 is partially filled with halite, fracture G has a gapped

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

In general, the apertures of all fractures appear to be gquite small, although
they were datectad on tha televiewar log as attenuvations of accustic sig-
nals., However, core fragments across open f{ractures can be mated tsgether
with either undetectable or very small displacement. As shown ia Table G.1,
the estimated aperture of fractures A, C, E, and K is less than 0.06 inch (2
mm). The estimated aperture for the brine-producing fracture D is less than

0.2 inches (5 mm) The aperture for fracture F could not be estimated because

of severe breakage.

fracture B is filled with halite; filling thickness is mot greater than 0.03
inch, Petrographic examination reveals that there is bridging of anhydrite
zrains across the fracture plane. Drilling fluid may have dissolved the
halite filling ia several areas, especially at the upper extremity of the
fracture, creating the appearance of zspped 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
possible deposition by fluids. The filling is continuous with the halite beds
bzlow in the lower fracture. Short horizontal breaks associated with the

vertical break are also halite~filled.

Evidence of seepage, such as obvious dissolution, dissclution residue, clays,
or iron staining, is aot readily zpparent along any of the fractures, aven

though fracture D contains brine. The crushed interval at 3017 feet contains
anhydrite fragments with powdery, apparently weathared or dissolvad anhyvdrite

on the surface, which may indicate some dissolution along this fracture,

As apparent from drilling racords, zas was encountered at 3006 feet, presum-
3bly coutained in fracture C., Fluid was reported at 3017 feet, from fracture
D. Both fractures were exsmined for eyidence of brine/rock interaction, No
2vidence of fracture coatings was apparent from megascopic examinatioan of the
core. Patrographic examination ravealed some growth of anhydrite crystals
radiating ocutward from the fracture plane at 3017 feet. However, minor
dissolution by the drilling fluid (as evidenced during electron micrcscope
examination by pitting and the presence of barium) along the fracture may have
destroyed other subtle evidence of brime/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, When the fracture orientations derived from both methods are

compared, they are not in complete sgreement. The core orienting mechanism
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may not have functioned properly, producing inaccurate data, or couaversely,
the televiewer magnetic north may have malfunctioned, causing drift and
resultant inaccurate data. The source of the discrepancy Satween the two

methods cannot be determined.

The orientation of the fractures based on the televiewer iog ranges from about
N 10° F at 85 degrees dip to the west, to N 50° W at 70 degrees dip to the
west. The orientation of the fractures based on the oriented core ranges from
about N 15° W at 80 degrees dip to the east, to S 60° E at 30 deazrees dip to

the southwest,

Other Rock Discontinuities - In addition to the couspicucus near-vertical

fractures discussed above, discontinuities or joints are present in Anhydrite

-

Il along bedding laminae. Pairline joints are present in Anhydrite II, but
are not as numerous as in Anhydrite [[1. They are rare in 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 their small size: when stressed, the core invari-
ably breaks along these joints. They are present below 2924 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. No evidence of seepage or dissolution was observed
aloag these joints during core logging. Other mear-vertical hairline
discontinuities or microfractures 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 be made 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 brine reservoir in WIPP-12, because this
information is important to the hydrologic evaluations in subsaquent sections
of this report. FEstimates of porosity are used to approximate formation

compressibility and reservoir volumes.
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Porosity of the rock is made up of two components: (1) porosity of the

intact, unfractured rock {primary porosity); and (2) porosity resulting from

the presence of fractures {secondary poresity). 2arosity can also be ex-

pressed as "total" porasity or "effective" noresity. Effective porosity

.

includes only those voids which are iloterconnected and through which fluid is -
able to move, and is the porosity which is important from 3 hydrologic stand-
poiat. Total porosity includes all woids, including voids which are aot
interconnected, The primary 2ffective porosity of nearly all the host rock

]

{(halite and anhydrite) is expected to be ralatively low. Halite and anhvdrite

—

typically have primary effective porosities on the order of one parcent or
2

S

n

. Sescoundary effective porosity is practically nil if the rock is un-
ractured or only slightly {racturad, or it can be much wore than a few
g

percent if the rock is higz

Laboratory mezasurements of effactive porosity have been made on anhydrite core
from WIPP-12 and FRDA~6, as prasentad in Table G.2. (The tests were performed
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
porecsity are so low that the uncertainty associated with the measurement
tachnique is nearly as large as the measuvement itself, Table G-2 also
prasents measurements of permeability on the anhydrite core. The values given
for the two WIPP-12 cores are both less than 2 x 1074 md, below the sensi-
tivity of the measurecment equipment. These low values of porosity and
cermeability suggest that whataever effective porosity exists in the core is
capable of transmitting fluid only at extremely low rates, and that the

effective porosity from a practical hydrologic standpoint is extremely small.

Quantitative informaticn 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 tctal and effective

porosity is very small for anhydrite. The neutron porosity log, zamma density



T™E 3153

log, and acoustic log can each be used to estimate porosity of the Anhydrite
[I1 member at WIPP-12 (Dresser Atlas, 1974, [98la, 1981b). <Collectively, the
logs indicate that the porosity ranges from essentially zero to possibly as
high as five percent in some fractured zones. The methods usad to calculate
porosity from these logs all suffer from the same limitation; i.e., when the
porosity is very low, minor (and unknown) changes in lithology sad density can
significantly affect the calculated value of porosity. Thus, while the logs
indicate that the porosity is generally low, exactly how low cannot be firmly

datermined from them.

An estimate of fracture porosity (secondary porosity) can be made from

zstimates of fracture apertures in the aahydrite core. Using the data from
Table G.1, fracture porosity is calculated from the following:

where ¢, = fracture porosity
Za = summation of reservoir fracture apertures
% = apparent length of reservoir observed in well.
@ = average dip of fractures

This calculation yields maximum porosity values of 0.3 percent and 0.6 percent
for fracture 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 hound 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. However, it does indicate that fracture porosity is

probably very low.
Consideration of theoretical relationships between fracture porosity and

permeability indicates that high permeabilities 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 than 0.1 percent.

Potential fracture porosity presented in Section 4.3.2 shows average values
from 0.4 to 0.7 vercent, with local potential maximum porosity up to 2.2

percent.

From the above discussion, is apparent that the effective porosity of the

it
anhydrite reservoir at WIPP-12 is very low, but that there is considerable

uncertainty associated with all gquantitative estimates of porcsity. The

L3

1
primarvy effective porosity is believed to be practically zero. he secondary

-1

(fracture) =ffective poresity is estimated to be very low, prohably im the
range from 0.1 to 1.0 percent. This range of porosity will bhe used for the
compressibility estimates which follow below, and the hvdrologic analyses of
Part IIT.

rormation Compressibility

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:

where V is the reservoir interconnected pore volume, AV is the change in that
volume, and Ap is the associated change iIn reservoir pressure (under
i{sothermal 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 snd the affective porosity (¢)
of the reservoir. The bulk compressibility (CB) of the reservoir is defined

by Jaeger and Cook {1976) as the inverse of the bulk modulus, or:

3 = %~ (Eq. 3]

The pore volume compressibility is then the bulk compressibility divided by

the porosity:
Eq. 4) {(Van Golf-Racht, 1282)
which way be written as:

= [
¢p T T 0< $<1 [Eq. 5]

As discussed above, the effective porosity of the anhydrite reservoir in 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 ceore from other locations on the WIPP site.

The accustic log, which measures compressional wave 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 Aphydrite III
member of WIPP-12, with an average of approximately 10 x 108 psi. Laboratory
compression tests cn anhydrite from other WIPP locatioas iadicate 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 will be significantly reduced by the
presance of fractures, because fractures ares considerably more compressible,

1 A

Relationships between rock wmass modulus and intact rock wodulus, fracture
stiffness, aud fracture spacing developed by Kulhawy {(1978) were used to
estimate that the intact rock =mndulus 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 calculated from Egquation 5 using the
estimates of K and $ given above. Since rauges are given for both K and ¢,
there is also a considerable range of cempressibility rasulting from these
values: a maximum of 1000 x 107 ;si-l and a minimum of 20 x 1070 psi-l.

This range is used and discussed further in the hvdrologic analyses of Part

I[IT, Hydrology.

4.1.6 Lithology and Texture - ERDA-6

The geologic portion cof the investigation at ERDA-6 was limited, because a
geologic report had already been prepared based on the original drilling
(Jones, 198la), The present program consisted of zeologic logzing of a single
core run, and logging of rock chips from the base of the core rum to total
depth. The logs have been presented previcusly (D'Appolonia, 1982, Volume

IIIA); the following is a summary of the lithology presented in that document.

Coring commenced in the cement borsghole plug at 2562 feet, to recover and
examine the cement plug to evaluate its sealing affectiveness. 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 zomne
ranges in color from white (N9) to very pale orange (10YR 8/2), and is
microcrystalline, wvery soft, almost chalky in texture. The contact zome is
apparently calcareous due to reaction with the cement, and exhibits vigorous

reaction to hydrochloric acid.
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The Anhydrite II adjacent to the contact zone is white (¥9) ranging to medium
zray (N5) in color. 1Its texture is very fine granular with vitreous luster.
Bedding laminae are apparent as in WIPP-12, and exhibit similar variations in
appearaunce, ranging from very distinct, parallel and undeformed, to micro-
folded and undulating. The laminae are typically inclined 60 to 70 degrees
from the horizontal, and are occasionally vertical., Contrasting random
patches of anhydrite are white, almost translucent, without Sedding laminase.
Setween 2595 and 2596 feet, halite-filled vugs were observed in the an-

hydrite., The core-break surfaces often exhibit recrystallized anhydrite

crystals, halite crystals, and gypsum crystals.

Orilling centinued in the whipstocked hole with a rotary bit. he cuttings
description, though imprecise, indicates the general location of the contact
with Halite I (2732 feet), confirmed by gzeophvsical legging. The anhydrite

recovered in the cuttings appears similar to that ohserved ia the core.

4.1.7 Fractures - ERDA-6H

2ased on the previous ianvestigation at ERDA-6 (Jones, 198la), the brinme 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 between 2702 and 2718 feet is considered to be the main
fracture location, with vuggy, porous, recrystallized anhydrite breccia cut by
fractures dipping between 45 and 60 degrees (no core was recovered between

2711 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
itonformation on fracture characteristics. Between 2710.8 and 2711,25 feet,
white (N9) to very light gray (N8) anhydrite was observed, with 0.04-inch
thick brown bedding laminase oriented almost vertically. An irregular fracture
plane cuts the sample at an angle batween 75 and 85 degrees. Adjacent to the

fracture planes 1s porous, vuggy, recrystallized anhydrite containing halite
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in many of the vugs. Some halite crystals aligned parallel to the fracture
are cuhie, clear, transparent, up to cne inch ia length. A small sample of
this core segment was obtained for petrologic analvsis.
The fracture describted above is considerably different from the fractures
described at WIPP-12. The ERDA-6 fractures appear to be related to sites of
axtensive recrystallization, even brecciation, of the host anhydrite. The
WIPP-12 fracture %nown to have produced brine is a relatively clean, smooth
fracture with no secondary 7illing. These differences ar2 apparently related
b

to the degree of structural deformation at zach site, ERDA-6 ing located on

0

e
apparently larger, nore intensely deformed feature, four miles cleser to

noap
he buried Capitan reef margin than WIPP-12,

-r

4.1.8 Porosity and FTormation Compressibility — ERDA-6

Foreosity

Estimates of porosity of the anhydrite reservoir at ERDA-6 can te 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. Values from WIPP-12 core are
lower, less than one percent. Neautron porosity and gzmma 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
feat deep). (Note that the highest value of poresity from the gzecphysical
logs is measured with respect to a relatively small volume which represents

primarily the fracture zone.)

The fractures at ERDA-6 appear to be different than those at WIPP-12 in that
there appears to he a concentration of fractures (or some type of voids) over
a ten-foot interval (2709 to 2719 feet), whereas the fractures at WIPP-12 are
more or less Interspersed throughout the reservoir. ¥Not all core was
recoverad from the fracture zone interval at ERDA-6, however, 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 st ERDA-6
is very difficult to estimate. The porosity at ERDA-6 appears to be somewhat
higher than at WIPP-12, although it is still guite low. For the purposes of
compressibility 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, zpproximately twice the values for WIPP-12.

Formation Compressibilit
)

Tormation {pore volume) compressibility can be estimated for ERDA-6 in the
same wmanner as for WIPP-12 (see Sectiom 4.1.5)., The bulk modulus of the
achydrite resecrvoir at ERDA-6 1is estimated to be approximately the same as at
WIPP-12, or | to 5 x 108 51, wWith an effective porosity ranging from 0.2 to
2.0 percent, the range ian pore volume compressibility is 10 x 1076 ;si"1 to

500 x 1078 psi_l. This range 1is used and discussed further in the hydrologic

analyses of Part III.

4.2 GEOLOGIC LOCATIONS OF BRINE OCCURRERCES

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 information.
Figure G-11 shows the majority of boreholes in the vicinity of the WIPP site
which have penetrated the Castile Formation. As shown, thirteen bSoreholes
have iotercepted pressurized brime. Table H.l in Part III, Hydrology, lists
available pressure and flow data for these thirteen occurrences. Rased on
available data, the nrumber of reservoirs intercepted in these thirteen
boreholes is unknown. Although 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:

® 1In nearly all cases, brine issues from the uppermost
anphydrite unit of the Castile encountered in each
borehole.
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® rressurized brine occurrences appear to be associated
with deformation in the Castile.

The following 1is 2 summary of Information on locaticns of pressurized brine
occurrences tased on a review of geophysical logs, surface seismic data, and

unpublished data (Snyder, 1982, personal communication,).

4,2,1 Spatial Distribution of Brine Cccurrences

Pressurized brines encountered in the Castlile Formation in the northeastern
Delaware Basin are located In a band or belt that 1s adjacent to and parallels
the buried Capltan reef margin. This band or belt extends underneath the WIPP
site. Castile brine occurrences have been documented in other parts of the
Delaware Basin; these however exhibit negligible fleows, sub-artesian heads,

ne
and were not considered as pressurized brine reservoirs in this study. No

3

sub~artesian brines have heen reperted in the area covered by Figure G-11.

The brine closest to the Capitan reef was intarcepted in the Bilbrey 5 Federal
well #1 (roughly 1.75 miles southwest of the buried reef front). The brine
farthest from the reef was discovered in the Belcoc~Hudson Federal #1 well,
southwest of the WIPP site, and about 12.5 miles southwest of the rzef. All
reported brine occurrences are shown in Figure G-11, superimposed on the

structure contours of the Halite II mamber of the Castile Formation.

4.2.2 Stratigraphic and Structural Control

Stratigraphic Control

Interpretation of geophysical logs provided by the U.S. Geological 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 IIT unit, but simply the uppermost anhydrite as
determined by the structure at each location. Ia some cases, as 1in the
Bilbrey 5 Federal and Tidewater Richardson-Bass wells, data are lacking and no

astimate can he 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 by the borehole. Exceptions are the Pogo Federal #1 well, which
produced from the middle of the uppermost anhydrite (in an area where
Anhydrites III and II coalesce), and the Unien FTederal #1 well, which

intercepted brine in the upper part of Anhydrite III.

Structural Control

Figure G~11 1is a structure contour map drawn on the top of Halite IT of the
Castile Formation, based on borehole data. The figure indicates where the
Castile 1s deformed into a saries of anticiinal and syaclinal structures. The
structures are superimposed on the reglonal one to two degree east to south-
e2ast dip of the Castile. The structures appear to be mest intemse in a four
to six mile wide belt azdjacent to the reef; deformation hecomes less pro-
acunced over & short distance toward the cznter of the bzsin. The largest
structure in the vicinity of the WIPP site, penetrated by ERDA-5, has a
closure of between 300 and 600 feet based on borehole data. The structure
eight miles to the east of the WIPP site has a closure of about 300 feet also
tased on the borehole data of FPigure G-11. Figure G-11 shows WIPP-12 and
borehnle WIPP-11 located on a2 single large antiform. UDue to the sparsity of
boreholes in the vicinity of WIPP-11 and WIPP-12 however, the structural
interpretaticn 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
would require control data (i.e., saismic velocities of rocks down to and
including the middle Castile Formation) which are lacking. YNevertheless, the
saismic Isochrons appear to indicate that the structure at WIPP-12 is separate

and distinct from the structure at WIPP-1l.

4.3 PROCESS OF RESERVOIR FCRMATION

The preceding section suggests that a relationship may exist between brine

occurrences and the structures interpreted i{n 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, Iinformation 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 overlyving Salado Formation
reflects the wacping slightly. The underlying Delaware Mountain Group does
not appear to be widely involved in the structures under discussion (Powers et
al., 1978; Anderson and Powers, 1378). Further, the fact that the structures

are not uniformly distributed thrcughout the basin, and that the Dalaware

v

asin has been essentially unaffected by regional tectonic activity (Section

3.4) suggasts that the structures were not formed by a8 regional tectonie

Closer a2xamination Indicates that variations in halite thickness occur in
association with the structures. Halite IT is thickened at the WIPP-11
location. At WIPP-12, Halite I 1Is about 500 feet thick, 200 feet thicker than
would be expected 1In undeformed areas of the WIPP vicinity. At ERDA-6,
although Halite T has not been fully penetrated, it is assumad to be consider-
ably thickened (Figure G-6). The Union Well, located about 4000 feet to the
northwest of ERDA-6, apparently ancountered only elaven feet of Halite I.

From correlation of stratigraphlc evidence from deep wells (Figure G-6), it
3ppears that the structures are located over thickened seguences of halite,

both Halite T and Halite II.

Local thickening of halite and/or disruption of badded salt sequences is a
commonly observed phenomenon well-documented in published literature (Borchert
and Muir, 1964; RBaar, 1977; Muehlberger, 1968). That halite creeps or flows
under the action of differential stresses is well established (Wawersik and
Rannum, 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
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is believed to be responsible for the formation of salt domes. Halite is much
more ductile than anhydrite. When these two rock types are intercalated and
subjectaed to the same deformation, anhydrite will tend to behave in a brittle

manner whereas halite will btehave 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 secems a reasonable
explanation for the structures. FHowever, more difficult to datermine is the
factor(s) which initiated the salt tectonics, the distribution of the struc-

tures, the timing of fermaticn, and, most impor
1
ERs

w

tantly, hew the brine reser-

¥

otheses which address the

"

voirs are ralated to the structures. Several

~
lad

1

factor(s) which are responsible for salt tectonics are listed below, taken

rn

rom Borns et al. (1983):

8 Gravity foundering, or instability due to density

contrast.

® Dissolution mechanisms.

e Gravity sliding.

® Gypsum dehydration.
Another theory which is related to the proposed gravity foundering hypothesis
i1s differential lithostatic load. A brief discussion of sach of these

hypotheses with supporting or contradicting evidence follows.

Gravity Foundering ~ Gravity foundering is envisioned by Borns et al. (1983)

2s a possible explanation for localized structural development. Gravity
foundering results from the inherent instability of layered matarials of
different densities. The tendency 1s 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 genmeral lack of structure in the
central porticn of the btasin, abrormal concentrations of fluids wmay 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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ncecurrences providing the evidence of this mechanism. Development of a
fault(s) due to external tectonic forces could have initiated gravity founder-

ing.

Another factor which could have initiated salt movement is differential
ithostatic pressure, which would result if surface erosion produced lows or
valleys (Jarolimek, 1282, personal communication). ULithestatic pressure on
buried halite would be less under the valley, resulting in a tendency for
halite to thicken under the valley. This mechanism however camnnot 2xplain the

localization of structures in the absence of 2z knowledge of paleogeography.

Dissoiution Yachanisms - Dissolution has been suggested as a mechanism

which: (1) dissolved evzporites near the top of the section, causing collapse
and reduced local density, which permitted local deformation to start via
gravity adjustment (diapirism); or (2) dissolution in the Castile itself
removed hallte and caused deformation in surrcunding and overlying beds.

There is no dafinite indication of near—surface dissolution of the requirad
scale overlying the deformed area. In WIPP-12, there is no evidence in the
Castile Formation core of any dissolution or dissolution residues. Aiso,
geochenical evidence for the origin of Castile brines does not support the
idea that the fluid {s 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, whether the slope created by basinal tilting was
sufficient to initiate calt movement 1is indeterminable because the exact

movement mechanism is unknown.

Gypsum Dehydration - Heard and Rubey (1%66) have suggested that the conversion

of gypsum to anhydrite with assocliated release of water under applied heat and
pressure lezads 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 fluid cannot escape because of
an impermeable rock sequence, high pore pressures result which reduce rock
strength. Pessible anhydrite pseudomorphs after gypsum were observed locally
in thin sections of WIPP-12 core, and the geocheristry of the brines does not
rule out dehydration of gypsum as a minor source of fluids. However,kseveral
inconsistencies must be explained, such 2s the localizatien and irrvegular
distributicn of deformation features, which could onrly be explained by

irregular distribution of pockets of gypsum.

Thus, hased on review of a report on deformation of avaporites nsar the WIPP
site {(Borns et al,, 1983) and other published sources, possible hypotheses for
salt tectonics are gravity foundering, differeatial lithostatic lecad, dis-

A

soluticsn mechanisms, zravity sliding, and zypsum deshydration. Selection of a

t
1z beyond the scope of thils veport, although zravity

(75

favored hypothesi

foundering and gravity sliding appear to be the most plausible theories.

4.3.2 Tiwming of Structural Development

The timing of halite deformaticn is subject to discussicn and cznnot be
definitively determined. Several investigators have made estimates of the age
of deformation based on various assumptions and available evidence. These

estimates are discussed below.

Jonas (1981a) balieves that the structure penetrated by ERDA~6 offers evidence
of the age of deformation. He hLas observed that pre-Triassic strata are
uplifted and srched as a result of salt thickening, but that the overlying
Ogallala Formation of Pliocene age is undeformed. This would appear to
indicate that the movement is pre-Pliocene in age. However, ron-involvement
of overlying strata may not be a reliadble indicator of movement in an
evaporite sequence, since strain can be accommodated by the halite units and

not transmitted to overlylng beds.

From ezamination 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 microfclding -1s believed to be consistent with
structural trends developed during the Tertiary in the Delaware Basin
(Rirkland and Anderson, 1970), Anderson (1978) has iaferred that the salt
thickening and subsequent deformation is mid-to-late Tertiary. Anderson
(1978) assumes that the salt structures davelopad 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 zbove can be summarized by concluding that the
mation is probably Censzoic, and could have occurred between 12 to 1

vears ago, although definitive evidence dces not exist. The relation-

=
[
[
r-A
el
w0
0 =3

ween the ages of the structures at WIPP-12 and ERDA-6 is also not

4.3.3 Brine Reservoir Formation

The mechanisms which could have initiated or created salt deformational
thickening have bzen discussed above. This section discusses the effects of

the salt deformation on the interbedded and overlying anhydrite layers.

The model emﬁloyed to explain the development and location of fractures
presumes that the anhydrite layers acted as brittle beams or plates pushed

upward by the upward movement of the underlying salt.

Elongation/extension of the anhydrite layers due to thickening of underlying
kalite is believed to be the predominant mechanism resulting in fracturing of
the brittle anhydrite. A secondary mechanism 1s the bending of anhydrite
associated with the deformation. As shown in Figure G-13, the regilonal
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 extensicn of the anhvdrite can be quantitatively evalusted,
as 1llustrated in Figure G-13. Zlongation of the anhydrite can bde calculated
frecm a cross section 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 remaiéed horizontally fized. The anhydrite layer can
be breken Into a series of circular arc and straight line sagments. The
elongations of the segments resulting from vertical displacements may then be
calculated and summed, and the overall elongation, as a percentage of the
rigliaal length, can be calculated. Typical average elongatiocas for the
structures around WIPP-12 and ERDA-6 are 0.4 to 0.7, and 0.7 to 1.1 percent,
rtespectively. Locally, such as in the aaticlinal crests, the elongation could

reach 2.2 percent arsund WIPP-12, zand 1.6 percent around ERDA-6 structures.

[

uch extensions are likely to exceed the tensile strangth of the anhydrite,

and thus fracturing from elongation would cccur.

Quantitative consideration can also be given to the stress and strains
assoclated with the obhserved bending of the anhydrite. Stresses due to
bending of a beam under elastic conditions can be directly related to the

radius of curvature of the beam by the follewing expression:

" Ei—g/z). £q. 6](1) (Merritt, 1976)

where Trax is the maximum stress (temsile or compressive) in the heam, E 1is
Young's modulus, d is the beam 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)1n 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 applicable. It 1s used here for illustrative purposes
only.
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approximately 107 psil, and the compressive strength at a confining pressure of
2900 psi (20 YMPa) is about 23,000 psi (Pflefle and Seanseny, 1281; Teufel,
1981). The teunsile strength may be approximated 2s ten percant of the
compressive strength (Jaeger snd Cook, 1976), or about 2800 psi. Calculations
at points of maximum curvature in cross sections through the WIPP-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 have ranged from about
28,000 to 172,000 psi, and from 48,000 to 111,000 psi raspectively, if no
fracturing had occurrad.

[

These calculations indicate that bending alome would cause nhigh tensile
stresses wnich would zxceed the tensile strength of the aanhydrite for most
areas with significant structure. In other words, very little bending 1s
required to produce bending stresses which axceed the strength of the rock,
and therefore btending is a contriduting factor in fracture development in the
anhydrite due to salt movement. Tquation 6 also indicates that the bending
stresses are directly proportional to the anhydrite thickness. Since
Anhydrite IT is thinner than Anhydrite III, this is a possible explanation why
the Anhydrite II member appears to be generally less fractured than the

Anhydrite TI1 member.

The fracture distribution, spacing, and apartures are governed by extremely
complex processes; detailed modeling 1is beyond the scope of this study.
Howevar, a qualitative evaluation of the distribution of the elongation

throughout the structure results in the following:

1. The largest eclongations are most likely to eccur
within the crests of the anticlinal structures, where
main fractures are open at the base of the anhydrite
member and their apertures lncrease upward.

2. Within the synclinal structures, the fractures are
most likely to be closed or with mininum apertures at
the top of the anhydrite, and widen toward 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 transfer from the synclinal flexures where the

salt deformation is producing mainly tangential
forces.

+1

If all of the extension were to be taken up in fractures, then these values of

2xtension may also be representative of fracture porosity of the anhydrite, as

follows:
STRUCTURE APPROXIMATE POTENTIAL FRACTURE PDRDSITIES(Z?
ARQOUND: MIN. AVERAGE MAX. AVERAGE MAY, TOCAL
ERDA-6 0.7 1.1 1.6
WIPP-12 0.4 0.7 2.2

These calculations agree in general with the porosity estimates prasented in

Sections 4.1.5 and 4.1.8.

The model appears to explain the limited amount of geologic data zvailable for
the WIPP-12 and ERDA-6 structures. The fact that brine was encountered near
the base of aanhydrite units in the majority of brine occurrences is not
inconsistent with the fracture model. The majority of brine producers may
have been drilled ianto limb areas where fracture aperture, and therefore the
brine production, Is greater snear the base of the unit, because of the greater
statistical chance of Intersecting a liab of a structure rather than a crestal

area.

Several questions remain unresolved however. ERDA-6 and WIPP-12 appear to be
located on the crests of structures (see Figures G-11 and 5-12, 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 WIPP-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 1s always possible with wvertical bhorsholes
and nesr—vertical fractures. Although possible, the above explanation is

hardly conclusive. Additionally, no rationale has been developed explaining
the hit-or-miss nature of the brine encounters. If brine occurrences were

siwply related to structural deformation, a number of the dry holes presented
on Figure G-11 would have baen expectad to have encountered brine. The fact
that the holes are dry indicates the locallzation of brine within particular

parts of structures by an unknown mechanism,

4.3.4 Tressurization of Brine Reservoirs

Creation of fractures or open voids by extension or dilatancy (McNaughton,
1653; ¥McNaughton and Garb, 1975) would result in a large pressure differential
between the voids and rock matrix pores. Any flulds available in the matrix
pores adiacent to the voids would have the tendency to migrate tcward and
eventually {111 the voids. The fluids in the voids would thus be pressurized
at some value less than ancient pore pressure. Differances in pressurization
between raservolrs may be explained by varylng fracture intensity and

aperture.

There are other possible explanatiorns for abnormal pressures within isolated
reservoirs (Sradley, 1975). The theories appearing plausible for brines

within the Castile Formation are:

o Uplifting of the reservolr (relative to its one-time
recharge area) or surface ercosion, both of which
could result in the water pressure in the reservoir
being too high for {its current depth of burial.

o Increasing temperature, perhaps as the depth of

burial increased, caused the brine to expand, thus
increasing pressure.
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e Mass transfer of water from zones of low salinity to
zones of high salinity by osmotic forces. Hydrolsgilc
confining beds can serve 25 semi-parmeable membranes.

# Molecular restructuring of original organic material
1n sediments by chemical, physical, aad/or biological
actlions.

No viable theory 1s 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 pressures of all Castile brines are

A1

prohably products of ancient pore pressures modified by rock dilatancy and

pertaps by internal processes.

4.4 CEOLOGIC EVIDENCE OF BRINE ORIGIN

The preceding section dealt with the formation of the structures in the WIPP
vicinity, and how the deformation led to the development of hrine reser-
voirs. This section will discuss svailable geologic evidence, primarily
negative 1In nature, which supports the conclusions reached in Part IV,

Chemistry, Section 5.1, regarding brime origin.

Xnown pressurized-brine reservoirs are associated with salt-cored deformation
structures within the €astile Formation. In the case of WIPP-12 and ERDA-6,
the fluids are contained in high—-angle fractures probably formed by extension
of anhydrite 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 1Is 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 {s 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 about fifty pearcent of the original system volume of gypsum
converts to water (Heard and Rubey, 1266). Evidence of conversion of gzypsum
to anhydrite is not readily apparent from macroscopic inspection of WIPP-12 or
ZRD4-6 core. Microfelds in anhydrite laminae are more readily explained by
compressive forces than by conversion of gypsum to anhydrite (XKirkland and
Anderson, 1970). Petrographic examination of the anhydrite in WIPP-12 reveals
the presence of possible pseudomorphs of anhydrite after gypsum as discussed
in Section 4.1.3. This evidence for primary gypsum 1s not compelling,
although dehydration waters canunot be ruled out a2s a minor source of brine
reservoir fluid. Ground water or meteoric water does not appear to be a

plausible fluid source at WIPP-12, bSased on the lack of evidence of

dissolution features and the tight contacts observed.
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SUMMARY OF FRACTURE CHARACTERISTICS
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TABLE G.2

EFFECTIVE POROSITY, GRAIN DENSITY, AND PERMEABILITY LABORATORY TEST RESULTS
FROM ANHYDRITE CORE

SAMPLE
DEPTH EFFECTIVE POROSITY GRAIN DENSITY PERMEABILITY
WELL (fr) (1) (g/cm?) (md)
WIPP-12 2315 0.8 2.939 <0.0002
WIPP-12 3007 0.2 2.954 <0.0002

ERDA-6 2600 1.6 2.923 ' 0.003
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PART IIIL - HYDROLOGY

1.0 INTRODUCTION AND SUMMARY

The hydrology section of this report presents the investigative methods, data,
analytical methods, results, and conclusions of the hydrologle study coaducted
during this project. Data include those collected specifically for analysils
of the Castile brine reservoirs (i.es., D'Appolonia, 1982, 1983) and those
compiled from the drilling raecords of other wells in the Delawara Bagin. Much
of this drilling record data is used in analysfs of the spatial distribution
of the reservoirs and was developed in Part iI, Geology. 1Included are
indications of the quality of the fleld data and the applicability of the

field data to several analytical methods.

The results of the hydrological lnvestigations indicate that the ERDA-6 and
WIPP-12 brine reservolrs, and probably the other Castile brinme reservoirs, are
isolated from each other and from ground-water systems in the overlying
Rustler Formation and underlying Bell Canyon Formation. The persistence of
high and different hydraulic heads in Castile brine reservoirs over at least
the last million years is the principal hydrologic evidence for thelr
isolation. Because all known Castfle brine occurrences are associated with
fractures, the reservoirs are thought to be comprised of localized systems of
{nterconnected fractures. The ERDA-6 fracture system Is estimated to contain
about 630,000 barrels of brine and thea WIPP-12 fracture systean may 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 1s open, but flow from
the Castile to the facility cannot occur ia such a short geologic time. After

salt creep seals the facility, hydraulic conditions will be similar to those

H-1
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which have prevented flow from the Castile brine reservoirs for a million

years.

2.0 PURPOSES AND SCOPE
1 SUMMARY OF PREVIQUS INVESTIGATIONS

The existence of brine reservolrs in the Castile Formation has heen documented
by forty vears of observations made during oil and gas exploration drilling.
During this period, little or no effort was made to organize thé available
data or charactarize the resarvoirs quantitatively. Indeed, the Castile
Formation 1Is considered an aquiclude by authofs'studying regional hydrogeo-

ogy. Hiss (1975) published the first comprehensive ground-water report on

o}

the Delawara Basin and dealt with the topic on a ragional scale, documenting
£low patterns and regions of recharge and discharge for the agquifers of
zconomic Interest. Hiss (1975) relied on existing data and, as such, sould
say little about the hydrology of the Castile brime reservoirs. Mercer and
Orr (1979) studied the hydrology of the region as it relates to the WIPP
project. Thelr report concentrated on the Rustler and Bell Canyon formations,
which constitute the closest overlylng and underlying aquifers respectively,
to the Castile and Salado formatlons. Towers et al. (19278) present these data
in an extenslve report on the geological characterization of the WIPP site.
They established that the Salado and Castile formations separate the overlying
and underlying flow systems by a combined thickness of hundreds of feet of
very low-permeabllity material. The heads within the flow systems are helow
around surface, and the aquifers are known to contaln uansaturated (with NaCl)
waters. Fluids encountered within the Salado Formation occur as small pockets
with low pressure. Brine raservoirs 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

H-2
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Rustler Formatfion by pressure analysls and tracer techniques. We was able to
determine effective porosity, dispersivity, and anisotropy values for several

study locations surrounding the WIPP facility.

The first WIPP site-characterization exploration hole to indicate the presence
of Castile brine reservolrs was TRDA-6. ERDA-6 was laitially drilled to 2775
feet below ground surface in 1975 to evaluate the site for location of the
WIPP facility (Jones, 1%28la). Tachnical direction for the »nroject was
provided by Sandia National Laboratories. F~xamination of drill cuttiags aad
core was the rasponsibility of the U.S. Geological Survey, and supervision of
drilling cperations was provided by Fenix and Scisson, Inec. After
interception of the brine raservoir at 2711 feet in anhydrite, drilling
continged into the underlying Halite 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 ianvestigation 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 th
pressurized brine reservoir at ERDA-6 in 1973, initiation of Site and
Prelimicary Design Validation (SPDV) construction at the WIPP site, and inter-
section of a reservoir by WIPP-12, located about one mile from the site cen-
ter, in 1581. The lack of quaantitative informatlon proampted investigations at
ERDA-6 which were later supplemented by work at WIPP-12. Table H.l lists the
avallable data on each reported brine occurrence in the Castile Formation.
ERDA-6 and WIPP-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 preseant 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 orlented tcward establishing the relation-
ship between brin2 reservoirs in the Castile Formation and the suitability of
the WIPP site. The hydrolegical issues which determine the impact of reser-

volr occurrence on site sultability are summarized below.

2.2.1 Connectivity of Brine Reservoirs With Other Water Sources

The bdbrine reservolirs in the Castile Formation are stratigrapinlically and
zeographically the closest substantial volumes of liquids to the WIPP disposal
horizon. The degree of isolation of these brine reservolrs from other vater
sources, especially those in close preoximity to the site, enters into the
assesement of the hvdrological stability of the site. Tntercommunication of
widely spaced (stratigraphically or gzs=ographically) reservoirs coald provide
pathways for radicnuclide wmigratisn away from the WIPP disposal area.
Interconnaction of brine reservoirs with local aquifars containing unsaturated
(with respect to NaCl) fluids could lead to reservoir enlargement that could
potentially affect the WIPP facility. Additiornally, such interconnection

would also provide potential pathways for radlonuclide migration.

The results of hydrological investigatlions performed to determine whether
interconnection exists are discussed in Section 3.4.1. The conclusions are
supported by the results of the geochemical investigations dlscussed in Part

IV, Chemistry, Sections 3.3 and 4.3.

2.2.2 Volume of Brine 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. T¥nowledge of drainable volume is useful for assessment of the
geographlical extent of the reservolirs 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 Evidence of Brine 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 zssessment of site stability.
These data will help answer questlons concerning whether reservoir development
1s an active process or ended in the geological past and is currently dorm-
ant. The contribution that hvdrologic analyses can make toward identifying

the brine origin and migration history 1s to explain:

e Wwhnat could be (or could not be) the source of the
brine?

s What was the mechanism of brine migration and
accumulation in the fractured anhydrites?

8 Are the processes of reservolr development or brine
migration still active?

Aypotheses on brine origin, migration, and accumulation can be developed in
light of the reservolrs' undisturbed (maximum) pressures and reservoir
responses to brine removal., A discussion of the origin of the reservoirs and
brines {s in Section 4.4 of this report. The majority of the evidence
pertaining to the origin of the brine, however, is derived froam the geochemi-

cal investigations discussed in Part IV, Chemistry, Section 5.1.

2.2.4 Potential for Brime to Migrate From Reservoirs to Waste Facility

An assessment of the potential for brine migration into the underground waste
facility is ioportant due to the possible mobilization of the waste following
brine intrusion. Mechanisms that could cause irnflow of brinme to the waste

disposal horizon are:

o Upward seepage of brine through the halite of the
Salado Formation under the induced hydraulic gradi-
ent.

o Dissolution of evaporites and assoclated movement of
hrine.
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o Movement of brine through unplugged boreholes which
connect the disposal horfizon and brine reservoirs
either directly or through Interconnectiag fractures.

@ Flow of brine through fractures induced by mining
activities.

A discussion of the potential for brine movewent Iinto WIPP underground open-
ings via upward seespage through the Salado Formation 1s offered in Section
3.4.2 of this report. The potential for dissolution of evaporites is add-
ressed in Part IV, Chem!istry, Sectiom 3.3.9. The last two possibilities are
not within the scope of this report. The consequences of Intevrconnecting the
WIPP underground with a brine reservoir through drilling, “owever, have heen

shown to be Iinsignificant (Woolfolk, 1982).

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 were examined to determine
if relationships could be defined between brine occurrences and local strati-
graphy or geolecgic structures. Evidence of connections between reservoirs was
also seought. Data on brine occurrences {n other parts of the world, as well
as data on fractured reservoirs in general, were also reviewed to provide a
broader background for the study. TFollowing the data review, a conceptual
hydrogeological model was developed of the area around the WIPP site. A study

plan was then daveloped to test, refine, and verify the model.

The fileld efforts undertaken to characterize the hydraulic properties of the
brine 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. Whenever
possible, tests were designed to complement or supplement previous tests. The
hydrological testing program was developed to accomodate geochemical sawpling,

as well as geophysical logging.

H~6



3.0 HYDROLOGIC CHARACTERIZATION OF BRINE RESERVOIRS

Brine flow rates from the reservoirs, and reservolr pressures weasured prior

to, during, and after flow periods, were the key data used to charactarize the

hydrology of the reservoirs. In particular, these data were used in

determination of:

@ Reservolr undisturbed pressure.
o Reservolr transmissivity.

8 Reservoir flow-systeam model.

Datallad information on the hydrological testing procedures and volumes of
brine produced from the raservoirs was presented by D'Appolonia (1932) in
"Data File Report - ERDA-6 and WIPP-12 Testing” and "Addendum 1" to that
report. The discussion belcw briefly summarizes the tasts performed at ERDA-6
and WIPP-12. Figures H-1 and H-2 show the csquence 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 technology was
devalaped by and for the petroleum iadustry to test the hydraulilc properties
of deep—seated reservolrs and allow the collecticn of reservoir fluids for
analysis. The drill stem tests'performed in ERDA-6 and WIPP-12 produced an
initial set of data on the brine reservoirs' hydraulie properties including:
(1) reservolr pressure; (2) reservolr temperature; and {3) reservoir transmis~
sivity. 1In addition, observatioms of reservoir behavior during drill stem

tests were used to develop programs for subsequent flow tests in both wells.

Drill Stem Tests in BERDA-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", was performed prior to reopening the well to
the brine-producing horizon, and its primary purpose was to test the fan-situ

integrity of the cement plug emplaced in ERDA-6 1in 1975. The second interval




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 IT at 2711 feet. This test, designated "DST-2680",
produced an infitial set of data concerning the hydfaulic properties of the

TRDA-56 brine reservolir.

Drill Stew Tests {a WIPP-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-

o

cnown fractured zcocne located in Anhydrite TIIT approximately between 3010 and
3020 feet. Daring this test, Jdesignated "DST-30207", the packer could not be
set balow 3020 feet due to the configuration of the TST tool; thus, the
fractured zone may not have been totally sealed off from the tested
interval. The second tasted interval extended from 2986 to 3047 Feet. This
DST, cdesignated "DST-2986", produced an initial set of data on the hydraulic

properties of the brine reservoir at WIPP-12.

3.1.2 Flow Testing

A flow test, as used in this report, refers to a relatively long-term flow and
pressure buildup test. Flow tests were conducted to provide further ianforma-
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
well 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 in ERDA-6 provided further information on the hydraulic

properties of the bhrine reservoir, as well as data for reservoir volume
calculations. Flow Test 1 Immedlately 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 embrittlemeat 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

harrele.

Flow Test 2 and Flow Test 3 were designed to provide data on the response of
the reservoir to long—term stress. Signiffcantly 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 pressura buildup followlng shut—-in was monitored to
provide a basis for the evaluation of long-tesrm reservoir response. 3oth Flow
Test 2 and Flow Test 3 were run with an open borehole with all fnstrumentation

above ground surface. Currently, ERDA-6 is shut-in and will soon be cementad

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
raservoir volume calculations. Prior to the iInitiation of the formal hvdro-
logic testing program at WIPP-12, over 27,000 barrels of bdrine were unavoid-

ably produced from the well during drilling and geophysical logging.

Flow Test 1 was designed primarily to allow the collection of gas and brine
samples at 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
coacern, and in fact, no interpretable data were obtained. Total brine
production during this test was 489 barrels. 3Between 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 was a short—-term test designed to provide data on the fracture
response to short—term stress. 1t was expected that the data would be useful
in assessing fracture sermeability and the ratlo 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 reservéir to
long~term stress. Total brine production during this test was 24,800 bar-
rels. Currently, WIPP-12 is shut-in and will soon be plugged through the
producing zone. Final plugging to the surface will b2 a part of the borehole

pluggling program,

3.2 “EASUREMENTS

Detailed information on flow-monitoring-system configurations, flow-meter
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 instrumentatlon, factors affecting quality
of flow and pressure data, and special concerns regarding data acquisition

techaiques.

3.2.1 Flow Measurements

The flow rates and volumes of brine produced from the reservoirs were measured
with a variety of metering davices. 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 deepening of WIPP-~12. During efforts
specifically designed for hydrologic testing, various flow meters were
installed to wmonitor flow rates, and during DST's, downhole transducers
measured inflow rates into the tubing. Tables H.2 and H.3 briefly summarize
the flow wonitoring in ERDA-6 and WIPP-12, respectively. Iaformation 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 at times

affected by:

s Cas liberated from the brine passing through the flow
meters, causing them to register erroneously high
flow rates.

¢ Salt precipitation within the flow lines or flow
meters restricting flow and often Incapacitating
iastruments.

o Daterioration of flow meters due to the corrosliveness
of the brine and hydrogen sulfide.

o Choke effects during DST flow periods.

The problem of gas libteration in the flow system upstream of the flow meters
was 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 positfon of the flow oeters, but the possidility of small bubbles
remalaos. The analyses presented in Part IV, Chemistry, Section 4.3.2,
indicate that even under flowing conditlons no more than about two percent of
the fluid volume at the WIPP-12 reservolr level 1Is occuplied by gas, and no gas
at all should exist in the ERDA-6 reservoir. Therefore, most of the gas
orobably was liberated during travel up the wall., The much slower flow rate
of ERDA-6 i{s likely responsible for the existence of more gas In the discharge
line by allowing longer travel times under raduced pressure. Problems with
zas/brine separation were rectified when gas/liquid separators were used.
3rine flow rates were measured downstream 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 cne. The obstructed meter would then be flushed with fresh
water to prepare for fts future use. The extremely high corrosiveness of the

brine, coupled with the presence of hydrogen sulfide, also caused frequent

—n

low meter fallures. The parallel arrangement of flow weters allowed

switching to an alternate whenever a meter needed to be repaired. As a last

I

esort or as a check on flow meter accuracy, the brine could be channeled

through a cutthroat flume.

Choke effacts wera noted during the flow periods of the DST's conducted at
WiPP-12 (D'Appolonia, 1982, v. II). These effects are present when pressure
at the Iastant of flow period faitlatlon is not as low 2s would be expected
hased on the pre-test static pressure exerted by water in the tubing. Choke
effects are causad by the reservolr yielding fluid at a greater rate than can
22s8ily pass through the DST tool, causing hackpressure to build up on the
reservoir side of the restriction or "choke.” 3BSecause the DST transducer is
also located on the reservoir side of the choke, this choke pressure is
registered instead of the desired pressure of the water column in the tub-

ng. For this reason, the DST's conducted in WIPP-12 were not used for

e

quantitative analysis.

Problems encountered during the flow tests were identified in the field and
corrective measures were Iimplemented. Their bearing on the overall quality of
the test data was considered during selection of data for gquantitative

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 mathods of pressure measure-
zent, Instrumentation, and limitations ares 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 reservolr pressure and temperature
data. The downhole pressure-monitoring systems allowed measurement of these
parameters at reservoir depth. Tor all tests except Flow Tests 2 and 3 {n
WIPP-12, a Lynes Triple Conducting Wireline (TCWL) transducer probe was
coupled with an HP-9825 desktop computer for data acquisitiocn and manipula-
tion. During Flow Tests 2 and 3 in WIPP-12, a Johnston-Macco 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 lesks and affecting pressure readings. For
extended periods of pressure monltoring, 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 wirelline 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 (fluld pressure gradient x thickness) by the fluid column
in the wellbore above the reservoir must be known. One fluid pressure
gradie&t survey was performed in ERDA-6, which indicated a pressure gradient
of 0.5326 psi/ft of brine. Four fluild pressure gradient surveys were rua in
WIPP-12. The surveys indicated fluld 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/fe.

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 approxiwately 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 iaterface In the wellbore
could not be wonitored on a continual bSasis. With an expanding gas cap,
wellhead pressures will rise at a faster rate than reservolr pressures because
as a gas cap expands, the gas pressure must rise to compensate for the
pressure sxerted by the displaced brine. Even {f the reservolr pressure is
static, the gas pressure in an expanding gas cap will continue to rise. The
effect of gas cap development 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
resarvoir pressura deplerion for reservoir volume calculations. Accordingly,
on March 7 and 8, 1983, the gas caps on the WIPP-12 and ERDBA-6 wellbores were
raleased to obtain data needed to calculate the raservolr pressures accurately

{see Sections 3.4.3 and 3.4.4).
Another drawback to surface pressure measurements was that amblent 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
5uildup period following Flow Test 1 in ERDA-6, were conducted in uncased,
open bYoreholes. The entire 1600-foot thickness of the Salado 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 1mpact that inter-reservoir cross-flow could have on buildup
pressure has been examined for WIPP-12, The waximum iaflow into the Salado
Formation, based on shut-in conditions, was estimated to be 25 bbl/day and
this 1n 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 REDUICTION AND ANALYSIS

Data raduction and analysis were guided by an 2volving working hypothesis for
a reservolr model. Qualitative examination of geologic and hydrologic data
provided a preliminary indication of appropriate flow-system models to be used
to analyze the hydrologic data quantitatively. As the analyses progressed,
the models were tested and refinad until the most appropriate model was

developed.

.3.1 “orking Hypothesis for Reservoir Model

3
A general reservoir model of the ERDA~6 and WIPP-12 brine reservoirs was

[ 9
(1%
b

veloped largely from information gained from drilling records, core, and
other data from ©RDA~6, WIPP-12, and other wells in the Delaware Basin. This
nodel w3s used as a working hypothesis during analysis of the hydroleglc
data. Refinement of the working model continued during hydrological testing

and data analvsis. The following is a list of preliminary Information from

which the reservoir model was originally developed:

e 3Both the ERDA~6 and WIPP-12 brine resarvoirs were
encountered in the uppernost anhydrites in the
Castlle Formation. Flow was detected from the lower
portion of each anhydrite only (Register, 1981;
D'Appolonta, 1%82). The anhydrite beds are bounded
on the top and bottom by massive salt beds.

® 3Brine was produced from ERDA-6 and WIPP-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
sectlions of core samples from the fractured zones in

WiPP-12,

8 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 ls apparently associated with
antiform features (Figure G-11) which may be control-
ling factors in the density, distribution, and
orientation of fractures.

Analysis of core and g=ophysical logs indicates that the brine reservoirs
probably consist of multiple interconnected fracture sets of various apertures
and extents. The large fractures are probably meost limited {n extent, and are
expected to have high permeabilities but relatively little brine storage
capacity. Different large-fracture sets may be interconnected by smaller
fractures (see Figure G-13). The smaller fractures probably have greater
geograpnical extent, and account for the majority of brina storage while
having relatively low permeabilitles. The density of fractures Is probably
sreatest along the flanks of the antiforms (Aguilera, 1%80), which may explain
the distribution of highly productive reservoirs (cf. reservoir locations on
Flgure G-11 with flow rates in Table H.l). At some point in every lateral
direction, the fractures, both large and small, probably end 1in massive
anhydrite of extremely low permeability. The reservoirs are also bounded
above by low-permeadility anhydrite and massive salt, and below by massive

salt.

The conditions noted above suggest that the expected pressure and flow
behavior in the Castile reservolirs would be different than that predicted by
homogeneous, infinite reservoir models. For this reason, 1n selecting
analytic methods, several reservoir models were considered in addition to the
standard homogeneous, infinfite model. These included: thomogeneous, finite
models; double-porosity models; and single vertical fracture (both infinite

and finite fracture permeability) models.

3.3.2 Analytic Methods for Connectivity/Isolation Assessment

Three main categories of hydrolegic information can be used to assess the
degree of isolation of the Castile brines: (1) observations of hydraulic heads
1a 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 chaﬂges in observation wells during hydrological testiang in ERDA-H

and WIPP-12 ({nterference testing). Section 3.4.1 presents the results of

this assessment.

3.3.3 Analytic Methods for Brine Migration Potential

Four scenarios have been {dentifled that night cause brine stored in the
Castila Formation to contact the waste 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 esvaporites and associated movement of
brine; (3) flow of brine through fractures faduced by mining activities; and
{4) nmovement of brine through unplugged boreholes. The flrst scenario, upward
szepage of brine through halite of the Salado Formation, is the only scenario
which does not rely on human influence that can be evaluated sclely 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 preseant-day flow
regime, and changes that could occur in that regime as a result of cpening up
the WIPP facility. Much of the same evidence used to assess the connectiv-
ity/isolation of brina reservoirs can be brought to hear on this problem. The

results of this evaluation are presented in Section 3.4.2.

3.3.4 Aaalytic Methods for Flow System Characterization

Early examination of the buildup data frow the tests in ERDA-6 and WIPP-12
indicated that the reservoirs were not responding as simple, textbook examples
of 1dealized systems. Preliminary analyses were therefore conducted with the
extensively used and versatile Horner (1951) method. Although originally
daveloped to analyze infinite-acting radial flow in an isotropie, homogeneous
medium, the HRorner 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 Horner method, buildup pressure (4p) is plotted versus log [(tP +
at)/ot] to produce a Hormer plot (see Yomenclature at eand of Hydrology text
for definition of symbols). If the conditions of infinite-acting radial flow
are wet, a stralght line will be present on the Horner plot. Deviations from
the straight line during early and late buildup times are Indicative of

deviations from these conditions.

Figure H-3 preseats a hypothetical Horner nlot showing the signatures of =many
deviations asnd their causes; In gesuoeral, wellbore conditlons will affect the
2arly data (far right) and houndary effects will influence the late data (far
left). Flgures H-4 and H-5 show Horner plots from reservoir tests in ERDA-6
and WIPP-12, respectively. Comparison of these Hornar plots with Figure R-3
shows that: (1) both wells have large negative skins or intersect major
fractures; (2) both raservoirs show Infinite-acting radlal flow during
intermediate times; (3) both reserveirs show 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 Horwer plots suggest that the 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 i1n the heterogeneous reservoirs prlor to testing.

Initial qualitative interpretation of the Hormer plots suggested that the
following reservoir models might be used to guide 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.

o TInfinite—-acting, homogeneous, radial-flow model

- Theis method (Theis, 1935)
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- Jacob-Lohman method (Jacob and Lohman, 1352)

- Horner nethod (Horner, 1951)
o Infinite-acting, heterogeneous, radlal-flow mecdel
(double porosity)
- Horner method (Warren and Root, 1963)
- Bourdet and Gringarten method (Rourdet and Gringar-—-
ten, 1980)
- Mavor and Cinco-Ley method (Mavor and Cinco-Ley,

1979)
@ Finite-acting, radial-flow model
~ Jacob method (Cooper and Jacob, 1246)
- Horner method (Sorner, 1951)

- Da Prat et al. method (Da Prat et al., 1381)

- Muskat method (Muskat, 1937)
9 Model for well intersecting a major vertlcal fracture
(linear flow)
- Locke and Sawyer method (Locke and Sawyer, 1975)
~ Horner wethod (Russell and Truitt, 1964; Raghavan
et al., 1972)
- Gringarten et al. method (Gringarten et al., 1972)

-~ Jenkins and Prentice method (Jenkins and Prentice,
1982)

A systewatic series of analyses was conducted using many of the techniques

mentioned above. The results of each analysis were used as an {ndication of
whether or not the reservoir actually conformed to tha assumptions inherent in
the method. In thils way, the results of all the analyses supplied either
positive or negative information on the raservoilr characteristics and helped

to refine the working model of the Castile brine reservoirs. In the end, the
Aorner method proved to be best sufted for analysis of the available data.
All the other methods either produced ambiguous or qualitative results, or

provided nothing that could not also be obtainad from the Horner method.

Over the following pages each of the major analytical methods used are

discussed. The information galned from each analysis is noted, as well as the
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reasons why each was ultimately dismissed In favor of the Horner method. A
listing of the gquantitative results from many of the methods is presentaed in

Table H.4.

Horner Semi-Log Method of Analyzing Buildup Period Data

The applicability of previously derivad heat flow solutions to ground-water
flow problems was first demonstrated by C.V. Theis (1935). Tha theory and

technique of buildup period semi-log analysis was expanded by D.X. Horner

r

(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:

o2 [Fq. 1]
subject to the follcwing assumptions:

1. A well of negligible storage capacity fully pene-
trates a homecgeneous, 1sotropie, horizontal, in-
finite, confined reservoir.

2. The hydraulic head everywhere within the reservoir
is equal and constant prior to initiation of flow.

3. At initiatlon 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:
t

+At
Py = Po” %%%HQE log —REE__ (Eq. 2]
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Beginning at the start of the buildup period, pressure data are collected as a
function of elapsed buildap time. A plot is then prepared of buildup pressure
versus the log of —2*———— During the buildup perlod 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

< 2.3 Qu (Eq. 3]

m
4T

and thus the kh product (transmissivity) can be calculated {f Q and . are

known.

Horner (1951) suggested a modification of this method for flow periods in
which the flow rate was not held constant, This procedure was later theoreti-
cally verified for the case of constant-pressure, non—-constaat—rate production
(Ehlig-Economides, 1979). The procedure involves calculating a modified

production time, tp, with the equation:
t. = [Eq. 4
p Q}' t5q ]

With this modification, the equation describing pressure bduifldup at the well

Secomes:

2.3 Qf v £ + Ar
pw = pO - ———!&_Wﬂ log -L—KE— [Eq- ZA]

Recognition of skin effects, wellbore storage, double—porosity behavior,
lateral or radial inhomogeneittes, and boundary effects are possible on the
Horner plot, a2s shown on Figure H-3. Calculation of permeability from the
Horner plot requires the identification of data representing radial flow; 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 varisus flow ragimes repre-
sented during a buildup period can be alded by log-lsg analysis, as discussed

below.

The Hormer plot was the first method by which modern double-porosity analysis
was conducted (Warren and Root, 1963; Odeh, 1965; Kazemi, 1969). Although
differing in certaln analytical assumptions, these authors agree that, under
certalin 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 stralght line reprasents
fractures and matrix block rzsponse. The vertical separation between the two
lines is proportional to the smount of fluid storage In the fractures. An
zxample of this type of behavior is included on Figure H-3. The difficulty in
using the Horner method for double-poresity analysis of actual test data is
that wellbore storage and skin effects often obscure the initial line, while
boundary effects may Iinfluence the development of the second line. =ven under
f1deal wellbore and boundary conditions, the two lines will not develop for all
combinations of reservoir characteristics (fracture-to-matrix permeability

ratlio, fracture-to-matrix storage ratio).

The Horner method wmay also be used for anaiysis of buildup data affected by
the presence of a major vertical fracture in ccnnection with the wellbore
{Russell and Treitt, 1964; Raghavan et al., 1972). The effect of such a
fracture is to raduce the slope of the apparent Hornmer 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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The 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 times and negative and then positive (racharge)

Youndaries at late times, resultiag Iu curves with some features that resemble

those typical of double-porosity models. These features, in conjunction with

the observation that the wells Intercept near-vertical fractures, strongly

influenced the way in which the reservoir model was developed and analyzed.

The reservoir tests conducted In ERDA-6 and WIPP-12 can be grouped into two
T2 jor categories:

® Relatively short tests, the results from which
represent the characteristics of the local large-

fracture group iatercepted by each well.

® Relatfively long tests, the results from which
represent the characteristies of each reservoir
averaged over an extensive area.

The shapes of the Hormer plots from these two categories are distinctly

different in terms of early large-fracture respoase and boundary effects, and

f{ndeed, this was a major influence in grouping the tests this way. TFigures

H~4 through H-7 show Horner plots of tests classified as short term, and

Figures 3-8 and H-9 show Horner plots from the long—term tests. The lengch of

the flow and buildup periods and the reservoir tested are indicated on the

figures.

Interpretation of Respcnses to Short-Term Tests — All the responses shown in
In consideration of the

Figures H~4 through H-7 show similar characteristics.
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 fnfluence by thelr more pronounced curvature than do the

data from ERDA-6. TIn this situation, the best approximation of the Horner

straight line 1s the steepest portion of the curve (Russell and Truitt,

1964). The fracture-influenced Hormer straight line ends with boundary
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affects 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 ia data dominated by
racharge {reprassurization) of the local large-fracture group. This recharge
eranates from lcower permeability regions of the reservoirs. The fact that the
wallhead 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-parmeability and low-parmeability regions of the reservoirs prior to
each test. The very late-time buildup represents a superposition of bduildup
rasponses of the low-permeability material from all previous tests, and

possibly the effects of rock creep in response to lowered pore prassures.

Interpretation of Responses to Long-Term Tests - Figures H-8 and H-9 show

curvatures distinctly different from the short—term respoases shown in Flgures
H-4 through H-7. These long-term responses are typical of fractured or
stimulated wells in low-permeability reservoirs (Peters, 1982, perscnal
communication). Over the long duration of these tests, the volume of iaflu-
ence migrated well beyond the local large-fracture group into the surrounding
low-permeability material. 1In 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 Constant-Pressure Flow Data

C.E. Jacob and S.W. Lohman (1952) developed a method for analvzing variable-
flow-rate data gathered during constant-préSSure 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 maintaln 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 Iin 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
aethod. ERDA-6/Flow Tests 1 and 2 were eliminated due to non-constant fluid
density (discharge of heavy drilling fluids) (D'Appolonia, 1582, v. IIIA).
WIPP-12/Flow Test 3 was eliminated due to changing backpressure caused by salt

crystallization in the flow lines (D'Appolonia, 1982, :ddendum 1).

The Jacob-~Lohman mathod was used to test for the degree of conformance to
assunptions of homogenelty and infinite-acting behavior. 1t was not relied on
for quantification of reservolr properties bacavse the brinme reservolrs were
found to be finite, heterogeneous, and probably anisotropic, and thus in
violation of assumptions on which the snalytical technique is bhased. The
field data, p»lotted as 1/Q versus log t, did not plot as the desired straight
Line until near the end of the flow tests. This indicated that the flow rate
was droppling more guickly than the theory predicted, suggesting depletion of
fractures (heterogeneity) and/or boundary effects. For this reason, the
method was more useful in defining what the reservoirs are pot, than what they
are. The results of the Jacab~Lohman analyses were not used guantitatively,

although they agreed reasonably well with the Horner analyses (sze Table H.4).

Log-Log Type-Curve Analysis

¥Modern type-curve analysis i{s the most versatile method of reservoir evaluva-
tion available. This versatility Is due to the fact that type curves can be
developed for any reservoir model for which analytical equatisns exist (in
more complex situations, numerical models can be used). The type curves 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—Cringarten type curves are: FERDA-6/DST-
2680-2/Second Buildup, ERDA-6/Flow Test 1/Buildup, ERDA-6/Flow Test 2/Buildup,
WIPP-12/Flow Test 2/Buildup, and WIPP-12/Flow Test 3/Buildup. The data from
the ERDA-6 tests were analyzed by D'Appolonla personnel, and the data from the

WIPP-12 tests were analyzed by Johnston-Macco petroleum englneers.
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The hypothetical Horner plot showing double-porosity response in Figure H-3
and the Bourdet-Grilagarten type curves are based on the same theory with the
exception of wellbore conditions belng included in the type curves. 3Because
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 1s questionable. This is especially true considering the apparent
influence of boundariss on the data; boundarles were not lacluded in develop-
ment of the type curves. The basic difference between the actual reservoir
conditlons and the assumptions used to develoﬁ the double-porosity model {is
that of the uniforaity of hetercgeneity distribution. The Castile brine
resarvolrs do not bzhave as Infinite, uniformly-distriduted heterogeneous
reservolrs, as evidenced by the shape of the Horner plots. For this reason,
znd 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 were not used quantitatively, log-log
plots of test data were used to indicate the proper portions of the curves to
be used for Eorner znalyses. TFor 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 reservolr characterization.

Zxtended Muskat Method of Analyzing Late Buildup Data

A method of estimating parmeability, average raservoir 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. Bacause of the boundary effects visible on Horner plots, this
nmethod was thought to hold promise for analyzing the boundary-affected data
from ERDA-6 and WIPP-12. Since Muskat'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 maintained long
enough to elicit the behavior.predicted by the Muskat method 1s 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 fnconsistent with those calculated by the
Borner wethod. Although the reservoir volumes were in general agrezement with
those calculated In Section 3.4.3, without definite information on the shape
of the reservolr, little confidence can be placed in the results of the
method. TFor thils reason, the results of the Muskat volumetric analysis are
not reported. 3Roundary effects were not sufficiently well delineated in data

from WIPP-12 to warrant application of tha Muskat method to those data.

Livear-Flow Analysis Method for Flow Period Data

The majority of analytic methods for reservolr testing ara based on the
assumption that fluid flows radlally towards the producing well. However, if
a well intersects a highly conductive fracture, the liguid-production surface
may no longer be limited to the wellbore, but may include the fracture. 1In
this situation, the flow pattern may become linear with aquipotential surfaces
parallel to the plame of the fracture. 1In 1light of the observations of brine
flow from fractures in the ERDA-6 and WIPP-12 boreholes, linear-flow analysis

techniques appeared appropriate.

Muskat (1937) first recognized and developed solutions for linear flow.
Earlougher (1977) presented a review of analytical methods for iany types of
fracture—affected test data. The method used here 1s after Jenkins and
Prentice (1982). This method is restrictad to absolutely lianear flow, whereas
the modification of the Horner method for correction of the effects of a major
vertical fracture 1s applicable to all degrees of radial and linear flow. The
method was developed for analyzing drawdowns glven 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

gquickly 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 WIPP-12/Flow Test 2. The remaining flow tests did not meet the require-
nents of ccnstaut—pressure production as detalled in the discussion on the
Jacob-Lohman method. For this reason, the conversion of flow-rate-decline
data to pressure—-decline data could not bhe performed for utilization of this

technique.

The only factor that introduced uncertainty into thls analysls was the use of
calculated drawdown data instead of true field measurements. The error in
thls conversion I3 a fuoction of elapsed flow time, belng greatest at the
beginning of the test and quickly becoming small as flow time lacreases.
Bacause the plots of Yt versaus calculated drawdown for ERDA-6/Flow Test 3 and
WIPP-12/Flow Test 2 show linearity only ia mid- to late-time data, no analysis

2rtor due to the data manipulation is expected.

Under common fracture conditions, linear flow predominates in early time,
followed by elliptical flow, and eventually radfal flow at late times (Jenklins
and Prentice, 1982). Linearity of the ERDA-6/Flew 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 linszarity extends to the end of the
test, possibly indicating a very long period of linear flow. A major problem
with this interpretation is that for infinite-actling linear flow to occur at
late times, the fracture connecting with the wallbore must extend nearly the
entire width of the reservoir, and the resazrvolr 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 wodified radial-flow

method. Due to the concerns stated above and the availability of an alternate
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interpretation (radial flow), the absolutely linear flow model is not con-

sidered tenable. Furthermore, without data from an observation well, this

method can only provide the value of a lumped parameter involving fracture
length, transamissivity, and storativity. As such, its utility in quantifying

rzgervolr properties 1s limited. This method was therefore not used quantita-

tively.

Conclusions

As explained over the preceeding pages, the Horaer method was initially used
in qualititative interpretation of the buildup data. These Ianterpretations
ware used to select specific analytical methods which would test the validity
of the gqualitative interpretaticns. The results of these various analytical
methods, znd their fmplications relative to the proper raservoir model choice,
are also discussed. The result of this elimination process was that the
Hornar method, modifled Ffor the effects of fracturing, was selected as the

most appropriate analytical method. All permeabilitles reported in Sections

3.4.3 and 3.4.4 are the results of Horner analyses.

3.3.5 Analyric Methods for Reservoir Volume Determination

The volume of brine reservoirs in the Castile Formatfon was thought to have a
potential bearing on the suitability of the WIPP site. Xnowledge of reservoir
volumes 1s of {nterest because it contributes to the assessmeat of the
geographical extent of the reserveolrs, to a determination of the origin of
these features, and to modeling the consequences of intercoumecting briane

reservolrs and the WIPP facility.

Before the volume of a reservoir can be deterwined, the reservoir must be
defined. The simplest reservolrs consist of homogeneous media with single
types of porosity and distinet impermeable boundaries. With such a reservoir,
the pore volume may be determined by measuring the permanent pressure deple-
t{on caused by removing a mesasured volume of fluld. The brine reservoirs in
the Delaware Basin, however, are more complex. They are typically assoclated

with antiform features within the anhydrite members of the Castile Formation,
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and consist of hetercgeneous media with multiple fracture sets and poorly-
dafined boundaries. As described in Section 3.3.1, the working hynothesis is
that the FRDA-6 and WIPP-12 brine reservolrs consist of multiple intercon-
nected fracture sets of various sizes. The large fractures latersected by the
waells, designated the "local large-fracture group”, have high permeabilities
but llttle brine storage capacity because of thelr low density. The
microfractures have relatively low permeabilities, but account for the
majority of the brine storage because of their greater deasity and/or because
they may act 2s low-permeability condults connecting other large—fracture

2roups to the wellbore.

T

In a sanse, the large fracturas have created the reservoirs (Aguilara,
£

1930). The large fractures provide a collection system similar to an infil-
tration gallery for the brine i{n the microfractures. They provide production
surfaces which concentrate diffuse flow from large volumes Into discrete
channels. Jenkins and Prentice (1982) have termed such a production surface
intercented by a well an "extended well.” Without the large fractures, the
low-permeability micrefractures would be unable to supply significant
quantities of brine to any discrete locatfon. 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 dzcrease. 1If the well is then shut in and
brine in the microfractures is allowed to recharge the large fractures, the
cycle may bSe repeated, albeit at slightly lower flow rates and pressures. If
long-term constant-pressure production 1s sought however, flow rates will drop
off as the low parmeability of the microfractures comes to dominate the flow
regime. Tlow may continue Indefinitely, but at miniscule rates. A lower
1imit for the volume of the reservolr may then be defined as the maximum
volume which can be produced (by artesian flow and/or pumping) during the
period ghen the high permeability of the large fractures dominates the flow
system. This volume is the volume of the local 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 WIPP-12 brine reservoirs are interpreted to be fractured

e

seterogeneous reservoira. In a fractured heterogeneous reservoir, the fluid
pressure in the large fractures wmay react quickly when fluld Is ramoved, while
the fluld pressure in the microfractures may exnibit a delayed response due to
low permeability. The effect of the microfracture response 1s to counteract
the pressure depletion in the large fractures as the entire system strives to
tegaln equilibrium. This creates difficulties ia measuring the pressure
depletion in the large fractures which has resuited from the removal of fluid,
because that depletion is not permament. To quantify lacrge-fracture volume,
the response of the fluld present in the large fractures must be separated

from the rasponse of the fluild 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 rasponse from
microfracture response. 1If a flow period is very short, the fluid produced
will come predominantly 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 buildup
from a long flow test, the large—fracture response will comprise a smaller
percentage of the total pressure racovery.) Tlgure H-4 provides an example of
this. The segment of the buildup curve labeled "A" represents the large-
fracture response alone. The segment labeled "B™ rapresents the effects of
the large-fracture boundaries. In segment "C", production comes predominantly
from the microfractures. If the "C" segment 1s 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 reservolir.

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 {nfinite time may therefore be used to calculate the
large-fracture volume, with a small allowance for flow from the microfrac-

tures.

Reservolr fluid volume can be calculated using the eguation:

av .
Vy =-ZA(—P——C-;:— I‘qu 5]
where V 1s the reservoir fluid volume, AV {3 the volume produced from the

reservolr, &p 1s the change 1n pressure of the reservolr, and ¢, is the total

system compressibilicy.

Total system compressibility (ct) is equal to pore compressibility (cp) nlus
fluid compressibility (c;). Pore ccapressibility was discussed in Part IT,
Geology, Sactions 4.1.5 and 4.1.8., Fluid compressibility is a combination of

brine and gas compressibility, and 1s defined as:
cg = (1 = x) ¢y +x g [Eq. 6]

where cy 1is the brine compressibdility, g is the gas compressibility, and x is
the wvolumetric proportion of undissolvad zas prasent ia the reservolir.
Estimates of the volumetric proporticn (x) of undissolved gas under statilc
reservolr conditions have been made for WIPP-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 1s 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-l. Due
to the small percentage of gas present, the effect on fluid compressibility is
small. Using the above figures, fluid compressibilities of the ERDA-6 and
WIPP-12 reservoirs are approximately 2 x 1076 psi~1 and 6 x 1078 psi-l,
respectively. Because these fluid compressibilities are considerably smaller

than the uncertainties in the pore compressibility estimates, total system
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compressibilities will be approximated simply by the estimates of pore

comprassibilities.

Tquation 5 may be used to estimate a minlmum 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 receat

pressure measurcment. This volume will be much grester than the volume

caleulated for the local large-fracture group due to contributions from micro-

fractures, but will only represent the portion of the reservolr affected up to

the time of the measurement. If the pressure transient contlnues to expand in

the reservolir, the shut-in pressure will continue to increase, Increasing the

reservolr volume estimate. Alternatively, if any portion of the late-time

builldup 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 aand WIPP-

12 brine reservoirs, respectively.

Limitations of Analytic Methods for Reservoir VYolume Determination

The largest degree of uncertainty in using the fracture volume aquation
aresented above (Equation 5) is associated with the pore compressibility,
Coe The wide range of estimated pore compressibilities presented in Part IT,
Gaology, Sections 4.1.5 and 4.1.8, reflects thils degree of uncertainty.
Estimates of reserveolr 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 intercounnecting 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 unlikelihocod of such

an interconnection occurring in a time frame of interest without human

intervention.
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The volume of brine which can be produced from a reservoir s always less than
the volume in storage. Arteslan flow ceases as the pressure head {s depleted,
and pumpling 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. TFor any single flow period, the maximum volume of brine which can
flow at a given elavation 1s governed by the head In the reservoir which is in
excess of that elevation., 3y rearrangement of Equation 5, this may be
expressed as:

&V =V 4p ¢ [Eq. 5A]

t
From the standpoint of radionuclide mobilization, which may involve time-
dependent reactions, the rate of flow is, in some respects, mere Important
than the total quantity of flew. An effort was made, therefore, to quantify
the flow rates which might be expected were the reservoirs allowed to flow
unhindered. In the petroleum industry, this procedure is known as decline
curve analysis. 1In a very general semnse, 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
tased. Tetkovich (1980) presented eampirically derived methods of predicting
declines in flow rates with time for homogeneous systems. Jacob and Lohman
(1952) presented a theoretically derived type curve for flow-rate daclines in
infinite, homogenecous systems (see Figure H-10). Da Frat 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. Tor 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 matrix and fracture

flow, before the final decline in flow rate representing total systea
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depletion. A similar respoase may be expected from a fractured hetercgeneous
system, as first the local large-fracture group i{s depleted, followed by the

more prolonged depletion of the mlerofracture system.

3.4 RESULTS OF TESTING
Data from the hydrologic testing program were analyzed using the wmethods
g

scussed above. All data acquired during the present testing preogram were

[

thoroughly ezamined. 1In many cases, however, the data had to be rejected as
unrelfabie because of techatcal limitatisas of the lasttumentation used (e.g.,
the choke effect in DST tool entry ports) or operaticnal/machanical deficien-
cles (e.g., heavy mud in the hole affecting flow rates; leaky blowout pre-
ventar or lubricator). In some cases, the discrepancles between the assump-
tions of certaln analvilcal methods and =xisting conditleas werzs too large to
consider znalysis results reilable. Only the most reliable data and only the
analytical methods best sulted to the actual reservolr conditions were used to
quantify reservoir prepertles in this report. Less reliable results were used
as qualitative backup. All data not explicitly interpreted in this report are

contained in D'Appolonia (1982).

3,4.1 Hydraulic Connectivity/Isolation Assegsment

This section presents the rasults of analyses performed to assess the degree

of hydraulic connection between the Castile reservoirs of ERDA-6 and WIPP-12,
and between these raservolrs and other grouvad waters. Three types of ap-
proaches were ocutlinad 1im Section 3.3.2 for use in this analysis: (1)
laplications of high (and different) hydraulic heads observed for various
brine reservoirs and ground-water systems; (2) analysis of the distribution of
brine occurrances in the Dalaware Basin; and (3) interference testiag (moai-

toring of pressure in observation wells during flow and bulldup tests).

Implications of the High (and Different) Hydraulic Heads Observed in the
Castile Formation

All known Castile brine reservolrs 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 H-12 presents total
hydraulic head values referenced to mean sea level and calculated for the
specific gravity of pure water. TFigure H-13 presents the spatial dlstribution
of

known reservoir heads.

Because the hydraulilc heads of the Castile rveservoirs are higher than those of
the fluid-bearing formaticns both ahove and below the Castile Formation, the
only potential flew directlon between formatlions Is from the Castile both

wards and downwards. Furtherwore, hbecause the Castile heads, which range

J

from 4580 fret in WIPP-12 to 5551 feet in ZRDA-6, are higher than heads at the

>

ighest known potential recharge zone for 2elaware Basin ground waters (3900
feet at the ocutcrop of the Capitan reef) (Powers et al., 1978), the Castile

reservolrs cannot raceive recharge through Iinfiltration from the surface.

Given that the most racent tectonlc event which could have contributed to the
formation of the Castile domal structures (and by inference, the reservoirs)
occurred over one million years ago (Fart II, Geology, Sectlon 4.3.2), along
with the fact that Castile brine reservoirs can receive no recharge from an
outside source, the maintenance of thaese high hydraulic heads can only be due
to the extremely low permeabilities of the Castile and Salado Formations and
the resulcing izolation of the Castile brines. A similar argument caa be
applied 1in concluding that the WIPP-12, ERDA-6, Releo, and Guif Coviagton
reservolrs shown in Figure H-13 are isolated from one another due to the
presence of non-communicative matrix. The persistence of high, and different,
hydraulic heads within the Castile Formation 1s evidence of the lack of
connectivity batween the Castile brine reservoirs and between the Castile

Formation as a whole and other ground waters in the bhasin.

The above argument explains the maintenance of the high hydraullc heads 1in the
Castile Formation but does not explain their origin. Part 11, Geology,
Section 4.3.3 provides a discussion of possible origims of high hydraulic

heads.
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Gbservation of Brine Cccurrences

Table H.l pregents data on the documented brine occurrences ia the Castile
Formation 1n the vicinity of the WIPP site. As indicated in Table H.1, all
these wells flowed at pround surface with initial flow rates ranging from
about 700 to 20,000 barrals per dav, indicating substantial elevated local
permeability. Drilling data from the northern Delaware Basin in general
suggest that substancial volumes of brine are encountered only in discrete
locations in fractures which appear to be associated with entiformal
structures; no evidence exists to suggest a regional, homogensous aguifer in
the Castile Formation.

In summary, observations of the occurrences of brine in the Castile Forzation

suggest the existance of separate reserveirs. This coaelusion is supported by

"

the following points: (1) measurable amounts of brime only occur in
assoclation with fractures; (2) fracturing of the anhydrite zembers of the
Castile Formation appears to be associated with antiform structural features
(Part I, Geology, Section 4.2); and (3) these antiform stractural features
are non-continuous. The number of reservolrs reprasented by the thirteen
documented hrine occurrences cannot be determined with the avallable data.
Given the hydraulic head differences which exist batween the WIPP-12, ZRDA-6,
Belco, and Gulf Covington wells, and chemical differances in the brines from
the ZRDA-6 and Union wells (see Part IV, Chemistry, Section 3.3), 2 minimum of

five reservoirs is suggested.

Interference Testing

During testing of the ERDA-6 brine reservoir, pressures were monitored in

observation well AEC-7 at the request of the New Mexico Eavironmental Eval-
vation Group. (AEC-7 encountered small guantities of fluld 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. Cbservations continued at AEC~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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The prassure data obtained from ERDA-6 during flow testing (Zepressurization)
of the WIPP-12 reservolr show continuously rising pressure (Flgure H-14,
tabulated data in D'Appolonia, 1982, Addendum 1, 12.19). This rising trend
reflects pressure recovery in response to the last flow test performed in
ZRDA~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 members of the Castile Formatlon which are thought to be continu-
ously separated from cach other by halite (Figure #-15). Furthermore, the
reservoir tests at Yoth sites indicate limited zones of large-fracture-—
znhanced permeability. Thus, the reservoirs are limited in areal extent even

within thelr respective anhydrite members.

If the reservoirs were connected by a fracture system, the fracture distribu-
tion would be expected to coincide with the distribution of the antiforms.
This distribution would not be uniform. Connection (1f any) of highly
fractured zones in the flanks or crests of different antiforms could be
through interconnecting fold arms bounded by large zones of uanfractured

rock. The storage capacity of such a fractured reservoir system would be very
small compared to a uniform fracture-distribution arrangement for the entire
annydrite layer. For this reason, Interference test equations basad 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 lmpractical.

Prassure 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 in ERDA-6 or WIPP-12.
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This information however, should be treated with caution because the strati-
graphic units from which brine was produced in ERDA-6 (Anhydrite I1) and WIPP-
12 (Anhydrite IIL) were not isolated (packed off) in AEC-7. The open borehole
system is very insensitive to small pressure changes. A contributing Ffactor
to the pressure decline of 2.1 psi over two months in AEC-7 wmay have been the
amplacement of the transducer in the wellbore, which would have displaced the

water level by about one foot, followed by a slow decay to 1ts original level.

In summary, the results of interfecence testing indicate that hydraulic con-
nections between the ERDA-6 and WIPP-12 reserdoirs, and the TRDA-6 or WIPP-12
resarvolcs and AEC-7, do not exlst, or the degrees of connection are too low
to be mzasured by tha methods eaployed In this investigation. Additionally,
the fact that bydraulic head diffzrences have persisted “Hatween the reservolrs
and the ARC-7 fluld over at lsast a million years indicates that any degree of
connection which might exist 1s of an order too low to be detected by any

existing interference tasting techniques, and therefore is of no significance

to site suitability.

3.4.2 Potential for Brine Flow to WIPP Facilities

No atteopt hzs 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. The following 1s a discussion of the general hydrologic

features which would control such flow.

The fact that the Castile brine reservolrs have maintained high hydraulic
heads over at least the last million years indicates that very little vertical
aigration of brine has occurred under the existing hydraulic gradient. 1In
effect, the reservoirs appear to be totally fsolated. The existing head at
the waste disposal horizon prior to the construction of underground openings
may be approximated by a column of brine extending {rom the surface to the
disposal htorizon. 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 ia the WIPP-12 wellbore at the disposal horizon is
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about 1395 psig. The pressure differential hetween the WIPP-12 reservolr and
the disposal horizon under prasent conditions, which is directly proporticnal
to the hydraulic gradient, {s therafore 1395 - 1154 = 241 psi. When the waste
disposal facllity 1s opened, the pressure at the dispesal horizon will drop to
stmespheric (0 psig). The prassure differential will then be 1395 psi,
approximately a six-fold Increase. The dispcsal facility will only be open
for a faw tens of years, after which 1t will be sealed and the pressure will
return to Its preseat state as salt creep closes the facility openings over
perhaps a thousand vears (Case et al. (1982) suggest 35 percent closure after

ow has oeccurred uander the existing hydraullc gradient

~
fo

250 vears). 1If no
over at least one million years, no flow will occur 1if the gradient fis

increased by a factor of six for a thousand vears. Similar calculations can

'y
P

o

a made which show that no flow from any Castile brine reservolr will affect

the waste disposal facility.

3.4.3 Cuantification of ERDA-6 Reservoir “Model

Permeability Distribution

Hydrologic testing in TRDA-6 yielded information on the hydrologle properties
of the Anhydrite IT member of the Castile Formation. The results of these
analyses were grouped into three categories: the first two listed below
represent reservolir 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).

® DResults of relatively long—term hydrologic tests
representing the average permeability over an
extensive raegion of the raservoir (Flow Test 2 and
Flow Test 3). These values are substantially
influenced by low—permeability reservoir components.
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o Results of relatively short-term tests conducted at
the contact of the Halite IT and Anhydrite II members
of the Castile Formation (DST-2472). There are no
a2a jor fractures Intercepting this portion of the well
and it {s not considered as part of the ERDA-6
reservoir.

The permeability of a rock mass does not usually chaage over the length of
time necessary to run a hydrologlc test., However, in a heterngeneous reser-—
voir composed of fractures of different sizes with different hydrologic
toundaries, the apparent permeability will change over the duration of a test
is different elements of the reservoir affect the flow or pressure behavior.
Modeling of the flow or pressure response based on boundary locations and
shapes has not bLeen atteapted due to lack of data. Instead, the effects of
thase heterogeneitles ave lumped Into the apparent-permeability term reported
for the long—term tests. Another possible factor serving to reduce the long-
term permeabdbility 1s evolution of gas In the reservoir and the resulting
reduction of permeability to brine. The results of chenical analyses indicate
this may be a minor affect in WIPP-12, and will not be a factor in ERDA-6
(Part 1V, Chemistry, Section 4.3.2), due to differences In gas contents and

pressures Iin the two reservolirs.

Hany terms fin the permeability equations have values which are consistent

throughout this report, and these are listed below:
B = 1.0 RB/STB
b= 1.77 ¢p

r, = 0.33 ft

The parameter values unique to individual analyses are listed in the sectlons

referencing those individual tests.
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Short-Term Resarvolir Tests — During short-term hydrologic tests with rela-

tively high flow rates, pressure drawdown is Initlally restricted largely to
the wajor fractures. Upon shutting the well in, pressure equalization occurs
qulekly throughout the well-fracture system, but complete recovery cannot
oceur without contribution from low-permeablility reservolr components. Be-
cause of the high pressure gradient 1in the major fractures, the {nitial pres-
sure change assoclated with pressure equalization 1Is largze. Analysis of

4y

pressure data f{rom this type of test ylelds permeability values represantative

of the major fractures near the well.

Table H.2 presents a list of all hydrologic tests perforamed in ERDA-6; data
from those tests marked with an asterisk (*) are analyzed in thils 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
detarmined to have the highest quality data. This test was therefore chosen
to be representative for this group (tabulated data in D'Appolonia, 1982, v.
ITTA, 6.7). Figure H-6 is the Horner plot of the bulldup data from Flow Test
1, showlng the straight line selected and its slope. The following are the
input variables required for calculation of permeability (D'Appolonia, 1982,

v. TITA, 6.7):

4V = 152.6 bbl
Qg = 528 bbl/day
t; = 6.94 hrs

h = 56.5 ft

F ? 0.8 (estimation based on curve shape)

As shown In Table H.4, the tramsmissivity of the local large-fracture group at
ERDA-6 1s 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. ITIA). The effect of the F factor 1s to reduce the estimated permeability
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(presented above) by at most twenty percent to take into account the influence

of fractures connected to the wellhore.

Long-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
gradient within the major fracture system is small, the pressure change mea-~
sured at the well during this equalization will be small. 1In contrast to
short~term testing, the majority of pressure racovery 1n thls case is due to
contribotions from the low-permeability ccmponents of the reservoir. A4rpalysis

of pressure data from this of test ylelds permeabilitles averaged over a

cr
“q
©

7P

large volume of the reservoir.

Tests conducted at ERDA-6 that fall into the long-term reservolr test category
are Flow Test 2 and Fleow Test 3. The data from Flow Test 2 were determined to
be of the highest quality and this test was chosen as representative of the
group. TFigure H-8 {s the Horner plot used for analysis of the buildup data
from Flow Test 2 (tabulated data in D'Appolonia, 1982, v. IIIA, 6.8). The
Forner straight line and its measured slope are included on Figure B-8. The
following are the input variables necessary for calculatioa of permeability

from these data (D'Appolonta, 1982, v. ITIA, 6.8):

4V = 1030 bbl

Q¢ = 120 bbl/day (1liquid only, gas/liquid ratio = 0.43)

t; = 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 traas-
missivity of the ERDA-6 reservolr is 120 wd-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 permeabilities than
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reported here. This 1s not due to any time-dependent rock property, but

rather the increasing influence of low-parmeability heterogeneities on the
pressure responsa. As tests Lecome longer, the apparent reservolr perme-
abllity could decrease until it apprcached the limiting value of the per-

meability for iatact anhydrite.

Short~Term Tests at the Contact of the Halite IT and Anhydrite II Members

Tests conducted in ZRDA-6 at the Balite IT-Anhydrite II contact include DST-
2472-1 and ~2. The sectlion of the well tested during DST-2472 {5 not a part
of the brine reservoir; results of thls test gave information on the average
properties of the iantact rocks near the contact. The data from DST-2472-1/SBU

mined to be of the highest quality and were therefore chosen to be

%
h]
~
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epresentative for the group. Figure H-17 is the Horner plot used for

V)

snalysis of these data (tabulated data in D'Appolonia, 1982, v. ITIA, 6.3).
The follewing are the faput variables necessary for calculation of the

permeability (D'Appolonia, 1982, v. ITIA, 6.3).

Q = 0.51 bbl/day
tp = 0.53 hrs
h =90 ft

The production zone thickness for this tast is equal to the distance from the
bottom of the packer =lement to the top of the cement plug (D'Appolonia, 1982,
v. IIIA, 6.3) and iacludes both halite (83 ft) and anhydrite (7 f£ft). As iadi-
cated in Table H.4, the transmissivity calculated from this Horoner analysis is
0.23 md—-ft and is representative of average rock propertias at the contact.
This corresponds to an average permeability of 342_3,10—3.P§ over the tested
interval, but because anhydrite typically has a higher pzrmeability 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
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H~17, an extensive straight line has not yet fully developed in the data.

Because of this, the permeability value presented hare should be considered as

a2 maximum average value.

The permeability of the intact Anhydrite II member was also measured in a core
sample using nitrogen as the parmeating fluid. Table H.%4 presents the results
of this test, and as shown, the permeability is 3 x 1073 ad. The much smaller
rock masses tested during core tests (core volumes vs. 90 feet of borehole
wall) would bde expacted to have the effect of reducing the measured perme-

ability due to the absence of elavated-permeability heterogeneitles in small

core samples.

RegervVolr rressure

The maximun pressure measured for the TRDA-6 bdrine reservoir at the wellhead
is 604 psig. TExtrapolated 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 Flgure 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 contalas a detailed discussion of hydraulic heads throughout the

Delaware Basin.

Following the end of testing I1n November 1981 and a BOP change in February
1982, the wellhead shut-in pressure at ERDA-6 rose steadily as a result of
both reservolr recovery and gas cap formation in the wellbore. A series of
apparent gauge-related malfunctions have left the pressure datza 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 dlaphragm assembly attached
to the gauge, this value may be too low. The first fully reliable pressure

measurement made after the gas cap release was 552 psig on March 19, 1983,
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3 of gas (at

During the gas cap release on March 8, 1983, approximately 510 ft
STP) were vented from the well (D'Appolonia, 1983). Under the pressure (558
psig?) and temperature (72°F) conditions then existing in the wellbore, this
3

s2s would have occupied a volume of about l4 ft~, corresponding to a maxinum
z2as 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,

and iIs not representative of gas cap volume in the wellbore.
After more than one year of racovery, the ERDA-6 reservoir should be near
zquilibration. Future increases in wellhead pressure will be predonminantly

the result of renewed gas cap formation.

"nlume and Distribution of Brine Storage

Brine reservoir volume 13 estimated for two portions of the reservolr: the
total reservolr and the volume contained within the local large-fracture
group. Volume {3 calenlated using Fquatfon 5 with values of &V and Jp
considerad appropriate for each portion of the reservoir. Total cowopress-—
ibilities of both portions of the raservolr are assumed to be tha same. As
discussed ia Part 11, Geology, Section 4.1.8, a range of pore compressibili-
ties has been estimated for ERDA-6. This range of pore cowmpressibilities is
based on a porosity range of 0.2 to 2.0 percent, and a bulk modulus range of 1
X 108 to 5 x 106 psi. In the following volume calcularions, single values of
porosity and bulk modulus have been selected to provide a "representative”
value of pore compressibility which lies approximately in the middle of the
range. This representative compressibility value is 50 x 10'6 psi‘l, which

represents a porosity of one percent and a bulk modulus of 2 x 108 psi.

Data from the buildup period following Flow Test 1 (D'Appolonia, 1982, v.
IITIA, 6.7), were selectad 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 Flew Test 1 was relatively short
(5.6 “ours), stressing the large fractures more thaa
the microfractures.

@ The buildup data exhibit fairly well-defined boundary
effects.

o Flow Test ! occurred early in the testing history of
ERDA~6, and the data from that test are largely
unaffected by pressure bulldup stemming from previous

tests.

4

iomediately prior to Flew Test 1, the downhole pressure in ERDA-6 was 2030

psia. The volume of brine produced during Fiow Test 1 was sbout 153 bbl.

<.

Fizure H-6 is the semi~-log Horner plot for Flew Test !. The boundary-affected
data wmay be extrapolated to a pressure of 1930 psia at infinfte time. The
pressure depletion at this point is 2030 psia - 1930 psia = 100 psi, ¥sing
the values presented sbove, the volume of the local large-fracture group at

ERDA-6 is:

= 153 bbl = {
v —1— = 30,600 bbl

(100 psi)(50 x 1070 psi 1)
This volume estimate is corroborated by analysls of buildup data following a
minor flow perlod assoclated with a blow-out preventer (BOP) change. During
the BOP change, 20 barrels of brine flowed from ERDA-6. The Hormer plot of
the builldup 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:

vV =

20 bbl _
—7y = 25,000 bbl

(16 psi)(50 x 10;gipsi

This value is oniy 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 reservolr was first penetrated and the

total pressure depletion assoclated with that flow used as input parameters.
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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, 1383, the surface shut-in pressure was about 552 psig. The total

reservoir volume is therefore at least:

v o= 1650 bbl = 630,000 bbl

(52 psi)(50 x 10_6 psi_f)

Total reservoir wvolumes have also been calculated for the ranges of pore
compressibility discussed earlier. Figure H-18 presents a plot of total

ceservolr volume versus porosity and bulk modulus, indicating the probable

wr

range of wvolumes to be f[rom approximately 63,000 barrels to 3,200,000
barrels. These volumes correspond to pore compressibilities of 500 x 1076
psi™! to 10 x 1070 psi”l, respectively. The volume estimate based on repre-
sentative values of porosity and bulk modulus, 630,000 barrals, {s also shown

on the figure.

Fractures found in core from ERDA-6 indicate that the reservoilr may be
approximately 56.5 feet thick. &Gilven 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 10° ft2. The actual geometry of the reservoir is not known, but
the area mentioned above could be raepresented either by a square 2100 feet on
a side, or by a circle with a radius of 1200 feet. Alternatively, if the
resarvolr extends through the entire 177-foot thickness of Anhydrite IT (with
oae percent porosity), 630,000 tarrels of brine could be stored within an area

of 2.0 x 10% £¢2.

Future Brine Production

For any single flow period, the volume of bdbrine which could flow from ERDA-6
at the surface 1s governed by the surface pressure. The maximum surface shut-
in pressure recorded at ERDA~6 was about 504 psig. The theoretical maximum
volume which could be produced from the ERDA-6 reservoir by artesian flow is

therefore:
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£V = (630,000 bb1)(604 psi)(50 x 1078 psi™!) = 19,000 bbl

Likewise, the maximum volume of brine from ERDA-& which could flow at the
elevation of the waste disposal facility is only a fraction of the brine in
storage. TFor the purpose of discussion, the assumptions can be made that the
waste disposal facility directly overlles the ERDA-6 reservoir, and the two
are connected by an open borehole. 1In the Exploratory Shaft station, the
floor of the disposal facility {s at an elevation of about 1265 feet (GFDR No.
5, 1983). The pressure head in ERDA-6 at that elevation is about 1814 psig,
whereas the pressure in the disposal facility should be atmospheric (0

psig). The theoretical maximum volume which could flow at that elevation is:
6V = {630,000 bb1)(1814 psi)(50 x 1076 psi—l) = 57,000 bbl

The volumes of brine which would flow under the above scenarlos are
independent of the Lotal system compressibility (because cp cancels with its
usage 1n the calculation of total reservoir volume), and are dependent only on
the 4V/Ap ratios from the flow tests fand the assumption of linearity). Thus,
although the total system compressibility and therefore the total reservoir

volumes are relatively uncertain, the above flow volumes are considerably less

uncertain.

None of the flow tests at ERDA-6 were long enough to provide sufficient Zata
to estimate the long—term flow rate from the microfractures. Rased on
observations made during Flow Test 2 however, some qualitative conclusions can
be drawn regarding future flow rate declinmes. About 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-1ife of about 30 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 permeablility of

microfractures, that rate would likely be less than one bbl/day.

3.4.4 Quantification of WIPP-12 Reservoir Model

Permeability Distribution

Evdrologic testing in WIPP-12 yielded information on the hydrologic properties
of the brine reservoir in the Anhydrite IIT member of the Castile Formation.
The results of these analyces were grouped into similar categonries as des-

cribed for the ERDA~6 test results.

» Results from relatively short-term hydrologic tests
representing the permeabllity of the local large-~
fracture group near the wellbore.

# Results of relatively long-term hydrologic tests
representing the average permeability over an
extensive reglon of the reservoir. These values are
substantially influenced by low-permeability reser—
volr components.

The difference between the short— and long-term test responses 1s discussed in

Sections 3.3.4 and 3.4.3.

As opposed to ERDA-6, no well-test Information on intact aahydrite permeablil-
ity was obtained at WIPP-12. However, parmeablilities were measured in core
samples from the Aanydrite IIT member in WIPP-12. As shown 1in Table H.4, the
m2asured permeabilities are less thanm 2 x 1074 nd. The very small sample
volumes tasted im core analyses will always have lower permeabilities than
would be measured in well tests, due to the effects of rare, high-permeability
heterogeneities which cannot be included In core znalyses. TFor this rzason,
the large-scale, intact anhydrite permeability at WIPP-12 {i{s likely larger
than 2 x 1074 nd.

Some input variables, necessary for calculation of permeability, are common to

all tests in the ERDA-6 and WIPP-12 reservolirs. The variables common to all
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tests have been listed in Section 3.4.3, while the input varifables unique to

each test are listed in the following sections where reference Ils made to each

test.

Short-Term Reservolr Tests — Table H.3 is a complete iist 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-29385-1 and -2, and Flow

Test 2. Due to the very high production rates from the WIPP-12 reservolr and

the DST-tool choke effect menticaed in Section 3.2.1, the standard DST's did

v}

For this reason, Flow T

est 2 was chosen as

2

not provide data of good quality.
being representative for the group. Figure H-5 is the Horner plot used for
analysis of Flow Test 2 buildup data (tabulated data in D'Appolonia, 1982,
dddendum 1, 12.19). The input variables that are unique to Flow Test 2 and
are necessary for calculation of permeabllity are as follows (D'Appolonia,

1982, Addendum 1, 12.19):

&V = 2258 bb1
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 is shown on Figure A-5. As shown in Table H.4,
the transmissivity of the major fractures near the WIPP-12 wellbore is about

1.2 x 102 nud-ft as calculated from the Horner method. This value corresponds

to a permeability of approximately 2000 nd for a production zone thickness
equal to the distance from the top of the fissured zone to the bsttom of
Anhydrite IIT 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 Fforty-five percent to take into account the

Influence of fractures connected to the wellbore.
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Long-Term Reservolr Tests - The only long-term hydrologic test conducted on

the WIPP-12 reservolr that was controlled adequately for analytical purposes
was Flow Test 3 (tabulated data in D'Appelonila, 1982, Aiddendum 1, 12.20).
Figure H-9 1is the Hornmer plot used for analvsis of the buildup data from Flow
Test 3. The input variables necessary for calculation of permeability from

thls analysis are as follows (D'Appolonia, 1982, Addendum 1, 12.20):

AV = 24 800 bbl
Q¢ = 1097 bbl/day
= 542.5 hrs

h = 61 ft

4s shown in Table H.4, the apparent transamissivity of the WIPP-12 reservolr,
for tests of this duration, Is 1000 md-ft as determined from Horner analy-
sls. 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 WIPP-12,

Reservoir Pressure

The maximem pressure measured for the WIPP-12 reservoir at the wellhead is 208
psig. Extrapolated to a reservoir depth of 3017 feet below ground surface
with a fluid pressure gradient of 0.3378 psi/ft of brine, this corresponds to
a reservolr pressure of 1831 psig. As shown in Figure K-12, this corresponds
to a potentiometric surface at 45680 feet above mean sea level 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,

3

approximately 173 ft” 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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conditicns then existing in the wellbore, this gas woculd have occupied a
volume of about l4 ft3, corresponding to maxlwum gas cap thickness of about 33
feet, Some minor fraction of the gas released probably came from gas
exsolution from the brine during the release, however, and i{s not
representative of gas cap volume {a the wellbore. TFrom 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 Brine Storage

s with ERDA-6, brine volures are estimated for the local large-fracture gzroup

-

i

Volume is calculated using Equartion 5 with

]
-
Y]
(/)
m
rf
<
&)
e
~

and the total WIPP-1
values of 4V and 2p considered zppropriate for each portion of the resar-
volr. Total compressibilities of both portions of the reservolr zre assumed
to be the same. As discussed in Part II, Geology, Section 4.1.5, a range of
pore compressibilities has been estimated for WIPP-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 10% to 5 x 10° psi. 1In the following volume
calculations, single values of porosity and bulk wmodulus have been selected to
provide a "representative” value of pore coapressibility which lies approxi-
mately in the middle of the range. Thils representative value is 100 x 1076
psi—l, 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 sultable 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.

o Flow Test 2 followed several months of undisturbed
buildup, and the data from that test are largely
unaffected bty 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 was about 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
axtrapolated to a pressure of about 1787 psia at infinite time. The pressure
depletion at this point is 1308 psia - 1787 psia = 21 psi. Using the values

presented above, the volume of the local large-fracture group at WIPP-12 is:

- 2258 bbl
(21 psi)(100 % 10

6
- - = 1,1 x 10° bbl
®pst 71y

The total WIPP-12 reservoir volume may also be estimated using Fquation 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 WIPP-12. The
wzaximum 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:

30,000 bbl _ 17,000,000 bbl

(46 psi)(100 x 1078 Le1™y

VvV =

Total reservoir volumes have also been calculated for the range of pore
compressibility discussed earlier. TFigure H-19 presents a plot of total
raservolr volume versus porosity and bulk modulus, indicating the probable
range of volumes to be from approximately 1.7 x 106 barrels to 3.7 x 107
barrels. These volumes correspond to pore compressibilities of 1000 x 1076

-1 to 20 x 10—6 psi—l, respectively. The voluwe estimate based on repre-

psi
sentative values of porosity and bulk modulus, 1.7 x 107 barrels, is also

shown on the figure.



The thickness of the WIPP-12 reservoir {s not determinable with the available

data. Assuming that the reservolr thickness coincides with the 6l-foot
thickness tested during the DST's, and that the total effective poresity is

0.5 percent, 1.7 x 107 barrels of brine could be stored within an area of 3.1

X 108 ftz.

As presented above, the reservoir volume estimates are based on assumptions of
total effective porositv and bulk modulus with an associated uncertaiaty in
excess of one order of wmagnitude. Additionally, the use of the observed

nressure depletion in the estimates assumes that rack creep has not occurred.

Tuture Brine Froduction

For any single flow period, the volume of brine which could flow frow WIPP-12
at the surface is governed by the surface pressure. The maxinum surface shut-
{n pressure recorded at WIPP-12 was about 208 psig. The theoretical maximum

volume which could be produced from the WIPP-12 reservolr by artesian flow is

therefore:

6V = (1.7 x 107 ub1)(208 psi)(100 x 107 psi™) = 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 coanected by an open borehole. 1In the Exploratory Shaft station, the
floor of the disposal facility {s 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:

AV = (1.7 x 107 bb1)(1395 psi)(100 x 1070 psi™1y = 2.4 x 10% bh1
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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 was Flow Test 3. Unfortunately, salt
precipttation in the flow lines during Flow Test 3 caused significant,
unmeasurable variations in backpressure, thereby rendering the flow data
uvnsuitable for analyvsis using flow-rate decline techniques. Based on observa-
tions made during Flow Test 3 however, some gualitative conclusions can be
drawn concerning future flow rate declines. About 24,300 bbbl of brine were
produced from WIPP-12 during Flow Test 3. The flow rate dropped from about
14,700 bbl/day at the start of the test to about 1100 bbl/day at the end of
the test, some 210 hours of flow time later, with an initial flow rate half-
life of about 13 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 racharge the large frac-
tures. Considering the slow, long~term pressure buildup rate and the low
permeability of microfraétures, 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, 1s presented first, followed by the other issues of reservoir volumes,

potential for flow to WIPP facility, and origin of brine.

4.1 RESERVOIR CONNECTIVITY

Exanination of drilling rescords, study of reports from previous work, and,
most iumportantly, 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 reservolirs for which pressure data are
available.

@ Hydraulic heads in the Castile Formation in general
are higher than heads in all other ground~water
bodies in the Delaware Basin, including potential
recharge zones in the Capitan reef outcrop in the
Guadalupe Mountains.

® All known brine reservoirs in the northeastern part
of the Delaware Rasin appear to be assocliated with
antiforms which are geographically separated,
although nnt all anciforms are known to be essociated

with brioe reservolrs.

@ No changes in existing pressure trends were detected
in observation walls during flow tests performed in
WIPP-12 and ERDA-6.

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 Castile
brine reservoirs in the northeastern part of the
Delaware Easin are probably also hydraulically
isolated from one another.

2) The brine reservoirs of the Castile Formation, and
probably all pore waters of the Castile Formation,
are !solated from the hydraulic systems in the
overlying and underlying Rustler and Bell Canyon
formations.

Both of these coneclusions were derived largely from consideration of the first

two observations listed above.

Brine reservolrs In the Castile are known to have the highest hvdraulic 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
below the hydraulic heads of Castile brines. Thus, the Castile brines cannot

be recelving recharge from these other sources.

The geologic environment with which the brine reservolrs are assoclated became
tectonically stable over one million vears ago. The rmalntenance of excessive
and ncn—e2quilibratad pressures within the reservoirs over a million years is
evidence of their degree of isolation. The only other mechanism for mainten-
ance of these azcessive pressures, in the absénce of contiaued diagenesis,
would be recharge, which in this case has been shown to be impossible. The
isolation of the Castile reservoirs is due Fo the very low-permzability
environment in which they exist. Thuils environment 1ncludes 2000 feet of
almost impermeable rocks of the Salado Formation (k < S 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) separating 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, cam be used to conclude
that the reservolrs encountered in ERDA-S6 and WIPP-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 recent study strongly suggest that no hydraul-
ic communication exists bztween brine reservoirs within the Castile Formation,
as well as between the Castile Formation as a whole and neighboring hydraunlic
systems. In other words, the reservoirs nelther receive recharge from outside

sources nor appear to contribute to other hydraulic systems.

4.2 RESERVOIR VQLUMES

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 WIPP-12 and ERDA-H5 reservolirs was

gathered during examlnation of core, analysis of geophysical logs, and

analysis of reservoir bhehavior during flow and pressure bduildup tests. These

data have led to the following interpretation:

,

A lizited system of large fractures, designated the
local large—~fracture group, was {atercepted 1In each
borehole. These large fractures serve as high-
permeability brine collection systems, but comprise
oaly 2 small portion of the reservoirs' brine storage
capacity. The lecal large-fracture groups can be
viewed as extensions of the wells, and are respons-
i1ble for the initially vigorous production rates and
pressura-buildup rates observed at the beglaning of
each test. Fracture permeablility Is a function of
fracture aperture. The large—fracture permeability
at ERDA-5 1is about 10 md, and at WIPP-12 1s about
2000 md.

The large fractures are intersected by numerous
microfractures. The microfractures have relatively
low permeabilities, but provide access to the
najority of the brine stored iIn the reservoirs. The
majority of the brine in storage may be coatained
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 buyildup, the
zajor fractures serve mainly as conduits for the
brine produced from the microfractures. Production
from the microfractures ls observed as a prolonged
3low production or slow buildup rate.

The components describad above comprise the brine
reservoirs as defined for volume determination.
These raservoirs are surrounded by intact anhydrite
with extremely low permeability which contributes
little, if any, brine to the reservoirs.

In summary, the 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. 3rine 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 WIPP-12 rzservolr was estimated to be 1.7 x 10/
barrels, with approximately one million barrels stored in large fractures.

The ERDA-6 reservolr is significantly smaller. 7Tt 1is estimated 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 permeabilities about 200 times higher than the
large fractures in TRDA-6. Hence, thelr aperture and storage capacity must be
correspondingly larger. Differences In storage capacity might also be realated
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:

e Upward seepage of brine through the halite of the
Salado Formation under the induced hydraullc gradi-
ent. :

e Dissolution of evaporites and associated movement of
brine.

& Hovement of brine through unplugged boreholes.

e TFlow 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 1s

upward seepage through Salado halite from the upper Castile.

The Castile brine reservoirs have remalned isolated for at least a million
vears 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 facility openings and the gradient
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exlist, to affect the isolation of the WIPP-12 reserveir. Other reservoirs

will also bhe unaffected by the temporary opening of the WIPP facilities.

4.4 ORIGIN OF RESERVOIRS AND BRINE

The origin of fluilds which have accumulated to create the Castile brine

reservoirs Is discussed in Part IV, Chemlstry, Section 5.1. Explanation of
the machanism for brine accumulation into reservoirs is wmore an Ilsszue subject
to hydrologic analysis. To thils end, a general review of theories on the
development of fractured raserveoirs was coanducted. The 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

slaplest theory, whlch In our opinlon, best accords with the data.

e The Castile evaporites, along with connate water,
were deposited In a plastic, low-permeability
stratigraphic sequence during Permian time. TIncreas-—
ing thickness of the overburden in combi{nation with
hydraulic i{solation and high plasticity caused the
connate water to become over—pressurized relative to
present conditlons. '

e Density contrast between halite and anhydrite in the
Castile Formation resulted in the formation of domal
structures 1n the halite, possibly triggered by
basinal ti1lting (Part 11, Geolegy, Section 4.3).
Anhydrite beds, being more rigid than the ductile
halite, developed 2 system of tensional cracks over
the domes as they underwent folding and lengthening.

e Upon fracturing of the brittle anhydrite by exten-
slonal 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 {n reduction of reservoir pressure to below
anclent pore pressure. Different hydraulic heads
noted in various Castile brine reservoirs may be
explalned by different degrees of fracturing in
anhydrite beds.
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No viable theory 1Is 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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NOMENCLATURE
SYMBOLS
B Formation volume factor, RB/STB
C Wellbore storage constant (coefficient, factor)
RB/psi

Ch Brine compressibility, psi-1

ce Fluid compressibility, psi"1

g Gas compressibility, psi_1

c Pore compressihility, psi—l

c, Total system compressibility, psi—1

F Fracture correction factor for Horner plots
H Hydraulic head, ft

h Formation thickness, ft

K* Hydraulic conductivity, ft/day, cm/sec

K Bulk modulus, psi

Permeability, wd

ke Fracture permeability, md

kKo Matrix permeability, md

L Fracture length, ft

log Logarithm, base 10

m Slope of semi-log straight line, psi/log cycle
P Pressure, psi

Lp Pressure change, psi
Pext Extrapolated pressure, psi

Py Well pressure prior to test, psi

Po Initial pressure, psi

Py Bottom~hole pressure, psi

Q Flow rate, bbl/day

Q¢ Final flow rate, bbl/day

r Radius, ft

Ty Wellbore radius, ft

RB Reservoir barrels (volume at reservoir temperature

and pressure)
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SYMBOLS
S Storativity
s Van Everdingen-Hurst skin factor
STB Stock tank btarrels (volume at 60°F and 14.65 psi)
STP Standard temperature (0°C) and pressure (1 atm)
T Transmissivity, ftZ/day or cn?/sec
t Time, hours
th Dimensionless time
At Elapsed shut-in time
Atf Final elapsed shut-in time
tp Equivalent time well was on production or injection
before shut-in, hours
tD , Modified procduction time for pressure buildup
: analysis with variable rate before shut-in, hours
\ Volume, bbl
AV Volume produced, hbl
X Volumetric proportion of undissolved gas in brine
a Block shape parameter, ft—z
Y Specific gravity; referenced to water for liquids, to
air for gases
A Difference or change
A Interporosity flow parameter
B Viscosity, cp
¢ Porosity, fraction
W Storativity ratio
o Partial derivative
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SUMMARY OF CASTILE ARINE OCCURRENCES IN THE WIPP VICINITY

FORMAT LGN PRESSURE ,(ps | g)

6,

6)

6}

o
e

DEFTH TO BRINE ESTIMATED INITIAI
4
nwper' 'Y wELL wame PROOUC ING FORMATIONMEMAER'?)  reservoir (PT) wEASURED  minimM'S) Fow rate‘!! HEMARKS
1 Pogo Costlie/Anhydrite 11-111% 122 2519 1200-1440 bbl/day  Minlmum pressure needed to discharge welghted mud (14.6
ppg or Y= 1.73)}; no shut-ln pressure avalloble.
2 Unlion Castile/Anhydrite 111 2810 1460 720 bb 1 /dny Minimum pressures needmsd to dlscharae walphtad mud {10
ppg or Y = 1.20}); no shut-In pressuyre avalliable.
3 Gult Covington Coastile/Anhydrite 11} 3600 1972 Confilicting Dota Shut-in pressure ot 100 psl reported on driil racord
(y = 1.2,
4 Culbertson Castile/Anhydrite 111 3%1% 18%A 2000 bb/day Arlne Y r 1.22. A mef/doy gos emltted (astimated); no
other dots avallable.
b Shel | Costiie/Anhydrite 11 6N 1941 20,000 bbi/day Minimum prossure nended to discharye brine of Y= 1.22;
no other data avaiinhle.
] Tldewvater Castlia/Unknown 3730 232% No data Minimym pressurea needed to discharge welghted mud (12
ppg or Y 1.44).
7 Mascho 1 Castlle/Anhydrite 11} »22 1800 8000 bbl1/day Minimun pressure nesded to discharge brine of Y = 1.217(
nho other dats avalinable.
L] Mascho 2 Castlle/Aphydrite 111 329R 1740 3000 bhi/day Mintmom prasqure noedad to discharge brine of Y« 1.117‘
Also mncountered water at Y23%, with head of 300 feat.
Q Balco Castlle/Anhydrite 111 2802 2075 12,000 bbl/day Shut-In pressure at wallhand 12% pxl when well fliled with
welghted mud (13.4 ppg or Yy *i.61).
10 Bl ibrey Castile/Anhydrite |1} 3090 1630 6000 bhi/day Minlmum prassura needud to discharge brine of y = 1.217'0);
no other data avellable.
R} ERDA-6 Castllie/Anhydrite 1| 2711 2048 A% bb1/dey Shut-In pressure prior to suhstantial hrine flow.
12 WiPP=12 Castlla/Anhydrite 111 07 1831 12,000 bbl/dey Shut-in pressure prior to substantlal brine flow.
13 H & W Danford 1 Castlle/Anhydrite 11] 1930 1018 No data Arine flovad to surface for 48 hours and then stoppaed.
Minimym pressure needed to discharge brine of Yy = 1.217( .
m For well locations refer to Fligure G~11. For pressure/depth relatlonship refer to Figure H-11.
2 Based on data provided by U.5. Geologlcal Survey.
124 Datas should not be used ss static formation pressure.
L]
) Tvpically estimated by oriiter,
5 Anhydrites |1 and 111 conlesce at this location. Brine was encountered In middle of anhydrite.
(6)

Spectfic gravity of brines In WiPP-12 and ERDA-6.
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TEST

Drill Stem Teet 2472

Drill Stem Test 2680

Flow Test 1

Flow Test 2

Flow Test 3

D'APPOLONIA
(1982, 1983)
ACTIVITY
DESIGNATION

PERIODS
OF TEST

ERDA-6.3

ERDA-6.6

ERDA-6.7

ERDA-6.8

ERDA-6.9

psT 2472-1(2)
FrL
FBU*
SFL
SBU*

pst_2472-2(2)
FFL
FBU

nyT_2680-1(2)
FFL
FBUW
SFL
Spu*
bsT 2680-2(2)
FFL
FBU
SFL
SBU*

Flow Period¥

Buildup Period*

Flow Perfod*

Buildup Period*

Flow Perfod*

Buildup Period*

Oct

Oct

Oct

23,

25,

28,

30

10,
30,
30,

30,

3
04,
04,

17

17
20,

20,

TABLE H.2

SUMMARY OF HYDROLOGIC TESTING IN ERDA-6

DUKATION

1981 (20:30)

to
1981 (19:31)

1981 (16:45)
to
1981 (12:20)

1981 (12:20)
to
1981 (17:54)

1981 (17:54)
to
1981 (20:52)

1981 (11:18)
to
1981 (18:35)

1981 (18:35)
to
1981 (20:41)

1981 (20:41)
to
1981 (20:53)

1941 (20:53)
to

1982 (12:33)

INSTRUMENTAT 1ONC D)

Lynes TCWL-DST Tool(J) - slogle packer
asseably.

TCWL triple pressure transducer.

HP~9825 computer, printer, and plotter.

Lynes TCWL~DST Tool - single packer
assembly.

TCWL triple pressure transducer.

HP-9825 computer, printer, and plotter.

Rockwell 2" cumulative {low meter.

Lynes TCWL~DST Tool - single packer
agsembly.

TCWL triple pressure transducer.

#P~9825 computer, printer, and plotter.

Rockwell 27 cumulative (low meter.
TCWL triple preasure transducer

in hydraulic connection with the
wellhead.

HP=-9825 computer, printer, and plorter.
Rockwell 2" cumilative flow meter.

Nov 20 Bl vo Nov 22 81 - ToMiL, triple
pressure transducer located at 2702
feet helow surface.

Nov 22 81 to Feb 19 B? ~ TCWI. triple
pressure traneducer located at surface.

REMARKS

Test performed prior to drilling
cement plug in ERDA~6. This test

was performed above brine reservoir.
Test produced dsta on permeability

of Halite II and Anhydrite Il contact.

Results of this test were used for
preiiminary hydrologic characterf{za-
tion of reservoir.

Flow Test 1 was conducted through DST
tool and 2-7/8" tubing. Setup as for

DST 2680. Test terminated because of
potential for 1,5 embrittlement. Flow
rates affected by heavy mud discharge and
gas within flowline. Data from this test
were used for quantification of reservolr
properties.

fnftial flow rates affected for 9 hours by
heavy mud discharge and gasw within flow
line. Pressure bulldup datas affected by
temperature fluctuvation. Data from this
test used for quantification of reservolr
properties.

Presaure data collected downhole
alfected by a leak in lubricator.
Pressure data collected at the well-
head affected by temperature fluctua—
tion, and by gas cap formation.

£6Te IRL
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D'APPOLONTA
(1982, 1983)
ACTIVITY PERTODS
TEST DESIGNATION OF TEST
BOP Change ERDA-6.11 Flow Period*

Bujldup Period*

ERDA~6.12

Gas Cap Releape Flow Perfod*

Bui ldup Period*

DIRATION

Fed 19, T9R2 (12:37)
to

Feb 19, 1982 (13:26)

Feb 19, 1982 (13:26)
to
Mar 08, 83 (11:17)

Mar OB, 1943 (11:17)
to
Mar 08, 1983 (13:25)

Mar OR, 1983 (13:25)
Continuing as of
Mar 21, 1983

MWpor detalled information on instrumentation refer to D'Appolonia (1982, 1983).

(2)Drlll stem teat terminology:
FFL =« flret flow perfod; FBU - {irat bulldup period;
SFL - second flow period; SBU -~ second buildup period.

O)7cWL « Triple Conducting Wireline
DST = Drill Stem Test

* Data used Lin this report.

TABLE H.2
(Cont tnued)

ANSTRUMENTATIONGD)
Envirotech flow meter. Baskl cutthroat
flume.

Feb 19 82 to Feh 20 82 - TCWL triple
pressure transducer in hydraulice con-
nection with the wellhead

Feb 19 82 to Feb 20 82 - liP-9825 computer,
printer, and plotter.

Feb 20 82 to Mar N8 8) - Weksler 0-600
psig mechanical pressure gage ilnstalled
at the wellhead.

Marton 2024 differential pressure recorder
with 1/4" orifice plate. Fisher-Porier
flow rate meter. Waksjer 0-800 and 0-600
psig mechenfcal pressure gaxes installed
at the wellhead.

Replaced bhlow-out preveater on wellhead.
Pressure bulldup data collected at the
wvellhaead affected by gas cap formation.

Gasy ¢ap veleased from wellbore. No heine
flow. Tressure data from O-ROO peig page
may he affected by fluld leak from diaphragm
agsemhly. Static pressure followlog gas
release used in total resecvolr volume
calculations.

€STL IRL




TEST

Pressure Buildup

Pressure Buildup

Flow Test 1

Drill Stem Test 3020

Drill Stem Test 2986

Pressure Bufldup

Pressure Buildup

Preasure Byildup

D 'AYPOLONTA
(1982, 198))
ACTIVLTY

DESIGNATION

WIPP~12.3

WIPP-12.6

WIPP-12.7

WIPP-12.8

WIPP-12.9

WIPP-12.10

WIPP-12.12

WIPP~12.14

PERIODS
OF TEST

Pressure Buildup

Pressure Buildup

Flow Period*

psT-3020-1 (2)
FFL
FBU

DST-3020-2
FFrL
Fbu

DST-3020-3
FFL (Slug test)

v5T-2986-1 (2)
T —
PBUW

SFL

DST-2986-2
FFL

FAU*

SFL

DST~2986-3
FFL (Slug test)

Pressure Buildup

Pressure Bufldup

Prowsure fui ldup

Nov

Nov

Dec

Dec

Dec

TABLE H.)

SUMMARY OF HYDROLOGIC TESTING IN Wipe-12

DURATION

23, 1981 (20:25)
to

25, 1981 (D6:45)

29, 1981 (14:00)
to

03, 1981 (18:06)

03, 1981 (18:06)
to

04, 1981 (15:00)

04, 1981 (15:00)
to

06, 1981 (09:50)

PDec 06, 1981 (09:50)

Dec

Dec

Pee ¥

07,

to
1981

981
to
1981

1941
to
1981

1on)

(02:52)

(02:52)

(00:30)

(20:06)

(06:45)

QYA

INSTRIMENTATTON(D)

Mechanjcal presaure gage, 0-300 psig, at
the wellhead.

Mechanicnl pressure gage, 0-300 psig, at
the wellhead.

Rockwell 2% cumtlav tve [1ow nmeter,
installed upstream of gas/llquid
separator. Floco flow wmeter {nacalled
downsatrean of gas/liquid separator.

No pressure measurements were taken.

Lynes TOWL-DST Too) downhole(3) | con-
nected vie wireline to Hewlett-Packard
data acquisfition computer at surface.

Lynea TCWL-DST Tool downhole, connect-
ed via vireline to Hewlett-Fackard
data acquisition computer at surface.

Lynes TOWL-DST Tool dowohele,connect-
ed vie wireline to flewlett-Packard
date acquisition computer at surface.

Mechanical prensure gage, 0-300 paty,
installed at the wellhead. Switched
to 0-50 psig gage for preater preciaion.

He Cmperege 30 MY Gl vt e s e o 1

REMARKS

Maximum wellhead pressure recorded for
WiPP-12. Data used i{n static reservoir
pressure calculation.

Pressure bufldup followed Ruhstantlial
flow of 27000 bbl of brine during drill-
ing the well to 3047 feet. No data from
this test used for quantification of
reservoirc properties.

Results of this test were not used for
veservolr hydrologic characterizatlon.
Tts primary purpose was to collect down-~
hole and surface bhrine and gas samples.

Choke effects were serious during flow perfods.
Results of thls test were used for prelim—
inacy reservoir hydrologic characterization but
not ured for quantification of reservolir
properties.

Chouke efleciu were werious durlng flow perioda.
Results of this test were used for prelim—
inary reservelr hydrologic characterization
and developnent of further teating procedure.
Produced information on thickners of fractured
zone.

Results of this test were not used for

regervoir hydrologic characterization.

Resulte of thig Lest were not used for
reservolr hydrologic characterization.

£S1e IRL




D'APPOLONTA
(1982, 1983)

ACTIVITY PERIONS

TEST DES IGNATION OF TEST
Pressure Buildup WiPP-12.18 Pressure Buildup

Flow Test 2 WIPP-12.19 Flow Perfod*
Pressure Buildup*

Flow Teat 3 WIPP-12.20 Flow Period*
Pressure Bulldup*

Gas Cap Release WIPP-12.21 Flow Period*

Presgure Bulldup*

Jan

May

May

May

May

Mar

Mar

DUKATION

04, 1982 (14:00)
to

20, 1982 (15:02)

20, 1982 (15:02)
to

20, 1982 (20:31)

20, 1982 (20:31)
to

21, 1982 (16:16)

23, 1982 (13:00)
to

02, 1982 (11:39)

02, 1942 (11:39)
to

07, 1983 (20:29)

07, 1983 (20:29)
to

a7, 1983 (21:12)

Mar 07, 1983 (21:32)
Continulng as of

Mar 21, 198).

(I)For detailed information on f{nstrumentation refer to D'Appolonia (1982, 1983).

@)pr111 stem test terminology:
FFL - first flow period; FBU = first bulldup period;
SFL ~ second flow period, SBU - second buildup period.

(J)TCWL = Triple Conducting Wireline
DST = Drill Stem Test
DPTT = Downhole Pressure and Temperature Transducer

* Data uesed in this report.

TABLE H.3
(Continued)

INSTRUMENTAT[ON(D)

Lynes TCWL Probe cunnecvted to weli-
head at surface, connected to Hewlet -
Packard data acquisitlion computer with
conducting wirelins cable. Algo used
Metaserce 0-100 psig pressure recorder
and 0-200 psig mechanical pressure

gage.

Halliburton 27 flow meter
Jobnston-Maceco DPTTE) | weksier 0-200 psiy
pressure gage.

Halltburton 27, 3", and 4" fiow meters,
Rockwell 2" flow merer, 4" cutthroat
Flume {nstalled in flow measurement
manifold system.

Johnatan-Macco DPTT(J), Weksler 0-200 psig
presaure gage, Metserco 0-250 peig
presaure recorder.

Barton 202A Jifferential pressure recorder
with 1/4" orifice plate. Fiaher-Parter
flow rate meter, Weksler 0-200 psig mech-
anical pressure gage Installed at the
wvellhead.

REMARKS

Pressure bufldup perlod started after
fnstallatlon of three production~injec-
tlon packers. Produced information on
reservoir response to hrine flow. Due to
uncertalnties regarding f{ntermittent flow,
data not used for quantification of reser-
volir properties.

Constant-presyure, variable-rate flow test.
Data used to characterize hydraullics of
reservolr.

Salt crystaliization tn flow lines rreated
nos~constant-pressure, varlahle-rate flov
tegl. Modeling Indicated lov gensitivity
to variable flow and preasure. Data used
for characterization of reservoir proper-
tiss. Preapure buildup data collerted at
the wellhead affected by gas cap formation.

Gas cap releaned from wellbore. HNo brine
flow. Statfc preasure following gas release
used In total reservolr volume calculations.

ARl
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TARLE H.4

SUMMARY Df I[SIFYTIR TECTING SESULTS

-

TME 3353

ANaLTTIC [ KA ¢ s w X 1z Limangtd AR S
1

TEST “E THOD () Imgf4)  (bEl/ng])

TPLA6/TLT-2470-1/FBl Hor ner 1. w1077 1.0 x Ion NC v NA NA NA NA tow E.3° Anmyarite Bl o B30
Hellte 10,

OR-6/DST-ZATIC1/CHY orner PRAPRT R A I ST AL v A u“ NA A boe g3 Annyorite 11 ¢ 4310
tpilee (1. “urmasdlil*y recresenc-
ative C¢ umped rack properties.

ERTA-6/081-268C-1/F8Y Hor nec 2.2 ¢ 10" 5.2 x 107 NC L NA Na Na N
£R2A-£/08 - 26R0-1 /SBU Hor ner s.g w100 5k 0? NC e Na NA NA NA
SIOABIOST-ICA0S2/FRU Horner nex10®  arc10? w “ A NA N
ISA-E/DET-IEAC-2/SRU  lorner a1 ra0? W N e v A
Wwd. tor nec caet® 60 x10? N N NC N N N Ual€led sroduction tive.
Scurdet snd .
3 ingar ten LI A IR YL s 0t rle 2x0? ez osewiet Tie ez setond Curve wncertelin.
£3I0ct/Fiow Test 1/BU ornert 1a et ee e 12t we 'S w e w NA Sermmanliiey reoraaentative of
mnelor {ractures e ERTA-L well,
Sowr det and . .
3 Ingerten r2w0 t.ekre? Lewe e <ot [RERT A N R LY Tie +2 secone srve uncectsin.
wskat it nEx W N A vt A A Sor=un’aue 3010t ion.
oo N . o* 2¢ N
TENA=6/T1ow Test z/BU ol ner® 7.2 x G 1.2 x 10 NC NC NC NC L= NA “er-mavlll“y representotive of
2verpgec resamveir praoperties
taziuding sudstantlal contritytion
frow microt-actures.
Sour det and
3 Ingerten a0 e g0? 12 e 107 .82 1e 10 21070 e xs07t ke Fis e second futve uncertain.
ZROA-6/Flow Test 3/Flow  Jenkins and
Srentice v n A s w“ “ NA L2167 L unkacens
Jecob and
Lohman EREEET LI SRR A NA NA NA NA NA
ERGA=5/Floe Test 3/BU Ror nar 8.1 x IO-‘ 4.6 x lo‘ NC NC NC NC NC NA Irratic oressure bullouo.
£2CA~6/Tor e Test Nitrogen »
Permagmeter? Txn”? NA A NA NA NA NA A Seceeadlil s recresontatize of
irtpz+ antyorite. One 3oxgle
*25%0.
wIEP~1 2/U8T-2986~1/FRL Sornar 5.9 x lﬁ" 1.6 x 107 NC NC NA NA NA NA Zatp infiyencet by chone affects.
uiFS-12/D8T-2986-2/FBY  Horner 25105 31 x0” Ne ~C NA NA NA NA Sete Influenced By choks effects.
®AF=12/Flou Test 2/Flow  Jenkins ang
Frentice NC NC NA NA NA NA NA 3.€ x |o° L ushnowh.
secok and
Lohman 1ex10®  s9xit0l N A NA NA N "
+ »
¥IPP=12/Flow Test 2/BU Hor ner® 2.0 x IO’ 1.2 x w’ NC NC nC NC NG NA Persesdility representstive of
sajor tractres neor VIFP-12 well,
SBourdet and
< 1 = =
e Ingerten 2.0 % 10> 1.3 x 10° e x 10" sge 0.1 €9 %108 £3 w1077 WA 14 42 second curve uncertain.
.
€IPP-17/F 10w Test 3/BY  Horner? 17010 1o x10” ne N N N NA Se-meabliity recresentetive of
averpged ~eservoir properties ine
cluding sutstantisl contribution
1rom microfractwes.
Sourdet and
Gr ingarten 6.1 x |0° N x |02 2.8 x IO" -a.1 NC NC NC NA Fit to single tyoe curve.
¥IPP=12/Core Test Nitrogen
-4®
Peorme aow tor * <2 x 10 ¢ NA NA NA NA NA NA RA Porvest|lity represontative of

NOTES:

NC ¢ Not Calculoted
NA & Not Applicable

¢ v "Best" or "most rellable™ wethod or result.
56¢ Tohie #eS tor Hydrology Conversion Factors spolicable to wiPP slte brines with Y = 1.217 and u» 1.77 cp.

Tatact sahyorite.
tested.

Two somples



TABLE H.5

RRINE HYDROLOGY CONVERSION FACTORS

T™E 3153

A, CONVERSTION TABLE FOR CONVERTING FROM INTRINSIC PROPERTIES TO PROPERTIES

APPLICABLE TO BRINE FLOW

MULTIPLY PROPERTY DETERMINED TO GET INTRINSIC PROPERTY
FOR BRINE FLOW(I BY CF THE MEDIUM
kx(2) (cm/sec) 1.503 x 10° k (md)
k*(2) (fr/min) 7.634 x 10° k (md)
T (£t2/min) 7.634 x 10° kh (md-ft)
MULTIPLY GIVEN INTRINSIC TO GET PROPERTY APPLICABLE
PROPERTY BY 70 BRINE FLOW(D)
¥ (md) 6.655 x 10~/ k*(2) (cm/sec)
k (nd) 1.310 x 1076 k*(2) (fe/min)
kh (md-ft) 1.310 x 1076 T (£t2/min)

B. CONVERSION TABLE FOR HYDRAULIC CONDUCTIVITY UNITS

gx(2)
(Hydraulic
Conductivity) cm/sec ft/min ft/day gpd/ft2
1 cm/sec 1.000 1.969 2.835 x 103 2.121 x 10%
1 ft/omin 5,080 x 1071 1.000 1.440 x 103 1.077 x 10
1 ft/day 3,528 x 1074 6.944 x 1074 1.000 7.480
1 gpd/ft2 4,716 x 1072 9.284 x 1077 1.337 x 1071 1.000

C. CONVERSION TABLE FOR TRANSMISSIVITY UNITS

T
(Transmissivity) £t2/min gpd/ft
1 £t2/min 1.000 1.077 x 10
1 gpd/ft 9,284 x 1072 1.000
E;;For WIPP brine properties of p = 1.77 cp, and y = 1.217.

K* 15 the symbol for hydraulic conductivity in this table.
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PART IV - CHEMISTRY

1.0 INTRODUCTION AND 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 1ssues of concern are:

® The degree of 1isolation of the reservoirs.

e The potential for the flulds to degrade the host rock
by chemical means (e.g., dissolution, reaction).

e The potential for the reservoirs to increase either

in number, or in volume of fluid, within a short time
frame.

Confident resolution of these Iissues depends on identifying the most likely
origin of the reservoir flulds, 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 brine water were consi-

dered plausible. Possible water sources considered were:

¢ Meteoric water.

e . Waters of dehydration (from gypsum).

¢ - Anclent 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 (180). Either during transport, or subsequent to the entrapment
of brine in the reservoir fractures, the waters of ERDA-6 and WIPP-12 also

dissolved minor amounts of halite.

Although both ERDA-6 and WIPP-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 1n the reservoirs. WIPP-12 btrine
s saturated with anhydrite, halite, calcite, and dolomite. These are the
primary minerals occurring in the reserveir host rock. Accordingly, WIPP—-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 brine to sodium chloride equili-

brium, and cause dissolution to stop.

The most distinct compositional difference between ERDA-6 and WIPP-12 fluids
is in thelr 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(~ 10Z) of nitrogen
that 1s not due to air contamination. Both reservoirs have highly reducing

(1.e., oxygen absent) environments.

The significance of the brine origin and the chemistry of the reservoir fluids
is:



T™E 3153

o The reservoirs are isolated. They are not connected
to each other, or to any ground-water scurce. More-
over, the isolated condition of the reservoirs has
probably existed since their formation at least a
million years ago.

@ The reservoirs are chemically stable. At the present
temperature, the brines do not have the potential to
impalr the stability of the reservolr rock.

® The reservoir waters were formed from anclent sea-
water. Most of the brine, at cae time, was pore
water in the anhydrite. Accordingly, the potential
for forming new reservoirs (or increasing the volume
of existing reservoirs) {s limited to the volume of
pore water avallable through fractures. Whether or
not such increases will occur Is a function of
geomechanical processes.

1.1 SUMMARY 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 avaporite and
non-evaporite formations, as well as whole rock chemistry, and mineral para-
genesis. In additlon to ground-water compositions, the volatile phases iIn 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 Formatfon, 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 Xirkland (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-
loglc formation intended for nuclear waste dis-
posal. Specific issues which are unresolved include
the possibility of brine 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).

o The major mineral phases in the evaporite sequences
are anhydrite, several clavs, halite, loeweite,
magnesite, polyhalite, quartz, and sylvite (Powers et
al., 1978).

¢ Fhases which occur in lesser amounts in the evapor-
ites include kainite, iron oxide, feldspar, lang-
beinite, carnallite, and kieserite (Powers et al.,
1978).

9 Ground wvaters 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 1in the upper Castile Formation
is uncertain. The meteoric-ground water, residual
seawataer, 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 1s to establish 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 hetween brine reservoirs or
with local ground waters.

o Equilibrium with thelr geologic environments.

@ Potential for degrading the proposed WIPP facility
formation.

e Potential for increasing in volume (or in rnumber of
reservoirs) within a short (e.g., 10,000 year) time
frame.

1.3 SCOPE OF STUDY

The scope of the prasent geochemical study includes consideration of all areas

which pertain to the Issues described briefly above and in amore 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 data on the brine, gas, and reservoilr 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,
alnor, and trace elements.
e 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 sufficlent to resolve the pertineat
issues with a high degree of confidence; investigations to determine the
uranium disequilibrium age of the brine and the origin of the evaporite defor-

mation are continuing.
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2,0 CHEMISTRY ISSUES RELATED TO BRINE RESERVOIRS
2.1 EXTENT OF CHEMICAL ISOLATION OR COMMUNICATICON WITH OTHER WATER SOURCES

The issue of reservoir isolation {s particularly critical to site suitability
because 1f the brines communicate with other water sources, they represent a
potential medium for tramsporting nuclides zway from the proposed waste facil-
ity. Coaversely, if the brines do not communicate with each other or with
axternal 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. Beacause of the
diffusive wobility of lons (near 10_4 to 10"5 cmz/sec in standing water;
Weast, 1971; Skelland, 1974) and of zases (near 1071 cmz/ 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 bezen calculated from: x = (2Dt;ﬁ% where x =
distance, D = diffusion coefficlent, t = time. The calculation assumes that
straight-line fractures exist betwecen ERDA-6 and WIPP-12, and that the pore
space of the rock 1is saturated with water. The assumptions are belleved
relevant because two isotopically distinct nethanes and chemically distinct

gases exist in the two wells.

The results compiled in Table C.1 for selected time periods show the distances
over which 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
reservolrs 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 reservolr chemistry (particularly the gases) can be used>to infer the
exteant of reservoir isolation. This determination can be made by detailed
comparisons of major and minor element proportions and by comparing appropri-

ate isotopic abundances.
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2.2 GENERATION OF BRINE AND GAS COMPOSITIONS AND RELATION TO BRINE ORIGIN

The determination of the origin and composition of the ERDA~6 and WIPP-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 hbrine origins, incleding major and minor element

chemistry, and isotopic compositions of brines, gases, and host rocks.

2.3 EXTENT OF BRINE/HOST ROCK EQUILIBRIUM

Evaluating eguilibrium between the brines and reservolr 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 Iwmportant input to safety analyses of the WIPP 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 CHEMICAL CONSTRAINTS ON RATE OF BRINE TRANSPORTATION

Any chemical data that relate to either the rate of brine transportation from
its place of origin to its present reservolr, or to its movement (1if 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, reserveir rock
petrography and mineral chemistry, and the 1sotope 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 RESERVOIRS

Determining the residence time of the brine iIn 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 reservolr 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 be determined using
geochronological methods. Few techniques exist to determire absolute
reslidence times of fluilds in reservolrs, and those that do exlst require that
significant assumptions be made to perform the "age” calculations., The
uranium—-isotope disequilibrium method can be used to determine the time of
confinement or residence of the brines In the anhvdrite 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 AND BRINE

In this section, the chemistry of the brine reservolrs 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 1s provided
to place the results in proper perspective and to apprise the recader of limi-
tations in the data. Further information concerning the methodology is avail-

able 1o 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 WIPP-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.
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Samples for laboratory analyses were collected simultanecusly with those for
fleld analysis, with all laboratory samples taken after the chemistry of the
fluids from the wells had stabilized (i.e., contaminants were balieved to have
been flushed from the wells). The sampling program is summarized below 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 IT at a depth of 2711 feet. The contact
with Halite I is located at about 2735 feet. TIn WIPP-12, the downhole samples
were collected just above the probable fluid-producing fractures lying hetween
3016 and 3045 feet Zzep In Anhydrite III. The brine samples collected at the
surface were coilected 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 Gzaochemistry Corpo-
ration, Canoga Park, California; New Mexico Bureau of Mines, Socorro, New
Mexico; and Sandia National Laboratories, Albuquerque, New Mexico were col-
lected 1n the quantities and containers specified by these laboratories.
Bottled samples which required no filtration were secaled 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 pressurlze 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



TME 3153

in sealed ice chests maintained at about 4°C. The details of sample collec-
tion are described more fully in D'Appolonia (1982, Appendix A). Preservation
and shipment procedures are in accordance with recommendations of the U.S. EPA
(1979) or APHA (1980). Downhole samples were collected in a K-500 MONEL
sample chamber lowered to the sampling depth. The brine and included gas were
transported in the chamber to Core Laboratories, Midland, 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. Where prudent, samples were refrigerated or stored on ice.

3.1.4 Uimitations

Prior to data reduction and analysis, concern was expressed that the utility
of the data might have been decreased by the decislon to sample at the well-
head. Specifically, collecting brine samples at the surface might limit the

ability to estimate downhole conditions because of:

o Oxidation of the sample.

e Precipitation, resulting from changing pH, Eh, tem-
perature, or pressure.

e Contamination due to wellhead and casing corrosion.

o - Contamination with fluids from zones which are not
connected to the brine reservoir in any way except
through the borehole.

o Exsolution of gases from the liquids under atmos-

pheric pressure.

Under isothermal conditions, the magnitude of the potential effects of these
processes 1s 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
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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 function of both flow rate
from the well and time after initiation of flow (Figure C-1). The sanmples
fnvestigated were all taken after field analyses {ndicated that the chemical
system had stabilized (i.e., reached a pseudo-steady state). 3ecause of the
poorer analytical conditions that existed in the field, only samples that were
analyzed in research laboratories have been used for the evaluatfion. 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 aralyses of brines. The Student's "t” test (parametric) and the Mann-
Whitney 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,
magnesium, potassium, sodium, bicarbonate, bromide, sulfate, oD, and 6180.
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

varilance to indicate whether or not there was a significant change due to time
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effects. TFor both wells no significant differences were observed at the 95%
C.L., with the exceptions of OD showing a significant difference (C.L. =-98.9)
in ERDA-6 and 61830 showing a significant difference (C.L. = 98.5) ia 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 major and minor element
chemistry. In contrast, however, the reliazbility 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 ifanterpret the trace metal data

has been made.

3.2 ANALYTTICAL METHODS

3.2.1 Techniques
Analytical methods used by the D'Appolonia laboratory, and by Core Lahorator-

tes, Inc. are given iIn detail ia D'Appolonia (1982, Appendix B). The

oD and 0180 methods used by Global Geochemistry are also given in D'Appolonia
(1982, Appendix B). Global Geochemistry's s13¢c ana &3%s 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 1isotope 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
positicns in duplicate, and 10-13 samples of brine from each well were ana-

lyzed.

3.3 SUMMARY 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 percent consist predominantly of calcium,
1ithium, magnesium, potassium, bicarbonate, sulfate, ammonium, nitrate, and
boron. The average total dissolved solids (TDS) value for ERDA-5 samples is

330,000 mg/1, and for WIPP-12 samples, is 328,000 mg/l.

Although similar, the ERDA-6 and WIPP-12 brines are not identical. Student’s

“t" and Mann-Whitney tests were used to analyze the nmeans and populations for
chemical data from ERDA-6 and WIPP-12. The chemlcal parameters used for the
comparison of the brines were calcium, magnesium, potassium, sodium,

bicarbonate, bromide, sulfate, oD, and 6180, 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 parameters 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 35% C.L. for the Mann-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. 1In 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). Measured water temper-
ature, TDS, Eh (oxidation-reduction potential), and pH are shown beneath each

circle.
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3.3.2 Major and Minor Elements

A later section (5.0) will include discussions of the origin of the brines and
relate the data to Issues of concern. To facilitate these discussions, the
chemical data have been reduced and arranged in a convenlent form. They are

presented below, along with brief discussions of points of interest, in the

following order:

o Evaluations of mineral saturation.

# Major and minor element concentration ratios.

Evalvations of Mineral Saturation

Evaluations of mineral saturations are helpful when attempting to Infer the
genetic histories of the brines, and are especlally important when determining
if the brines are in equilibrium with thelr surroundings. In making these
evaluations, the equilibrium thermodynamic model developed by Harvie and Weare
(1980) for brines was used. This model calculates the chemical activities of
component lons, and permits calculation of ifon activity products (IAP). The
IAP of a mineral can then be compared with the solubility product (Xsp) of
that mineral to evaluate whether or not the solution 1s saturated (i.e., in
aquilibrium) with the mineral. (If the TAP is equal to or greater than the
Ksp, then the solution 1s saturated with the phase. TIf the IAP is less than
the ¥sp, then the solution iIs not saturated.) Since most of the Ksp values
and all of the IAP values were generated using the model developed by Harvie

and Weare (1980), the evaluation of phase equilibrium is internally

consistent.

The IAP wvalues 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 IAP's

C-14



™™E 3153

spans the reported Xsp value; therefore, judgment was exercised, and the phase
was described as "probably” saturated, or “probably not” saturated. 1In these
instances, petrographic analyses or X-ray diffraction are probably the best
means for establishing mineral stability. As with any thecoretical evaluation,
the model should be checked to ascertain its reliability. Checks on the
evaluations contained in the tables are summarized in the column labeled

"Physical Evidence” and discussed in the followlng paragraph.

In the original description of the model (Earvie and Weare, 1980), the com-
puted results were compared with empirical laboratory results and agreement
was found to be within five percent (relative). 1In its current application,
the computed result can be compared with petrcgraphic observations. The
results are again in good agreement (see Part II, Geology, Sectiom 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; Xraus—
kopf, 1967). 1If inconsistencies arise, then the results of the model are

doubtful.

Figure C-3 is a Janecke diagram of the type ccmmonly used to report brine
compositions. The diagram shows stability fieids for common evaporite
minerals that can coexist with halite. Brines of any given composition can be
plotted in terms of thelr three Janecke components. The fiald bounding that
composition detarmines 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
arrows) shows the common precipitation sequence for seawater. The WIPP-12 and
ERDA-6 brines do not fall in the seawater field (bloedite), but instead plot
in the thenardite (Na,S0,) region. Therefore, the Castile brines should
precipitate thenardite (or a related phase) as the next mineral following
halite. While ERDA-6 brine cannot be evaluated rigorously beascause it is not
saturated with halite (therefores it does not plot on the plane of the

diagram), the mineral saturation results caleculated for WIPP-12 appear to be
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consistent. That is, WIPP-12 brine (which 1s halites saturated) iIs also found
to be saturated with glauberite, CaNaz(SOA)z (see Table C.4). Although
glauberite {s not shown on the Janecke difagram (Ca is not considered in the
pseudo-ternary system employed for the diagram), glauberite would project into
the thenardite (Nazsoa) field. <Consequently, the calculated saturation for
WIPP-12 brine with both halite and glauberite appears coasistent with the bulk

composition.

In general, ERDA-6 appears to be saturated in dolomite and calcite, and prob-
ably saturated 1n anhydrite. WIPP-12 1s 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 1is controliing the solution chemistry). For dolomite, however, the

rock appears to have equllibrated with the brine chemistry.

Ma jor 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) bacome 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 concentfation of seawater become comparatively enriched in the
normally less abundant incompatible eclements (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 fon ratios obtained from samples of ERDA-
6 and WIPP-12 brines (D'’Appolonia, 1982) with seawater azvaporation trends



T™E 3153

(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 ragion (Hiss,
1975; Lambert, 1978). While limited data (Lambert, 1978) prevent conparing
all of the regional ground waters with the brine occurrences, ia 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 Morrow
ground waters are also frequently available, but sometimes they cannot be
plotted on the scale of the figures. To avold decreasing the clarity of

presentation, on occaslon the Salado and/or Yorrow data were omitted.

As stated above, when seawater evaporates, all dissclved components become
more concentrated but remain in the same relative proportions that existed in
the original solution. These ratics remaln constant until or unless a phase
i1s precipitated or dissolved (e.g. Holser, 1366; Rittenhouse, 1967; Carpenter,
1978). For example, when precipitation of phase AB occurs from a solution
contalning A, B, C, and D, then the solution becomes depleted in A and B but
not in the other components. As a result, the ratioc 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., Holser, 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

c-17



TME 3153

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-
lson, the agreement with seawater evaporation 1s 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. Notably, 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 (magnesium) shows a major departure from the
seawater trend, and is significant to the origin of the brine. The other
{boron) {s significant only in that it occurs in excess. Tmplications of this

excess are discussed later (Section 5.1.2).

The magnesium/bromide concentration plot (Figure C-9) of the brines shows that
the reservolrs are depleted in magnesium relative to seawater. TIf the
magnesium content of the brines were controlled by seawater avaporation, then
magnesium and bromide would have become equally enriched until precipitation
of magnesium—bearing phases such as epsonite (MgSO4.7H20) or bloedite
(Nayg(50,)9 .4Hy0) occurred. That precipitation does not occur until the
bromide content of the brina has reached 4,300 mg/1 (Collins, 1975) which is
far above the 510 mg/l and 880 mg/l bromide contents of the Castile brines.

As a result, {f the general agreement of the Castile brines and seawater
evaporation trends are to be believed, magnesium depletion must have occurred
because of water/mineral resaction. 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. FElevation of these
ratios above the secawater reference indicates that in addition to seawater

concentration, minor dissolution of sodium— and chloride-bearing phases has

occurred.
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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 dbrine compositions in equal
molar amounts ({.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 colncident with
the reference curve. This implies that the WIPP-12 bdrines may have dissolved
another sodium-bearing phase——perhaps a sulfate (Lambert, 1978, and in prep-
aration). The fact that WIPP-12 gseems to be saturated with both halite and
glauberite (CaNazfsoa]z) 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 WIPP-
12 brines have not only an excess of sodium and chloride but also of

sulfate. Tlowever, 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 brinmes of established meteoric origin (see Figures
C-10 through C-14 and summary Figures C-15 and C-16). Instead, the chloride/
solute plots suppnrt the bromide graphs by comparing wellAwith 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 Elenments

The reliability of transition metal trace element abundances 1s 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 (Si0,) has been evaluated and is
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interesting bhecause of its high concentration. It 1s treated here as a trace

element hecause of its commonly low concentration in most hrines.

Figure C-17 plots silica concentration against dromide for the WIPP-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). Rarelv, 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 1s observed in the reservoir host rock as shown 1n Figure C-18 (see
Part II, Geology,'Section 4.1.3), the observed silica concentration is prob-
ably the result of a modified quartz solubility, {.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
Bell Canyon aquifer. The water—bearing zones of thils 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 Bell 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, 1f a fresh-water source gave rise to the brines,
then {its silica content at low ionic strength would probably exceed that
measured i{n the brime. Ground waters of such high silica content are not
%nown near the WIPP-12 reservoir (Hiss, 1975). Second, the fact that quartz
has precipitated implies that the silica concentration was probably somewhat
higher than 1its prasent concentration (by perhaps a factor of 2) in order that
homogeneous nucleation could occur (Yarvey et al., 1976; Midkiff and Foyt,
1976, 1977). Such high concentrations would be consistent with those that
aight be produced by condensing seawater (sze 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, {mplies that the

brines have reached a modified equilibrium with respect to $10,.

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.5. 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:

2-sample - %-SMOW

o0(°/o0) = L x 1000,
— SMOW
H
and
180 18
w—— sample - ;-— SMOW
18 .0 169 164
6770( /oo) = 18 x 1000
Egg- SHOW
0
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The values for the WIPP-12 and FRDA-6 brines are shown In Figure C-19A, along
with reference fields for Standard Mean Ocean Water (SMOW) and meteoric
waters. As observed, the ERDA~6 and WIPP-12 values cluster together. Figure
C-198 places the brine reservoir data in a regional context by including data
for local ground waters. While the brine data plot at the extreme end of the
trend, an apparent continuity between the ground waters and the brines 1s

visible (Lambert, 1978).

Another valuable way in which to view the 1isotopic 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 & versus TDS and
o180 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 reservolr. To generate the current brine's compcsition, the
parent water would have to react with rock to increase salinity. TIn so doing,
the 1sotoplc character of the water might change, but it must change along the
regression line, provided that the isotopic fractionation mechanism has
remalined 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 isotoplc 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 substantially

alter the regression fits presented in Figures C-20 and C-21. With 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 llnes

converge on the current SMOW reference.

In addition to the deuterium and oxygen isotopes, the 6348 values obtained

from the sulfate in the brines and coexisting anhydrite are also informa-

-~

tive. For these analyses, 0345 was defined as:

343 sample - 348 Canyon Diablo Troilite

32 32

0348(0/oo)= 5 £7A 3 x 1000
_5 Canyon Diablo Troilite
32S

The wmeasured 0348 values range between 7.43 ©/co and 9.79 ©/oo for the brines
(Table C.5) 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 6343 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. Part of this
difference is explained by the 1.65 %/oo (Holser and Raplan, 1966) difference
which would attend equilibrium fractionation between anhydrite and water.
Since the reaction of water and sulfate minerals 1is 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 Permfan in age.

3.3.5 Statement of Findings
The major, winor, 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 histortes of WIPP-12 and ERDA-6
brines are similar. Since the brine sampled at the
Union well is chemically similar to WIPP-12 brinme, it
may also have had a siwmilar history.

The Castile brines bear little chemical resemblance
to other regional ground waters or brines of esta-
blished meteoric origin.

While chemically similar, the Castile brines are
distinctly different from each other. WIPP-12 brine
is saturated with anhydrite, calcite, dolomite, -
halite, and glauberite; while FRDA-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, ERDA~6 brine has a small
potential for dissolving overlying evaporites. For
example, if the ERDA-6 reservolr were to maintain it?
current areal dimensions (estimated at near 6.3 x 10"
ftz; 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 0345 values slightly
lower than those of the coexisting anhydrites and
reflect values characteristic only of the Permian.

A continuous trend in 6D/0'830 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 calecite,
dolomite, and quartz, and isotopically with anhy-
drite. These reactions are well-known for their
sluggishness at low (25°C) temperatures. Accord-
ingly, the brines are very old {and may be Permian
age).
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4.0 CHEMICAL CHARACTERIZATION OF GASES
In this section, the chemistry of the gases assoclated with the ERDA-6 and

WIPP-12 brines will be presented. The presentation of results will be pre-
ceded by a drief 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 i{n that report.

4.1 SAMPLES
The total number of samples collected and analyzed by the various laboratories
15 shown in Tables C.7 (ERDA-6) and C.8 (WIPP-12). These tables are divided
into data from surface flow samples (C.7a and C.8a) 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 varlous gas compon-
ents. For example, mich 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 contalners were used for collection of the samples:

LABORATORY CONTAINER
¢ Thurmond-McGlothlin Metal (Iron) cylinders

e Global Geochemistry 100 ml glass cylinders
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@ Core Laboratories Metal cylinders (MONEL and
stainless steel lined with
teflon)

e Sandia 100 and 500 ml glass cylinders

Duplicate and triplicate samples using various container types were used for

quality control.

4.,1,2 Techniques

The following methods were used to collect gas samples:

® Surface samples:
- gas from the gas outlet of a gas/liquid separator.
- gas collected with hrine under pressure in "ian-line”
sample containers.
- @gas from a vacuum extractor.

e 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 Analysis, Carlsbad, New Mexico,
and during WIPP-12 Flow Tests 2 and 3 by Morco Geological Services, Carlsbad,
New 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 duriang 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.
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Some degree of air contamination occurred 1in several samples. Contamination
1s easlly recognized by increased abundances of nitrogen and carbon dioxide,
and the presence of oxygen and argon. The data from suspect samples have not

bYeen 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 iIn
the concentrations weasurad. However, the metal surface usually stops
reacting after an initial “"wearing-in" period. As a result, gas samples taken
later i{n the sawmpling 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

three methods:

¢ Global Geochemistry: Hydrogen sulfide in the sample
is precipitated as Ag,S, and the precipitate weighed
to determine H,S concentration.

® Core Laboratories: Gas chromatography.

e 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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5.2.2 Limitations

Because methods vary among laboratories, split samples were routinely
distributed among laboratories to promote obtaining reasonable results.
Multiple samples were sent to individual laboratories to increase the reli-

ability of the data, and to provide an internal check on consistency.

4.3 SUMMARY 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 ailr contamination of the
samples. However, 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 (CO,) is a major constituent in most ERDA-6 samples.
Hydrogen sulfide (HZS) tends to be higher in ERDA-6 gas (see D'Appolonia,
1982, Tables 6.9-C2 and 12.20-C3, for H,S determined by the Tutwiler Method);

while methane (CHQ) and heavier hydrocarbons comprise g 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 bhetween
wells were observed at a greater than 99.87% confidence level for all
parameters for both tests. Gas samples from both wells contain appreciable
concentrations of nitrogen (Nz). 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(l) consisting

of a volatile (lew 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 coasidered part
of the volatile phase and are treated identically to methane. The "non-
volatile” phase is hydrogen sulfide. Figure C-23 shows the ccitical point
elevation curve for the CH4~HZS binary mixture (Xatz et al., 1959). The
boiling point elevation for a mixture of 75 percent methane 25/percent hydro-
gen sulfide, corresponding to the mean WIPP-12 gas conposition for Flow Test 3
as analyzed by Global Geochemistry (D'Appolonia, 1982, Table 12.20-C7), was
also calculated and plotted, with details shown on Figure C-24. At points
along the curva where ideal gzas laws poorly represent gas behavior (i.e., at
pressures along the curve above the critical points of the individval gases
alone), the curve shape was estimated by smooth~fit techniques using the mest
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 1s expected to exist as
gas downhole. After correcting for the effects of downhole prassure on
(i1deal) gas velume, 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, Hydrolegy,

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 Phases

A composition—temperature plot was constructed for the binary system methane
(CH,) ~- hydrogen sulfide (455). Initial calculations were based on Raoult's
Law, but did not produce meaningful results at small concentrations of the
"non-volatile” phase. Tor 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 wmethane/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 (l.e., methane and nitrogen). The condansible 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 necessary because the downhole pressure at ERDA-6 is about 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 supereritical
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, iadividual gas
solubilities indicate that the fluid is totally miscible in the brine. The
compressibility of the brine, therefore is unchanged,‘and calculations of

reservoir volume are unaffected.

4.3.3 Isotopes

A sunmary 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 12.7-C7).
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0345 in Hydrogen Sulfide

Sulfur 1isotopes in hydrogen suifide show depletion in 34g (see Figure C-26).
This result suggests isotope fractionation by bactarial sulfate reduction
(bacteria will preferentially metabolize 325 versus 343; Nielsen, 1979). 1In
ERDA-6, the 0348 values are consistently lower (-20.46 ©/00) than in WIPP-12
(-14.36 °/00). 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 H,S,

such as that generated by thermogenic processes (see discussion for methane).

Further evidence for a biogenic origin of hydrogen sulfide is found by compar-
ing 03%S 1n hydrogen sulfide with that in the sulfate of the brine.
d(SO42— - HZS) values in WIPP-12 average +22.57 O/60 and in ERDA-6 are +29.43
®/00. These delta values are close to the range reported for fractionation
due to bacterial reduction of sulfate (+15 ©/oo Harrison and Thode, 1958; +25
®/00 to +65 °/oo Wielson, 1979). In contrast, isotopic equilibrium which
occurs at elevated temperatures in the absence of bacterial sulfate reduction
is:

0804 ~ °H,_s = 8(50,- Hy8) = +80 ®/oo  (Sakai, 1968; Faure, 1977)
Thus, the signature of bactesrial action on the isotopic coamposition 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.

oD in Hydrogen Sulfide

Both the ERDA-6 and WIPP-12 gases are strongly fractionated toward depletion
in deuterium. Average 6D values are -570 ©/o0o and -544 °/oo for ERDA-6 and
WIPP-12, respectively. Thils strong fractionation probably reflects the
partitioning of denterium between water (becoming heavier) and hydrogen
sulfide (becoming lighter) as H,S gas is evolved during liquid/gas

separation. This exchange occurs rapidly (Clayton et al., 1966), and has been

utllized 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 {s not the case.
The deuterium content of the brine has not been affected significantly by
hydrogen sulfide generation.

013C and OD Iin Methane

Comparison of the 0130 and 5D values of ERDA-6 and WIPP-12 methanes reveals a
significant difference between reservoirs. Specifically, ERDA-6 methane has a
013C value that is more negative than -60 ®/oo. This indicates that ERDA-6
mathane was derived almost entirely from biogenic processes (such as bacterial
respiration and elimination; Fuex, 1977; Rice and Claypool, 1981). This
origin 1s 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
attend thermogenic processes. In contrast, the 613C 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 caunnot be ruled out. The interpretation of a dominantly
thermogenic origin for WIPP-12 methane 1s 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 deptﬁ 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 eveolution and collection are discussed in Section 5.1.4.
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013C and 0180 in Carbon Dioxide

The isotopic composition of carbon dioxide in the ERDA~-6 gas is shown in Table
C.9 and plotted in Figure C-27. As shown in the figure, the o120 tn the
carbon dioxide is not i{n equilibrium with the atmosphere. This poor agreement
indicates that the reservoirs and the surface (or surface-equilibrated waters)
are not connected. The 5180 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
SMOW (see Figure C-19). Therefore, the oxygen in the brines and associated
carbon dioxide appear to be in equilibrium.

If one proposed mechanism for =xplalning some of the 0180 enrichment {n the
ERDA-6 brine is correct (i1.e., aexchange with carbonates), then the enrichment

in o13

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 ©/0o. This difference is in the range for carbonate-C0,

equilibrivm (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 brinme. Accordingly,
ERDA-6 gases do not affect estimates of brine
reservoir volumes (see Part III, Hydrology, Sections
3.3.5 and 3.4.3).

® BRBecause 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 abhout 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 reservolir
volume calculations (see Part III, Hydrology,
Sections 3.3.5 and 3.4.4).

¢ Methanes from ERDA-6 and WIPP-12 were generated by
different processes. ERDA-6 methane has bzen pro-
duced by bacterial processes (i.e., it 1s 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).

o dydrogen sulfide in both wells has been produced
primarily by bacterial reduction of sulfate, although
a thermogenic contribution for some of the WIPP-12
hydrogen sulfide is likely.

® Carbon dioxide 1is in isotopic equilibrium with brine
waters, whereas hydrogen sulfide is not in equili-
brium with sulfate in brine.

e Brine gases are very reducing in both reservoirs
(methane and hydrogen sulfide are present). FEvidence
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 brime. This explanation will
help to frame subsequent interpretations by placing the discussion of 1ssues

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 elenment 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 raiates 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 likely to be perturbed by materials or processes which occur
infrequently. As an illustration, trace element trends may lend themselves to
ambiguous interpretations as a result of strong partitioning by accessory (or
trace) phases (e.g., compare Green and Ringwood, 1967, with 0'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.

e Evaporatlve 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 1s 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). 3Because 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 analyses to known standard
compositions.

¢ The concentration of bromide at ERDA-6 is about 880
g/l and at WIPP-12 {t is about 510 mg/1.

All other major and minor element solutes were also measured using standard,
approved techniques, and are referanced to bromide concentration in Table
C.10. The results were used to determine whether the brines were generated by

dissolution of evaporite minerals or by seawater concentration. Analysis of

these models 1s 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).
Fublished concentrations for bromide minerals of the Delaware Basin (Holser,
1966; Adams, 1969) were used to increase the bromide concentratfon in the
water. For both simplicity and conservatism, only the minerals halite,
sylvite, carnallite, thenardite, and calcite were used in 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
masses of minerals required to form the brine, and (2) the agreement hatween

calculated and mesasured solute/bromide ratios.

Figure C-28 summarizes the results of the calculation for several na jor compo-
nents. It can be seen that agreement in the solute/bromide ratios 1is 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 watar quality data presented
in Lambert (1978). However, to arrive at compositions similar to ERDA-6 and

WIPP-12 brines, chloride phases must be precipitated. When 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. 1In 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 alwavs 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 sodium phase is halite. Halite also
contains chloride which must be removed. Therefore, no straightforward,

simple pathway of dissolution/precipitation can be calculated.

Seawater Evaporation Model.

The solute/bromide plots (used above to evaluate the dissolution model) can
3lso be used to determine if the Castile brines have bheen 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. Tigures 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 apparént in the plots and in
Table C.10. 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.10). At the
beginning of NaCl precipitation, the ratio is approximately 70 (wt/wt). The
average WIPP-12 chloride/bromide rétio 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 dissolutfon in both wells is obtained by pecforming
mass balance calculations in which sodium and chloride are removed from the
brine compositions according to the stoichiometry of halite (i.e., 1 mole Na:
1 mole Cl1). 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. Meost probably that phase 1s glauberite,

CaNaZ(SOQ)Z. Evidence for glauberite dissolution may be found in
thermodvnamic 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 1s 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 1s the enrichment of
the brines in lithium and boron (see Table C.10 and Figure C-14). Such en-
richment in connate brines is relatively common (e.g., Collins, 1970, 1976;
Vine, 1979). The enrichment, however, is inconsequential to evaluations of
site stability. Nevertheless, possible mechanisms for lithium and boron
enrichment will be discussed. These discussions are speculative, and the

exact origin of the 1ithium and boron increases is unclear.

One possibility for the enrichwment is that addition of lithium and boron
attends diagenesi{s 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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glving rise to the commercial potash deposits that overlie the Castile (Lam-
bert, 1978, and in preparation). A possible mechanism for this alkali enrich-
ment may be the decomposition of corganic marine material. 3Rrown algae (e.g.,
crder Fucales) and red algae (e.g., Rhodymenia 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). Furthermwore, high lithium and boron concentrations are commonly asso-
ciated with sedimentary uranium deposits (Vine, 1979). Deposits of this type
are common in New Mexico. Consequently, the chemical weathering of igneous
and/or sedimentary sources may have enriched the Permian seawater of the
Delaware Rasin 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 wmagne-~
sium/bromide (Figure C-9). These plots are perhaps the most significant
divergence from the seawater reference, but they are ecasily explained. The
magnesium depletion results primarily from the reaction of calcite to dolomite
which commonly attends the diagenesis of carbonate (e.g., Shephard, 1963):

+ co32‘
calcite + dissolved material

Cacoy + Mgt

CaMg(CO3)2
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 ifmpliss that ERDA-6 and WIPP-

12 brines were both derived from seawater, and that subsequently each had
distinct histories. WIPP-12 brine probably originated 3s seawater coancen-
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-beariang phase
(probably glauberite). ERDA-6 had a similar history but did not dissolve
glauberite and probably dissolved only minor amounts 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 1sotopic data are somewhat ambiguous in thelr support of
any particular model for the origin of the WIPP brines. Consequently, the
isotoplc data are discussed below in terms of general agreement or disagree-
ment with proposed models of origin. This can be contrasted with the less

equivocal apprcach taken above for major and minor element chemistries.

Dissolution 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
6D 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 1is also sald to be the result of

exchange with clays.
While such a process is reasonable for explaining the regioﬁal 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 and Epstein, 1970) is used to model the
isotopic change in water, around 50 batch equilibrations are required to
transform water from a ¢D of -20 °/oo (least negative juvenile ground water)
to a ¢D of -1.0 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 1in the
reservoirs. To fractionate the 8.0 x 102 noles of water in the WIPP-12
reservoir (see Part 1IT, 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 107 m? 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 dapth of alteration across the fracture is on the order of 1
om, then the maximum 0.1 percent clay coantent of the rock (found at contacts,
see Table C.11) 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. TIf 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 1is unlikely
to alter known Delazware Rasin 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 oD (°/00) and 6018 (°/00) 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 water 1s 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 in alteration of the solute/
bromide ratios (i.e., mixing would add mass to the system but not sufficient
bromide). If mixing cccurred to the extent whare the isotopic fingerprint
resembled the ground water rather than the brine, mass balance calculations
(viz., Hitchon and Friedman, 1969) indicate a ground water:seawater ratio near
2:1 would be raquired. Such diluticn would perturb the bromide ratios to the

point where resemblance to seawater curves would not be possible.

Finally, it is instructive to examine the §3%5 values of the sulfate in brine
and in the reservoir rock. The value for the rock (~ 12 %/00) 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 %/00) is isotopically
lighter than the rock. If the sulfate in brine were generated by dissolving

the rock, then the 634

(1)

S value for the brine should be at least equal to that
of the rock However, bacterial sulfate reduction has produced H,S 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

reservoir formation. The basis for these conclusions includes:

(1)

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 aany known mech-
anisn.

e Delawaras Basin ground waters that have isotopic
compositions within the possible range of source
waters are all high TDS waters. Mixing of these
waters with brine would perturb the major element
chemistry.

o The ;34 S wvalues Zor sulfate in brine are consistently

less than the &3S values of the.rock, which pre-
cludes dissolution.

Waters of Dehydration

As noted earlier (Section 5.1.2), at an extreme, the bulk chemistry of mete-
oric water and waters of dehydration would be similar (very low TDS); however,
thelr 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., Sofer and Gat, 1975) which later
precipitates gypsum. The second fractionation occurs when gypsum nucleates in
the seawater (Sofer, 1978). A third fractionation is probable 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 1is 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

C-44



TME 3153

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 ¢!3¢ and
C'180 data from CO, indicate that the brine has reacted with carbonate to
generate COZ (at ERDA-6). This reaction should increase the <l30 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.

While these arguments weaken the hypothesis that the brines originated as
waters of dehydration, they do not preclude the possibility. For example,
¥haraka et al., (1973) estimate that the Permian ocean was about 5 °/oo

depleted in ¢18

0 relative to SMOW. If this were true, then the 1sotopic shift
in ancient seawater would compensate for the shift induced by carbonate reac-
tion, {.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 Model

e

If the brines were derived from ancient seawater, then the age of the waters
i1s Permian (the same age as the sadiments). As discussed above, the present-
day seawater reference (SMOW) may be inappropriate for interpreting the
consistency of measured brine 1sotopes 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 ©D and 5180 ocean water references (=5 °/oo
and -0.5 %/o0, respectively). The details of this calculation are unclear,
but the results provide one estimate of how the isotopic composition of the

water in the Permfan ocean varies from that of SMOW.

Another method for estimating the isotopic composition of the Permian ocean is

to utilize the relation between Clso in ocean water and 5180 in ocean water
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sulfate (Kaplan, 1982, personal communication). The current ocean water
sulfate has a 0180 value of about 12.5 %/oo (Claypool et al., 1980). This
value ié approximately the same as the value found from coexisting sulfate
mineral precipitates, 1.e., essentially no fractionation of oxygen in sulfate
attends precipitation. TIf the relationship hetween 185 in seawater and 130 1n
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 anclent and modern sulfate minerals reflect the
differences of ancient and modern oceans. In contrast to modern sulfate min-
erals, the Permian sulfates of the Delaware Basin have 0180 values of about

9 %/o0 (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 oceanm (9 ©/oo -12.5 ®/oo = -3.5 O/po). The reference value

for Permian ocean water 018

0 1s therefore -3.5 %®/oo. A minimum value for
coexisting deuterium may be estimated by using the relationship for Raleigh

distillation, i.e., unimpeded evaporation:

oD = 8¢0'20) + 5 (Craig, 1961)

For a 0180 value of -3.5 ®/oo, the resulting oD 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 1s that the Castile brines plot above and to the right of both
Permian ocean estimates (see Figure C-31). Although evaporation might be
iavoked 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 6180, Additional enrichment in 0180 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
could account for at least a 1 °/oo increase in 6180, and perhaps as much as a

5 9/00 increase.
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In additfon to the brine isotopes, the isotopes of sulfur In sulfate are

&S in brine sulfate 1s

consistent with the seawater evaporatfon model. The o>
measured as around 8 ®/oo to 9 °/oo compared to about 11.5 %/00 in the co-
existing rock. This relationship is consistent with the 1.65 ®/oo fractiona-
tion that might be expected when anhydrite precipitated from ancient seawater
(Holser and Xaplan, 1966; Claypool et al., 1980). “oreover, both

0348 values fall in the range for Permian materfals.

The discussion above has been premised on an assumed difference hatween 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 SMOW reference should be determined.
Mechanisms for increasing the brines in 18, relative to SMOW include:

o Evaporation X
o Reaction with carbonates
¢ Reaction with silicates

By analogy to the discussion above, the 8180 shift can be accounted for by

these mechanismns.

Mechanisms for altering the 6D of the brines relative to SMOW include:

e Evaporation
e Reaction with marine clays
e Mixing with other waters

Evaporation could produce the 0D 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 magnesfum 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 ©D values because there does not appear to be a suffi-
clent mass of clay in the formation. As a result, if no isotopic difference
existed between Permian and current oceans, then the isotopic character of the
brines 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 (5180 = -2 %00 to =7 ®/o0, B =
-10 /00 to =30 °/00) mixed with concentrated seawater. 1If mixing occurred in
a 1:1 ratio (see Hitchon and Friedman, 1969), then a source near the edge of
the 20 percent confidence fi1eld of Figure C-29 would result. To generate the
observed i{sotopes in the brines, that source wonuld then have to be fraction-

ated. In this scenario, at least two possibilities exist:

® The mixing cccurred either soon after (or during) the
last stages of sedimentation. FEvaporation through
pores or at the surface then ccncentrated the heavier
isotopes into the residual brine.

e TIsotopic 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. Reaction with other reservoir
{gcks (anhyvdrite and dolomite) eanriched the brines in

0 (Lloyd, 1968; Clayton et al., 1966).

Alternatively, seawater underwent concentration by evaporation to generate its
ma jor 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 evaporatlion would cause

isotopic fracticnation and major element concentration trends consistent with

those cbserved for the brine.

One strength of this last alternative 1{s 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 Cc-29).
Furthermore, anhydrite pseudomorphs after gypsum may be present in cores taken
from the reservoir hest rock {see Part ITI, Geology, Section 4.1.3 and Figure

C").S).

The major weakness of the model is the lack of extensive physical evidence for
gypsum pseudomorphs. At best, the criteria used to identify gypsum
pseudormorphs (i.e., relict cleavages and replacement textures) are subjective
and inconclusive. Furthermore, the presence of such textures 1is not pervasive
as might be expected if extenmsive 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:

® Two models have been evaluated; one in which ancient
seawater 1s Isotopically identical to SMOW and
another in which the aacient ocean differs from
SMOW. 3Both models can be used to arrive at isotopic
values observed without being inconsistent with
material abundances existing in the basin. Speci-
fically:

- Mixing of SHMOW 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 isotople 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 0348 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 ratics 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

diiferences may be attributed to:

¢ Different sources of generation.

¢ Different downhole conditions aftfecting 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. More likely, however,
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the WIPP-12 reservoir contains a thermogenic hydrogen sulfide component.
Upward~moving thermogenic hydrogen sulfide might have bteen trapped along with
pore water by the rapld sedimentation of anhydrite during the Permian.
Alternatively, the thermogenic hydrogen sulfide could have been acquired by

WIPP-12 during the deformatfon that resulted i{n the reservoir.

Less ambiguous than the hydrogen sulfide is the origin(s) of methane at the
two walls. The methane at ERDA-6 is probably all of biogenic origin. 1In
contrast, the methane of WIPP-12 13 dominantly thermogenic with perhaps a
minor contribution from biogenic sources. Deformation and flow may have
liberated thermogenic methane from the fluid inclusions of the underlying
halite. Alternatively, deformation may have disrupted grainm 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 alr entrapment, by pyrolysis of organics, or most
likely by bacterial processes (e.g., Desulfovibrio denitrificans; Kuznetsov et
al., 1963). The carbon dioxide 1s present in greater amounts than can be
attributed to air entrapment. Consequently, it is probably a result of bilo-

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 €Oy, while WIPP-12 1is much richer
in methane. 3Both 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 WIPP-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 234U/238U specific actlvity ratio from unity to estimate the

age of confinement of ground water (Xronfeld et al., 1975; Andrews and Kay,
1978; Barr et al., 1979). Determination by this method of the time of entrap-
ment of fluids, however, is not unequivocal for flulds that might have
migratéd 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 xnown, but must be
inferred from other geological and hydrological information (see, for example,
Andrews et al., 1982). Nevertheless, geologically reasonable inferences can

be mwade 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 23“U/ZBBU will be established in less than two million
years, the excess 234U implies brine and rock have interacted within the last
2 x 106 yvears. 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 238y 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 history 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 original water volume was lost by subaerial
evaporation (gypsum/anhydrite to halite saturation). This distillation in-
creased the TDS of the brine, znd enriched it in deuterium and 189, During
chemical precipitation of gypsum/anhydrite, some of the basin water was trap-
ped as sediment pore water. The sediment was subsequently compacted, lithi-
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
1s 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. TIsotope exchange between the
brine and carbonates also enriched the brine in heavy oxygen. 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 1II, Geology, Section

4.3.1) remobilized the brine. At this time, the brine probably traveled only
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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 iatroduction of fluids into the reservoirs
has occurred. As a result, the fluids have reached (or very closely

approached) equilibriuvam with their environment.

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 inactive or dormant. If dormant, then the frequency and
slze of additional reservoirs are dependent upon the geomechanical history of
the specific areas of interest. The volume of vwater for forming the reservolir

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. TFigure
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 CH, and HyS. These gases have been
influenced by blogenic activity, and the lack of equilibrium between them
and the rest of the reservoir reflects the relatively-low temperature.
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HyS + 4H,0 * 8042‘ + 108 + 8¢~ (Garrels and Christ, 1965)

at an HZS/SO42- ratio near 103.

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 be used in

conjunction with water to define the active oxygen content:

CH4 + 202 > co2 + 2H20

The equilibrium oxygen fugacity (active oxygen content) can be calculated from

the well-known equilibrium relation:
4G = =~ RT 1n K

and from the mass action expression:

2
_ [products] _ £(C0p)f(H;0)

K tants] 2
[reactants] f(CHA)f(Oz)

Equilibrium oxygen fugacity can be caleculated by using tabulations of free
energy (Robie et al., 1978) and/or extrapolations of empirical data (Skippen,
1967). TFor the measured gas compositions, oxygen fugacity is calculated as
107%7 ata for ERDA-6, and 10769 ata 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 1072 (T°K) log £0, -1.984 x 107% (T°K) pH
- (T°K-298)9.196 x 10™% (Smith et al., 1980)

In this way, theoretical equilibrium Ehs for WIPP-12 and ERDA-6 were calcu-
lated as -232mV and -171mV, 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, belng 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 1is 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 calecite, dolomite, and probably anhydrite. All of these phases
are present 1n 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 coufirm this relationship. Specifically,
fractures in the WIPP reservolr contain secondary halite in addition to anhy-

drite while the ERDA fractures contain anhydrite, but are devoid of halite.

Cc-56



T™E 3153

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 1Isotopes
In addition to the major element chemistry, the 1sotoplic data appear to sup-

port the assertion of equilibrium. Least ambiguous are the 0348 data obtained
on the sulfate in the brine. These values (near 9 °/00) are centrally located
in the field for Permian sulfates (Faure, 1977; Nielsen, 1979; Thode et al.,

1961). Since the reservolr rocks are known-to be Permian (e.g., Adams, 1944),

34g values near 8 /oo (see

and since no other materials generally produce 6
Figure C-22), either the brines were derived directly from Permlan seas or the
waters have equilibrated with Permian sulfate minerals. In either case, the

brines are in equilibrium with the hest rock.

In addition to the 03%4g isotopes in sulfate, the sl3c 1sotopes in COy and in
brine carbonate appear to show equilibration. The observed fractionation 4 7

to 9 /oo is consistent with the equilibrium range at 25-30°C (Faure, 1977).

Finally, the 0180 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 ol3c and 6189 values for atmospheric COy are also shown.

The 0180 values of the Castile brine carbon dloxide are 10 %/oo0 graater 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 brine 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 reservolirs., Moreover, the chemical
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differences between the brines and known ground-water sources suggest little

or no communication between them.

5.3.1 Gases

Perhaps the strongest avidence for isolation may be found ia 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. TFurthermore, the mobility of gases should lead to mixing
of the teservoir 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. Furthermore, 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 3Brines

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. While
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; 1n 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. Most 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 1in both absolute and
relative concentrations of dissolved components and gases, support the
{nterpretation that the reservoirs are not chemically connected. Yoreover,
given the poor reducing capacity of evaporite rocks, any communication between
the reservoirs, or between the reservoirs and a ground water source, would be
expected to perturb the Eh of the reservoir. Since the reservoirs appear to
be in equilibrium with thelr surrcundings, and since they hzve distinctly

different Eh's, each reservoir appears to be a closed system.
pp

Isotopes

Previous examinations of brine isotopes (Lambert, 1978) have noted the seeming
continuity from meteoric Delaware Basin ground waters to the brine

reservoirs. These examinations have been made in the absence of the complete
data. As a result, one credible interpretation of this trand was a continuous
fractionation of the hydrecgen and oxygen isotopes from meteroic water to the
brine. While the mechanism for deuterium enrichment is uncertain (compare
Lambert, 1978, and in preparation; with: Savin and Epstein, 1970; 0'Neill and
Kharaka, 1976; and Kharaka et 21., 1973), one might propose that, at the very
least, mixing of waters has occurred. However, the isotope (6180 and oD)
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 thils 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.12.)

¢ The formation of brine reservoirs can be considered
an inactive or dormant process. 1f dormant, the
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formation of brine reservolirs is dependent upon the
geomechanical environment of the area. Water for
forming the reservoirs is limited to water currently
contaiced 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. 3Brine from ERDA-6 is satur-
ated with all major phases, but is slightly under-
saturated with halite. The potential for bhrines from
either reservoir to dissolve overlying vrock is negli-
gible.

C-60



P,

TME 3153
LIST OF REFERENCES

Adams, J. E., 1944, Upper Permian Ochoa Series of Delaware Basin, West
Texas and Southeastern New Mexico: Amer. Assoc. of Pet. Geol. Bull.,
v. 28, no. 11, pp. 1596-1625,

Adams, S. S., 1969, Bromine in the Salado Formation, Carlsbad Potash
District, New Mexico: New Mexico Bureau of Mines and Mineral Resources,
Bulletin 93, Socorro, N.M., 122 pp.

American Public Health Association (APHA), 1980, Standard Methods for
the Examination of Water, 15th edition: American Public Health
Association, Washington, D.C.

Ahderson, R. Y., 1982, Upper Castile Brine Aquifer, Northern Delaware
Basin, New Mexico.

Anderson, R, Y. and D. W. Xirkland, 1980, Dissolution of Salt Deposits
by Brinme Density Flow: Geology, v. 8, pp. 656-69.

Andrews, J. N., I. S. Giles, R. L. F. Kay, D. J. Lee, J. K. Osmond, J.
B. Cowart, P. Fritz, J. F. RBarker, and J. Gale, 1982, Radioelements,
Radiogenic Helium and Age Relationships for Ground Waters From the
Granites at Stripa, Sweden: Geochim. Cosmochim. Acta, v. 46, pp.
1533-1543,

Agdrewg8 J. N. and R. L. F. Kay, 1978, The Evolution of Enhanced

234y /238y Activity Ratios for Dissolved Uranium and Ground Water
Dating: Fourth Int. Conf. Geochronology, Cosmochronology and Isotope
Geology, Denver, U.S. Geol. Survey Cpen~File Report 78-701, p. 11.

Barnes, I. and W. Back, 1964, Dolomite Solubility in Ground Water:
Article 160, in U.S. Geol. Survey Prof. Paper 475-D, pp. D179-D180.

Barr, G. E., S. J. Lambert, and J. A. Carter, 1979, Uranium Isotope
Disequilibrium in Groundwaters of Southeastern New Mexico and Implica-
tions Regarding Age~Dating of Waters: 1in Isotope Hydrology 1978, v. II,
International Atomic Energy Agency, pp. 645-660.

Baumann, H., 1971, The Production of Pure and Perturbed Quartz Surfaces
and Their Relation Under Various Treatment: Fortschr. Kolloide u.
Polymere, v. 55, pp. 37-44,

Borovik-Romanova, T. H., 1969, Riogeochemistry of the Alkali Elements:
Geochemistry International, v. 6, pp. 906-912.



TME 3153

LIST OF REFERENCES
(Continued)

Bottinga, Y. and H. Craig, 1969, Oxygen Isotope Fractionation Between
COy and Water, and the Isotopic Composition of Marine Atmospheric CO,:
Earth Planet. Sci. Letters, v. 5, pp. 285-295.

Braitsch, 0., 1971, Salt Deposits ~ Their Origin and Composition:
Springer-Verlag, New York, 297 pp.

Carpenter, A. B., 1978, Origin and Chemical Evolution of Brines in
Sedimentary BRasins: Oklahoma Geol. Survey Circular 79, pp. 60-77.

Chen, C. A. and W. L. Marshall, 1982, Amorphous Silica Solubilities IV,
Behavior in Pure Water and Aqueous Sodium Chloride, Sodium Sulfate,
Magnesium Chloride, and Magnesium Sulfate Solution Up to 350°C:
Geochim. Cosmochim. Acta, v. 46, pp. 279-287.

Claypool, G. E., W. T. Holser, I. R. Xaplan, H. Sakai, and I. Zak, 1980,
The Age Curves of Sulfur and Cxvgen Isotopes in Marine Sulfate and Their
Mutual Interpretation: Chem. Geology, v. 28, pp. 199-260.

Clayton, R, N., I. Friedman, D, L. Graf, T. K. Mayeda, W. F. Meents, and
N. F. Shimp, 1966, The Origin of Saline Formation Waters, 1. Isotopic
compositions: Jour. of Geophvs. Res., v. 71, pp. 3869-3882.

Collins, A, G., 1970, Geochemistry of Some Petroleum Associated Waters
from Louisiana: U.S. Bureau of Mines Report Investigation 7326, 31 pp.

Collins, A. G., 1975, Geochemistry of Oilfield Waters: Elsevier
Scientific Publishing Company, N.Y., 496 pp.

Collins, A. G., 1976, Lithium Abundances in Oilfield Waters: 1in Lithium
Resources and Requirements by the Year 2000, J. D. Vine, ed., U.S. Geol.
Survey Prof. Paper 1005, pp. 116-123.

Craig, H., 1961, Standard for Reporting Concentration of Deuterium and
Oxygen — 18 in Natural Waters: Science, v. 133, pp. 1833-1834.

D'Appolonia Consulting Engineers, Inc., 1982, Data File Report - ERDA-6
and WIPP-12 Testing: Westinghouse Electric Corporation and U.S,.
Department of Energy, Albuquerque, N.M.

Faure, G., 1977, Principles of Isotope Geology: John Wiley and Sons,
N.Y., 464 pp.

Freeze, R. A, and J. A. Cherry, 1979, Groundwater: Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 604 pp.

Fuex, A. N., 1977, The Use of Stable Carbon Isotopes in Hydrocarbon
Exploration: Jour. of Geochem. Exploration, v. 7, pp. 155-188.



TME 3153

LIST OF REFERENCES
(Continued)

Garrels, R. M. and C. L. Christ, 1965, Solutions, Minerals, and
Equilibria: Freeman, Cooper and Company, San Francisco, CA., 450 pp.

Gerlach, T. M. and B. E. Nordlie, 1975, The C-0-H-S Gaseous System Part
I, Composition Limits and Trends in Basalt Gases: Amer. Jour. of Sci.,
v. 275, pp. 353-376.

Grabau, A. W., 1920, Geology of the Non-Metallic Mineral Deposits Other
Than Silicates; v. 1l Principles of Salt Deposition: McGraw-Hill Book
Company, Xew York, 435 pp.

Green, D. H. and A. E. Ringwood, 1967, The Genesis of Basaltic Magma:
Contrib. Min. Petrol., v. 15, pp. 103-190,

Harrison, A. G. and H. G. Thode, 1958, Mechanisms of the Bacterial
Reduction of Sulphate from Isotope Fractionation Studies: Trans. of the
Faraday Society, v. 54, pp. 84-92,

Harvey, W. W., M, J. Turner, J. Slaughter, and A. C. Makrides, 1976,
Study of Silica Scaling from Geothermal Brines: Progress Report for
Period March, 1976 - September, 1976: (00-2607-3, EIC Corporation,
Newton, Massachusetts,

Harvie, C. E. and J. H. Weare, 1980, The prediction of Mineral Solu-
bilities in Natural Waters: the Na-K-Mg-Ca-Cl-50,-H,0 System from Zero
to High Concentration at 25°C: Geochim. Cosmochim. Acta, v. 44, pp.
981-997.

3iss, W. L., 1975, Water Quality Data From Oil and Gas Wells in Part of
the Permian Basin, Southeastern New Mexico and Western Texas: U.S.
Geol. Survey Open-File Report 75-579.

Hitchon, B. and I. Friedman, 1969, Geochemistry and Origin of Formation
Waters in the Western Canada Sedmentary Basin - I. Stable Isotopes of
Hydrogen and Oxygen: Geochim. Cosmochim. Acta, v. 33, pp. 1321-1347.

Holser, W. T., 1966, Bromide Geochemistry of Salt Rocks: in Second
Symposium on Salt, J.L. Rau, ed., Northern Chio Geol. Society, Inc.,
Cleveland, Ohio, pp. 248-275.

Holser, W. T. and I. R. Kaplan, 1966, Isotope Geochemistry of
Sedimentary Sulfates: Chem. Geology, v. 1, pp. 93-135,

Holser, W. T., I. R. Kaplan, H. Sakai, and I. Zak, 1979, Isotope Geo-
chemistry of Oxygen in the Sedimentary Sulfate Cycle: Chem. Geology,
v. 25, pp. 1-17, ' '

Iler, R. K., 1979, The Chemistry of Silica: Solubility, Polymerization,
Colloid and Surface Properties, and Biochemistry: John Wiley and Sonms,
N.Y.

3



TME 3153

LIST OF REFERENCES
(Continued)

Jones, C. L., 1973, Salt Deposits of Los Medanos Area, Eddy and Lea
Counties, New Mexico: U.S. Geol. Survey Open-File Report 4339-7, 67 pp.

Kaplan, I. R., 1982, personal communication: President, Global
Geochemistry Corp., Canoga Park, California.

Katz, D. L., D. Cornell, R. Kobayashi, F. H. Poettman, J. A. Vary, J. R,
Elenbaas, and C. F. Weinaug, 1959, Handbook of Natural Gas Engineering:
McGraw-Hill Book Company, N.Y.

Kharaka, Y. K., F. A. F. Berry, and I. Friedman, !973, Isotope Composi-
tion of 0il-Field Brines from Kettleman North Dome, California, and

Their Geologic Implications: Geochim. Cosmochim. Acta, v. 37, pp.
1899-1908.

Krauskopf, K. B., 1967, Introduction to Geochemistry: McGraw-Hill Book
Company, N.Y., 721 pp.

Kronfeld, J., E. Gradsztajn, H. W. Muller, J. Radin, A. Yaniv, and R.
Zach, 1975, Excess Uranium—~234: An Aging Effect in Confined Waters:
Earth Planet. Sci, Letters, v. 27, pp. 342-349,

Ruznetsov, S. I., M. V. Ivanov, and N. N. Lylaikova, 1963, Introduction
to Geological Microbiology: translation by P.T. Broneer (1978),
McGraw-Hill Book Company, New York, 245 pp.

Lambert, S. J., 1978, Gzochemistry of Delaware Basin Ground Waters: New
Mexico Bureau of Mines and Mineral Resources, Circular 159, pp. 33-38.

Lambert, S. J., in preparation, Interim Report: Dissolution of Evapo-
rites in and Around the Delaware Basin, Southeastern New Mexico and

Western Texas: SAND82-0461, Sandia National Laboratories, Albuquerque,
New Mexico.

Lambert, S. J. and J. A. Carter (in press), Uranium-Isotope Disequi-
librium in Brine Reservoirs of the Castile Formation, Northera Delaware
Basin, Southeastern New Mexico: SAND83-0144, Sandia National
Laboratories, Albuquerque, New Mexico.

Lloyd, R. M., 1968, Oxygen Isotope Behavior in the Sulfate-Water System:
Jour. of Geophys. Res., v. 73, pp. 6099-6110.

MacKenzie, F. T. and R. Gees, 1971, Quartz: Synthesis at Earth Surface
Conditions: Science, v. 173, pp. 533-535.

Martinez, J. D. (principal author), 1979, An Investigation of the
Utility of Gulf Coast Salt Domes for the Storage or Disposal of Radio-

active Waste: Institute for Environmental Studies, Louisiana State
University, Baton Rouge, LA.



TME 3153

LIST OF REFERENCES
(Cont inued)

Mercer, J. W. and B. R. Orr, 1979, Interim Data Report on the Geohydrol-
ogy of the Propcsed Waste Isolation Pilot Plant Site, Southeast New
Mexico: U.S. Geol. Survey Water-Resources Investigations 79-98, 178 pp.

Midkiff, W. S. and H. P. Foyt, 1976, Amorphous Silica Scale in Cooling
Waters: LA-UR-75-2313, submitted to Cooling Tower Institute, Annual
Meeting, Houston, Texas, January 1976, Los Alamos Scientific Laboratory,
Los Alamos, N.M,

Midkiff, W. S. and H. P. Foyt, 1977, Silica Scale Technology and Water
Conservation: LA-UR-76-2500, Submitted to Meeting of the National
Assoclation of Corrosion Engineers, March, 1977, San Francisco, Los
Alamos Scientific Laboratory, Los Alamos, N.M.

Nielsen, H., 1979, Sulfur Isotopes: in Lectures In Isotope Geology,
E. Jager and J. C. Hunziker, eds., Springer-Verlag, New York, 329 pp.

0'Hara, M. J., 1971, Garnet-Peridotite Stability and Occurrence in Crust
and Hantle: <Contrib. Min. Petrol., v. 32, pp. 48-68.

0'Neill, J. R. and Y. K. Kharaka, 1976, Hydrogen and Oxygen Isotope Ex~
change Reactions Between Clay Minerals and Water: Geochim. Cosmochim.
Acta, v. 40, pp. 241-246,

Posnjak, E., 1938, The System, CaSO,-H,0: Amer. Jour. of Sci., v. 354,
pp. 247-272,

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: SAND78-1596, Sandia
Wational Laboratories, Albuquerque, New Mexico.

Rice D. D. and G. E. Claypool, 1981, Generation, Accumulation, and
Resource Potential of Biogenic Gas: Amer. Assoc. of Pet. Geol. Bull,,
v. 65, no. 1, pp. 5-25.

Rittenhouse, G., 1967, Browine in Oil-Field Waters aand Its Use in
Determining Possibilities of Origin of These Waters: Amer. Assoc. of
Pet. Geol. Bull., v. 51, pp. 2430-2440.

Robie, R. A., B. S, Hemingway, and J.R. Fisher, 1978, Thermodynamic
Properties of Minerals and Related Substances at 298.15K and 1 bar and
at Higher Temperatures: U. S. Geol. Survey Bull. 1452,

Sakai, H., 1968, Isotopic Properties of Sulfur Compounds in Hydrothermal
Processes: Geochem. Jour., v. 3, pp. 29-49.

Savin, S. M. and S. Epstein, 1970, The Oxygen and Hydrogen Isotope Geo-
chemistry of Clay Minerals: Geochim. Cosmochim. Acta, v. 34, pp. 25-42.

5



TME 3153

LIST OF REFERENCES
(Continued)

Schoell, M., 1980, The Hydrogen and Carbon Isotopic Composition of
Methane from Natural Gases of Various Origins: Geochim. Cosmochim.
Acta, v. 44, pp. 649-661,

Shepherd, F, P., 1963, Submarine Geology: Harper and Rowe, N.Y., 557
PP-

Skippen, G. B., 1967, Experimental Study of the Metamorphism of
Silicious Carbonate Rock: Ph.D. Thesis, Johns Hopkins University,
Baltimore, Maryland.

Skelland, A. H. P., 1974, Diffusional Mass Transfer: John Wiley and
Sons, N,Y., 501 pp.

Smith, M. J. (principal author), 1980, Engineered Barrier Development
for a Nuclear Waste Repository in Basalt: An Iategration of Current
Knowledge: RHO-BWI-ST-7, Rockwell International, Rockwell Hanford
Operations, Richland, Washington.

Snyder, R. P., 1982, personal communication-unpublished file:
Geologist, U.S. Geological Survey, Denver, Colorado.

Sofer, A., 1978, Isotopic Composition of Hydration Water in Gypsum:
Geochim. Cosmochim. Acta, v. 42, pp. 1141-1149,

Sofer, 2. and J. R. Gat, 1975, The Isotope Composition of Evaporating
Brines: Effect of the Isotopic Activity Ratio in Saline Solutions:
Earth Planet. Sci. Letters, v, 26, pp.179-186.

Thode, H. G., J. Monster, and H. B. Durford, 1961, Sulphur Isotope
Geochemistry: Geochim. Cosmochim. Acta, v. 25, pp. 159-174,

U.S. Environmental Protection Agency (U.S. EPA), 1979, Methods for
Chemical Analysis of Water and Wastes: EPA-6004-79-020, Office of
Research and Development, U.S. Environmental Protection Agency,
Cincinnati, Chio.

Valyashko, M. G., 1956, Geochemistry of Bromine in the Processes of Salt
Deposition and the Use of the Bromine Content as a Genetic and Prospect-
ing Criterion: Geochemistry, no. 6, pp. 570-589.

Vine, J. D., 1975, Lithium in Brines, How, Why and Where to Search:
Jour. of Res., U.S. Geol. Survey, v. 3, pp. 479-4385.

Vine, J. D., 1979, Lithium Investigations in Sedimentary and Volcanic
Rocks: U.S., Geol. Survey Prof. Paper 1150, pp. 15~17.

Weast, R. C. (editor), 1971, Handbook of Chemistry and Physics:
Chemical Rubber Company, Cleveland, Ohio.

6



TME 3153

LIST OF REFERENCES
{Continued)

Weres, O., A. Lee, and L. Tsao, 1980, Kinetics of Silica Polymerization:
LBL-7033, Earth Sciences Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California, 256 pp.

White, D. E., J. D. Hem, and G. A. Waring, 1963, Chemical Composition of
Subsurface Waters: U.S. Geol. Survey Prof. Paper 440-F.



T™E 3153

TABLE C.1
TIME AND DISTANCE RELATIONSHIPS FOR A DIFFUSING GAS

Time (years) Characteristic Distance? {km) Complete Mixing Distanceb (km)

1,000 0.79 0.10
10,000 _2.51 (77,600 yrs) 0.31
100,000 T T7.9% 1.00
1,000,000 25.12 3.16 (4.9 x 108 yrs)
10,000,000 79.45 T T T 9,99 — T T T T T 7
100,000,000 251.23 31.58

2 Extent of diffusion calculated from x = (2Dt}b, where: x = distance

D diffusion coefficient
t time

It

c
b Calculated from ﬁi = 0,90 = erfc [x/2(Dt?@]
o

where: C° = initial concentration
Ci concentration at time = t

(Freeze and Cherry, 1979)

€ Dashed line shows times appropriate for ERDA-6 and WIPP-12 reservoir separations.
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TARLE C.2
CHEMICAL COMPOSITION OP BRINES
SIMHARY OF STATISTICS
ERDA-6, WLPP~12, AND UNTON wELLS())
SAMPLE TVPE: FLOW SAMPLE PLOW SANPLE PLOV SAMPLE
LABORATORY: D'APPOLONIA DTAPPULONTA D'APPOLONTA
LOGATION: . ERDA- B WiPP-12 . o UNLON
NG, OF NO. OF Ko, OF
F1ELD DETERNINATIONS: UNITS ANALYSES  WIwimom _ maximvw  averacr(®) cvd)  awaryses  mimimun_ maxpam  avemace(?) ovfd) ANALYSES  MINIMm  maximm avemacef?) v
Temperature < 40 1.90) s 26.20) ¢ 59 24.2 8.2 26.7 3 - - - -- --
PR Standard Unlte 40 6.0 6.3 6.7 0.8 59 flb 7.70 7.08 7 4 (X} 7.3 7.10 2
Eh Hillivolte 40 -168 -5 -3 4 59 -1 -19% -12% B " 2% LT -2 I
Specific Gravicy -- % 1.214 1.232 1.116 0.2 59 1,210 1.220 s 0.2 ] 1.210 1.220 1.216 4
Specific C?x?ucllncu mhos/ce @ 25°C % 131,000 623,000 473,000 b3 59 420,000 599,000 566,000 s 4 499,000 $42,000 526,000 0.4
Alkslintry g/l 20 2243 2950 2600 s 35 2625 3040 2800 3 3 1955 2320 2100 9
Garhonate LTYAS 20 0 [} 0 ] % 0 [} 0 0 3 o o 0 o
Hydraxide /1 20 [} 0 4 0 85 n 0 n [ k] ] n 0 n
Chioridas g/l 70 170,200 210,900 184, A0 3 b3 ] 170,000 197 R0O 1H2 200 “ 1 LAY, 0 185,400 181,900 0.7
Sulfate or/1 20 15,200 26,400 19,100 9 (Y] 16,200 21,300 18,500 L3 3 18,A00 20,100 19,300 &
Totel Herdnema (as CaCOy) ag/l 2% 2235 8730 2640 ¢ 25 3640 6513 6050 “ 3 89 50 9160 8970 2
Total Tron ng/1 U 0.03 0.85 0.22 70 12 0.0% 0.69 0.27 70 ) 0.13 1% 0.h2 120
Hydrogen Sulfide og/1 20 172 837 )80 30 $9 %02 1148 990 18 1 S4s 612 390 [}
LABORATORY DETERMINATIONS:
pH Standard Units 10 6.24 6.73 6.42 b3 (b ] 7.4 7.80 7w 3 3 1.3 7.3 1.3t 0.4
Specs fic Conductance smhos/cn @ 23°C 10 400,000 310,000 490,000 7 13 4H0 000 Bi0,000 37,000 16 3 500,000 $00, 000 SO0, 000 n
Tatal Uisaclved Sallda g/l 10 320,000 340,000 330,000 b ) 13 310,009 340,000 128,000 2 ) 300,000 510,000 190,000 27
Total Suspended Solida og/l 10 32 220 R7 8o H ;] 92 3] [3) b} 24 96 70 s?
Catlfons
Barium /1 10 0,10 2.3 0.76 100 ] W 0.90 <. 100 1] 1.9 7.0 [ L6
Caletm wa/} 19 470 520 490 3 " 80 420 "o 10 ) 10 350 W )
Centum wg/1 3 2.4 2.5 2.5 3 10 1.2 1.9 [N 14 -- -- -- -- --
Lithiwe ap/l 10 210 110 240 L] n 220 330 240 13 3 155 69 360 2
Magnas L mp/1 10 730 840 450 19 13 1600 17 1600 3 3 1700 200 2100 in
Potassium my/1 10 2800 4400 3800 12 1) 2500 3700 2900 A 3 35D 4600 900 1
Sodium g/l 10 109,000 116,000 112,000 3 1) 112,000 180,000 118,000 12 b 109,000 14s,0n0 111,000 . ]
Strontium ag/1 10 14 20 i8 [H 13 10 26 e 23 3 L 12 12 bJ
Alkattatey(®) apll 10 2600 2700 2400 1 " 1560 2800 2700 3 B 1800 1600 1500 4
Bronide ma/1 10 %0 990 A8 9 13 380 600 S0 e b 430 SAO 480 V7
Chlottde ng/l 10 160,000 180,000 170,000 [3 13 160,000 220,000 178,000 ) k] 160,000 180,000 170,000 3
Plucride og/1 10 1.6 1.9 1.7 [ [$] 2.9 4.3 3.4 16 b] .38 1.0 0.92 [}
Todlde ag/1 3 23 32 78 11 5 16 29 2¢ 22 -- -~ -- -- -
Sullate ag/l 10 14,000 18,000 16,000 7 (B ] 16,000 20,000 8,000 7 A 20,000 24,000 22,000 10
Nutrienta:
Ammonia (an Nitrogen) mg/1 11 1] 920 R0 H (] 320 W30 o " b 0 340 0 1]
Nitrate (es Nttrogen) g/l 10 370 680 h20 s 13 160 1100 s%0 (Y] 3 370 80 440 0
Phosphate (a8 Phosphotus) ug/d 10 0.26 0.49 0.37 19 1) €0.10 0.8 .3y 100 ) <. <.l <0.1 L]
Other Elasents:
Aluninus LTTA 0 0.20 3.9 7.4 51 13 1.4 1.9 2.9 27 1 1.4 3.4 2.9 A
Boran ax/) 10 370 Mo s 15 13 790 1400 90 16 3 1000 1300 1on T3
Capper oer/1 10 0.19 096 0.4 33 (B} 0.36 .86 0.62 an k] «w.1 0.4 0.3 o
Tron ag/1 10 2.4 6.9 3.0 37 [}] 1.5 4.5 7.7 26 3 1.2 3.4 7.8 w9
Maageneae g/l 10 5.h 7.8 6.9 u b 0.16 0.92 a.n L] 3 0.5 1.0 0.8 2%
Sllice (e $10,) /) ) I 51 33 17 10 1 73 3y 21 -- - - -~ -
Zinc g/} 10 0.3 0.84 n.ss 20 11 Q.27 Q.51 0.37 20 1 <. 1.6 0.63 [ED)
NOTES:
“)Annlyu- performed by D'Appolonta. Sewples containing drilling fluld contemination excluded from thia table.
(Z)Avullll = Arithmetic Masn.
3lev = coefficient of Vartence (1) ~ Standgrdlertation 5 100.
$pownhole temperature avereped 21.9°C during Activity ERDA-K.B (rom 10/31/B) to 11/4/8) (memsured at 405 fret below the surface).

“’Do\mholn teeperature sversged 26.2°C Juring Activity ERDA-6.9 (wessured et approxiwately 2472 feet balov the eurfece).

(Bygsuer are reported wa mg/d nco;. However, anslyees ol Inorgenlc cardon average only 340 ap/l uco; tn WIFP-12 and 964G up/t HCGJ in FROA-6.

netar not snslyred.

§£SLE WL
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TABLE C.3
EVALUATION OF ERDA-6 BRINE FOR MINERAL SATURATION

Log (1AP) Calculated

Activity Product Physical
Phase Log (Ksp) Range Including Error* Evidence Evaluation
Anhydrite -4, 398 -4.65 to -4.21 Secondary anhydrite  Probably Saturated
observed
Calcite -8.35% ~-8.33 to -7.53 Secondary calcite Saturated

observed, calcite
precipitated

Dolomite -17.0 -16.25 to -14.70 Dolomite observed Saturated

in fractures
Glauberite -5.312 -5.79 to -5.24 Nore Possibly Saturated
Halite 1.578 1.28 to 1.42 None 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 rzsults 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 IAP reported is for the average measured pH of
ERDA-6 (pH = 6.4). Other phases investigated were antarcticite,
arcanite, bischofite, bloedite, carnallite, epsomite, hexahvdrite,
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 0 errors of calculation.

8Harvie and Weare, 1980

bBarnes and Back, 1964
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TABLE C.4

EVALUATION OF WIPP-12 BRINE FOR MINERAL SATURATION

Log (IAP) Calculated

Activity Product Physical
Phase Log (Ksp) Range Including Error* Evidence Evaluation
Anhydrite ~-4,392 -4.63 to -4.19 Possible secondary Probably Saturate:
anhydrite ob-
served
Calcite -8.354 -8.48 to -7.66 None Saturated
Dolomite -17.0P ~15.86 to -14.35 Dolomite observed in Saturated
fractures
Glauberite -5.312 -5.55 to -5.02 None Prohably Saturate:
Halite 1.578 1,41 to 1.59 Salting out Probably Saturatec

The samples evaluated were from Flow Test 1 and Drill Stem Test DST-
3020. The samples from Flow Test 1 were numbers 7, 14, DH-1 (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 pi. 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 ¢ errors of calculation.

8Harvie and Weare, 1980

PBarnes and Back, 1964



TABLE C.5

ISOTOPIC COMPOSITION OF BRINES
SUMMARY OF STATISTI?§
ERDA-6 AND WIPP-12

LABORATORY : GLOBAL GEOCHEMISTRY GLOBAL GEOCHEMISTRY
LOCATION: ERDA~6 WIPP-12
NUMBER OF ] NUMBER OF Z .

pARAMETER () UNITS ANALYSES MINTMUM  MAXIMUM  AVERAGE(3)  cv(%) ANALYSES MINIMUM MAXIMUM  AVERAGE(3)  ¢v(4)
H,0

) /00 19(3) -8 +1 -5 50 25(7) -4 +3 -0.8 170

618 %/0a 16(6) 9.02 9.93 9.51 1 23(8) 9.08 11.23  10.45 5
sof'

834s /00 9(9) 8.64 9.79 8.97 5 21(10) 7.43 8.63 8.21 2
cog’

s3c /00 10011 3.02 5.16 3.96 24 s(12)  _y3.35 -3.28  ~-9.14 38

5180 /00 - - - -- — 20(13) 10.28 11.09  10.65 2
NOTES:

(1)Analyses performed by Global Geochemistry Corporation, Canogs Park, California. Contaminated samples excluded.

Rsamp1 3

(2) 4, .[ﬁrw_ - 1] < 10
Standard

= D, R = D/H, Standard = SMOW.

x
x = 18 g« 185160 <iandard = sMoW.
34 34,32
x="8S, R= "'§/7°S, Standard = Canon Diablo Triolite (CDT).
x = 13C, R = 13C/12C, Standard = Belemnite from Peedee Formation In South Carolina (PDB).
(J)Average = Arithmetic Mean.
(4)cy = Coefficlent of Varlance (%) = S‘“"d°;3922;:““‘°“
(S)Analyees of eight split samples and three duplicates of three of the aplit samples were performed.

x 100.

(G)Analyses of eight split samplesn were performed.

(7)Annlyees of eleven split samples and three duplicates of three of the split samples were perforwmed.

(B)Analyses of nine split ssmples, two Individual samples, and three duplicates of three of the spilt samples were performed.

(9)Analyses of one split sample and seven individual samples were performed.

(lo)Analyses of ten split samples and one individual sample were performed.

(11)Ana1yses of one split sample and eight individual ssmples were performed.

(lz)Analyses of five individual samples were performed.

(IJ)Analyses of ten aplit samples were performed. Values reflect annlytical technique of bubbllng through water (that 18, valuea = o8 of water).

“=" = Analyses not performed because the results would reflect the analytical technique of bubbling through water (that i{s, values = 880 of water).

£Sle WL




TABLE C.6

ISOTOPIC COMPOSITION OF SELECTED MINERALS
SUMMARY OF STATTST{Y§
ERDA-6 AND WIPP-12

LABORATORY: GLORAL GEOCHEMISTRY GLOBAL GEQCHEMISTRY
LOCATION: ¥.RDA-6 WIPVP-12
NUMBER OF NUMRER OF
PARAMETER(Z) INITS ANALYSES MINTMUM MAX TMUM AVERACE(J) CV(A) ANALYSES = MINIMUM MAX IMUM AVERAGE(J) CV(A)
2-

Aohydrite, S0,
83%s %00 43 11.38 11.67 11.52 1 12(6) 1115 12.47  11.63 3
calcite, €042~
s!3c °/00 5(7) 6.09 6.74 6.61 5 4(8) 6.60 6.87 6.70 3
5180 /00 5(7) 32.91 .17 33.76 2 ALY 31.71 32.99  32.38 3
Dolomite, 0032-
sl3c /00 - -- -- - -- 2(9) -2.02 5.36 1.67 310

8180 °/00 - - -- -- -- 2(9) 36.39 37.36  36.88 2

FS:

?? Analyses performed by Global Geochemistcy Corporation, Canoga Park, California.
(2) [Rﬁample ] 3
Ox = | —— = ] x 107,

Standarg

x = 189 r = 189/165  giandard = sMow.

x = 5, r « Y45/325 gSrandard = Canon Diablo Triolite (CDT).

x =~ 13C. R = 13C/lZC, Standard = Belemnite From Peedee Formation in South Carolina (PDR).

(B)Average = Arithmetic Mean.
(h)CV = Coefficient of Variance (%) = Standard Deviation . g4
(s) Average

Analyses of four individual samples collected from 2600 to 2612 feet were performed.

(6)

Analyses of ten individual samples and | split sample were performed. Samples were collected from 2803 to 3904 feet,

(7)Analyseo of three individual samples and one split sample were performed. (Samples were same as in Footnote 5.)
(H)Analynes of two split samples collected from 3324 and 3904 feet were analyzed.
(9)Annlyses of two individual samples collected from 2945 and 3017 feet were analyzed.

"-~" = Parameter not analyzed.
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PARAMETERS
SAMPLE TYPE:

LABORATORY:
LOCATION:

FIELD ANALYSES:

Hydrogen Sulfide

Gas/Liqujgd Ratio
WAy

LABORATORY ANALYSES:

Gas Components:

Hydrogen Sulfide
Nitrogen
Carbon Dioxide
Methane

Ethane

Propsne
Iso-Butane
N~Butane
Iso-Pentane
N-Penta
Hexaneszg)
Oxygen

Argon

Unknown

NOTES:

(I)Minimum and maximum values based on all analyses. However, mean value calculated excluding air

TABLE C.7a
GAS COMPOSITION (MOLEZ)
SUMMARY OF STATISTICS
ERDA-6

FLOW SAMPLES

GLOBAL GEOCHEMISTRY(1)

THURMOND /McGLOTHLIN
ERDA-6 ERDA-6
NG. OF NO. OF

ANALYSES  MINIMUM MAXTMUM  AVERAGE(Z)  ¢cv(3) ANALYSES  MINIMUM  MAXIMUM  AVERAGE(Z)  ¢v(3)
3 21.41 27.86 24,44 13 - - -— - -

3 0.35 0.54 0.44 30 - - - - --

-— - - —— - 3 25.9 3.7 28.4 10

10 2.33 19.28 11.30 48 3 3.6 17.0 12.5 57

10 19.88 25.18 23.62 6 3 36.9 46.8 41.5 12

10 10.96 21.54 15.72 22 3 10.3 15.0 12.1 21

10 0.25 0.75 0.51 29 2 0.39 0.39 0.39 0

10 0.06 0.20 0.16 27 2 0.10 0.10 0.10 0

10 0.00 0.02 0.01 86 2 0.00 0.005 0.002 140

10 0.00 0.02 0.01 47 2 0.00 0.012 0.006 140

10 0.00 0.02 0.01 140 - - - _— -

10 0.00 0.11 0.02 160 _— - - - -

10 0.00 4.21 0.63 200 - _— - - -—

10 32.25 58.04 48.05 17 - - - - —

(Z)Average = Arithmetic Mean.

(3)CV - Coefficient.of Variance (%) =

Standard Deviation

Average
(o1ume of gas to volume of brine. Gas volume corrected to standard temperature and pressure.

x 100,

(S)Includes hexane and higher wolecular weight hydrocarbons.

" = Parameter not snalyzed.

contaminated samples.
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PARAMETERS
SAMPLE TYPE:

LABORATORY:
LOCATION:

LABORATORY ANALYSES:

Gas/Liqujd Ratio
e

Gas Comgonents:

Hydrogen Sulfide
Nitrogen
Carbon Dioxide
Methane

Ethane

Propane
Iso-Butane
N-Butane
Iso-Peuntane
N-Penta
Hexanes?g)
Oxygen

Argon

Unknown

NOTES:

TABLE C.7b

GAS COMPOSITION (MOLEX)
SUMMARY OF S?Q;ISTICS

ERDA-6

DOWNHOLE SAMPLES

CORE LABORATORY

GLOBAL GEOCHEMISTRY

ERDA-6 ERDA-6
NG. OF NO. OF
ANALYSES MINIMUM MAXIMUM  AVERAGE(?:%) ANALYSES  MINIMUM  MAXIMUM  AVERAGEC34)
4 1.92 2.96 1.92 - - - -
4 23.06 44.74 44.74 4 0.96 23.7 23.7
4 0.91 43.52 0.91 4 40.4 68.9 40.4
4 26.68 46.16 46.16 4 Present 27.1 27.1
4 7.30 8.34 7.89 4 0.26 6.4 6.4
4 0.28 0.34 0.30 4 0.012 0.21 0.21
4 0.00 0.02 0.00 4 0.003 0.05 0.05
4 0.00 0.00 0.00 4 0.00 0.00 .00
4 0.00 0.00 0.00 4 0.001 0.01 0.01
4 0.00 0.00 0.00 - - - -
4 0.00 0.00 0.00 - - - -
4 0.00 0.00 0.00 - - - -
- - -— - 4 10.9 20.5 10.9
- - - - 4 Present(7) Present(7) Present(7)

(I)Minimum and maximum values based on all analyses. However, mean value calculated excluding air contaminated samples.

(Z)Only one sample analysis reported (DH-2). Air contamination suspected in rewmaining three samples.

(3)A11 samples show air contamination.
quantity of oxygen and nitrogen.

(A)Average = Arithmetic Mean.

Only one sample analysis reported (DH-4).

(S)Volume of gas to volume of brine. Gas volume corrected to standard temperature and pressure.

(6)Inc1udes hexane and higher wolecular weight hydrocarbons.

(7)Argon peak present, but could not be quantified.

- -

= Parameter not analyzed.

This sample contained the smallest
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TABLE C.8b
GAS COMPOSITION {MOLES)
SUMMARY OF STATISTICS

wipp-12'1!
PARAMETERS
SAMPLE TYPE: DOWNHOLE SAMPLES
LABORATORY: CORE LABORATORY ALOBAL GEOCHEMISTRY
LOCATION: wWiPP-12 wiPP=-12
NO. OF NO. OF

ANALYSES MmN suomM averace'?) v ANALYSES  winiMM vaxisM  averace'?) v
LABORATORY ANAL YSES:
GasAllquid Ratio

' 2 0.511 0.559 0.535 6 -- - - - --

Gas Components:
Hydrogen Sulflde 2 13.61 27.57 20.59 48 2 7.5 28,2 17.9 a2
Nitrogen 2 15.97 59.30 $7.64 29 2 49.8 54,4 52.1 6
Carbon Dioxide 2 0.20 C.61 0.41 72 2 Trace 0.48 D.24 140
“ethane 2 15.49 23.4 19.45 29 2 5.7 6.4 6.1 8
Ethane 2 0.99 1.46 1.23 27 2 0.17 0.60 0.39 ”
Propane 2 0.00 0.26 0.13 140 2 0.015 0.06 0.04 3%
{so~Butane 2 2.00 0.00 0.00 [} 2 0.00 .00 0.00 0
N~Butane 2 0.00 0.00 0.00 [} 2 2.00t 0.01% 0.0t 120
Iso-Pentane 2 0.00 0.00 ©.00 0 2 0.00 0.00 0.00 0
N-Pentane 2 0.00 0.00 0.00 [} 2 .00 0.00 0.00 [}
Hexanes 2 0.00 0.00 0.00 [} 2 0.00 0.00 0.00 o]
Cxygen - - - - - 2 13.4 ia.t 15.8 21
Argon - - - -- -- 2 Present'®)  Present'®? ?resemw’ -~
NOTES:

(”All samples have reacted with and been contaminated by air +o some degree.

(Z)Average = Arithmatic Mean.

3 Standard Deviation
CV = Coefficlent of Varliance (§) = Average x 100.

(“Voluno of gas to volume of brine. Gas volume corrected to standard temperature and pressure.

(S)Includes hexane and higher molecular weight hydrocarbons.
6)
Argon pesk present, but could not be quantifled.

".." = Paramater not snalyzed.

-
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TARLE C.9

[SQTOPIC COMPOSITION OF GASES
SUMMARY OF STAT[ST{?§
EXDA-6 AMD WIPP-12

1.ABORATORY : GLOBAL GEOCHEMISTRY GLOBAL GEOCHEMISTRY
LOCATION: FRDA=6 ) W1pP~12
NUMBER OF 4 MITMRER OF 3 4

PARAMETER?) UNITS  ANALYSES  MINIMUM  mAXTMiM  AVEraGe(?)  cv(®) ANALYSES  MINIMUM  MAXiMUM  AVERAGE(D)  ¢v(%)
”ZS

0 °/00 ne -621 -461 -570 9 16(H) —564 -522 -S4k 2

5 /00 147 2212 -19.83 -20.46 3 19(8) -15.13 -13.94  -14.34 2
cH,

&0 /0 150 -321 -229 -264 19 16(h) -228 -217 -223 |

s13c %00 all1M  _¢5.82  -sq.88 -61.96 4 16(6) ~4B8.B6  ~4R.42  =4R.A5 0.2
¢,

53¢ /00 1401 11,61 -3.14 -4.47 41 - -- .- -- .-

PR /00 161D 49,02 52.93 51.60 2 - -- -- -- .-
NOTES :
(1)Analy9es performed by Glohal Geochemistry Corporation, Canops Park, California. Values exclude alr-contaminated samples.

R .
(z)éx - I:_S_a_njpl-e__ l] x 103.

Standard

x =D, R = D/H, Standard = SMOW.

x = ]BO, R = 180/160, Standard = SMOW,

x = s, R = Y5/ Standard = Canen Diahle Triolite (COT).

x = GC. R = 13C/12C, Standard = Belemnite From Pecdee Formation {a South Carnlina (PDB).
<3)Average = Arithmet{ic Mean.

S )] i
(ey - Coefficlent of Varfance (Z) = tandard Nevlation
Averape

(S)Analyses of five split samples and one {ndividua) sample were performed.

x 100,

(6)Ana1yseﬁ of six split samples and four individual samples were performed (flow samples only).

(7)Ann1yses of seven aplit samples were performed.

(“)Analyseﬁ of six split samples, four {ndividual samples, and three duplicates of ope individual and two of the split samples were performed.
(q)Annlyseﬂ of three Individual samples were performed.

(ln)Analyses of four split samples and one individua) sample were performed.

<11)Ann]yses of six split samples and two {adividual samples were performed.

—=-" = Parameter not analyzed; no carhon dioxide detected in WIPP-12 gases.
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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 Mg/Br Ca/Br Cl/Br TDS/Br
Seawater 0.003 169 5.4 20 6.2 292 494
Seawater at beginning of 0.003 163 6.0 22 2.8 297 492
gypsum/anhydrite precipita-
tion
Seawater at beginning of 0.003 35 5.8 19 0.03 69 129
halite precipitation
Seawater at beginning of 0.003 16 8.6 19 0.002 64 109
magnesium sulfate precipita-
tion
Seawater at beginning of sylvite 0.003 1.5 3.0 15 0.0 42 63
precipitation
ERDA-6 (average) 0.28 144 5.1 0.5 0.57 207 375
WIPP-12 (average) 0.55 276 6.0 3.2 0.73 360 744

Reference: Collins, 1975, Table 7. TI1I

£ST¢ dAWL




OESCRIPTION OF

TARLE C.1t

MINERALOGICAL COMPOSITION OF SFLFCTI ROOKX SAMPLES
FROM ERDA-6 AND wipp-12t!

SAMPLE DEPTH
(F1.) - WELL LOCAT oM eyt ) sp ‘!

Cailclte Dotomlte Anhydrite Hemlhydrate Hailte JQuar tz Total Non-expandable

(CaC0,)  (CaMglCO,),2 (Cas0,? (CaSOA.'/m (NaC 1) (510,)  Clay Illite Chiorlite Smectite Mixed1ayer
2851,%=28%1.719 wipeP=12 Anhydrite 111 - - 9 tr - tr - -- - - -
2043.3-2943 .4 WIPP=12 Anhydrite 111, some clays -- - 99 tr .- -- tr 100 -- -- --
3016.7-301h.9 WiPP=12 fFracture In Anhydrite |1) contalning brine - +r 472 tr -- tr - - - .- -
3061.4-30H1 .6 wirp=12 Contact Anhydrite iti/vetite {1 tr tr &6 tr 33 -- - - -— - -
3120.%-3120.7 wiPP-12 Anhydrite stringer (n Hallite |1 tr - L] tr -- - tr - - - 100
3276.6-32177.0 wWiPP=-12 Contact Hallta )1 /Anhydrite 11 -~ tr 78 tr 21 - .- - - -— -
332%.0-332%.2 WIPP=12 Anhydrite || with laminae 3 tr 96 tr -- -- tr 37 - -- 13
3384.2-33)R4.8 WIPP=-12 Yugs [n Anhydrite || near Hallta t contact 9 - an tr - - - .- - .- .
338%.4-3385%.8 WiPP-12 Contact Anhydrite |i/Hatlte | 1r tr [ tr 34 - - P - - -
338%.4-338%.8 wWiP™-12 Anhydrite 1| neor Hallte | contact - tr 99 tr .- - - -- - - -
3895.3~ 36935, wiFe-12 Anhydrite § ot contact «ith Halite | -- -~ 100 tr -— -- P .- .- - -
3904.7-3904.9 wIPP-12 Polnt where Anhydrite | becomes heddad 1 -~ 98 tr -- - tr -- a6 -~ 51
2611.9-2612.0 ERDA-6 Recrystalilzad core hreak In Anhydrite || 2 -- 97 tr - - tr hY] n 3, --
NOTES:
(”Annlyses par foraed by Resecvoirs, t(nc., Nenvar, Colorado using a Sclataq Pad LI Automatad Ditfractometar with 1000 Serjas Hi=Pyr ity Dermanlum Low

Energy Photon Detector.
Clay samples were analyzed trom 2 to 27 deqrees two theta.
6 to 9 seconds each step for a totel scan time of 20 hours.

2)

3}

Yalues expressed as welght percant. "#r™ = Jags than 1 percent.

The total amount of materials clay sizad particlas Is less than one percent,

“==" = Not present.

Bulk somples were onalyzed from 2 to HQ degress two theta at steps of 1.0% dearees counting 1.5 seconds at each step,
For greater resolution selactad samples vere anslyzed at steps ot 0.01 deqgrees counting
Accuracy using this method Is astimated ot £ 9 percent and praclsion at ¢ 3 percent.

Values exprassed as welght percent of moterial less than % microns In size (clay traction).
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Origin

Meteoric Water

Waters of Dehydration

Aunclent Seawater

Mixture of Current
Meteoric Water and
Seawvater

Mixture of Ancient
Low-TDS Meteoric
Water and Seawater

Mixtures of Dehydra-
tion Waters and Sea-
water

TABLE C.12

CORRESPONDENCE BETWEEN CHEMICAL DATA AND
HYPOTHETICAL ORIGINS FOR BRINE

Major/Minor Trace
Element Water 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

"No" indicates data do not support hypothesis.
"Yes” indicates data do support hypothesis.
"Maybe” indicates data may or may not support hypothesis.

Physical

Evidence

Yes

Maybe

Yes

Yes

Yes

Maybe
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PART V - SUMMARY AND 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
in 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, the
solids were poorly consolidated, and porosity may have been as high as 50
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 deuterium and

oxygen-18 1in the water also occurred (Part IV, Section 5.1.3).

As 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
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reservolirs (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 I1, 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 overlylng 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 pregent in the evaporite sequence. Those mobile phases were brine and
perhaps some of the assoclated gases. Flow into the fractures of the anti-
cline released some of the pressure on the brine and resulted in the current
reservolr pressure being somewhat less than present lithostatic, but greater
than present hydrostatic pressure (Part IT, 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 migrated 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) was produced biogenically after the physical processes of
reservolir formation were completed. MHowever, 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 reservolrs 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 wman-made
connection were provided. The vast majority of brine is stored in low-
permeability wicrofractures. 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 milliom
years. At present, the Castile brine reservoirs appear to be isolated. There
i1s 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 MSL. If good hydraulic communication between the two
wells existed, these hydraulic heads would be nearly equal. Furthermore, the
hydraulic heads in both the ERDA~6 and WIPP-12 reservolirs 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 flow from the reservoirs to
the local ground waters. With flow occuring neither to nor from the
reservoirs, hydraulic isolation is maintained. Finally, 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 contalns substantial quantities of carbon dioxide, and more hydrogen
sulfide than WIPP-12. Differences observed in the brine composition 1include
boron, bromide, magnesium, potassium, and lithium concentrations (Part IV,
Section 3.3.2). Connection between reservoirs would eliminate these
differences, especlally with respect to the highly mobile gases. Accordingly,
if connected in the past, the current brine (and associated gas) compositions

of the two reservoilrs would be equivalent or more closely related.

In addition to being isolated, the brines appear to be in chemical equilibrium
with thelir 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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The origin of water in Castile brine reservoirs preferred in previous work
(Lambert, 1978; Barr et al, 1979; Lambert, 1983; Lambert and Carter, 1983) is
0ld meteoric groundwater, acquiring its present solutes and D/H and 180/160

ratios during extensive interaction with minerals associated with the evaporite
sequence. If this groundwater is inferred to have originated in the nearest
highly productive groundwater reservoir, the Capitan Limestone, its probable
a, is 5.14 for the actively recharged region near Carlsbad (Carlsbad Well

No. 7).

Hiss (1975) showed that other nearby portions.of the Capitan hydrological sys-
tem (near the postulated groundwater divide) are probably not actively moving.

The waters from the Middleton and Hackberry wells, on either side of the divide
apparently formed by the Laguna Submarine Canyon system, have o -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 « -values.
Further, as discussed by Barr et al (1979), these waters have been isolated
from their inferred source of recharge (cxo = 5,14) for 500,000 to 1,100,000
years; the 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 o values

(a) do not represent a values of actively recharged groundwater,

(b) have themselves decreased 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 hydrologically connected to the Capitan, this
model allows calculations of the age of the end of the hydraulic connection,
i.e., entrapment 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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e Migration of brine made possible by hydraulic and/or
chemical disequilibrium and dissolution of halite
(Part 1V, 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 permeability 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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Appendix A
Groundwater Residence Time

Introduction

The uranium-isotope disequilibrium method (the U method) of determining the age
of entrapment of groundwaters is dependent on the systematic preferential
buildup of 2340 with respect to 2380 in one part of the groundwater system,

and the radicactive decay of 234U (faster than that of 2380) in another
part of the system. Deviations of the 2~34_U/238U specific activity ratio
(¢a) from unity provide the basis for tracing groundwater flow paths (Kronfeld
et al, 1979) and estimating limits to the age of confinement of the water (Barr
et al, 1979). Note specifically that 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 exposed to new
surfaces of fresh, unaltered rock. It must be kept in mind that 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 groundwater that is
purely atmospheric in origin.

The U method allows calculations of residence times 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 o, 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. The
initial conditions inferred in the U method need not be atmospheric. Instead,
transit times can be calculated based on the inference that two bodies of
groundwater with different c¢'s are now connected or have been connected in the
past. The "age" calculated from the U method, based on decrease in o from an
inferred initial value at the time of entrapment, is thus entirely dependent
on the inferred model of origin and emplacement of the groundwater.
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The assumptions fundamental to the U method involve the processes governing the

2340 concentration in solution., First, it must be assumed that

234

changes in

only radioactive decay diminishes the
238

U activity relative to that of

U. This appears valid, since, in the age range of the U method, it can be

assumed that virtually no 2380 decays. Second, it is assumed that only

234 238

preferential leaching of U relative to U results in o buildup, as

discussed by Kigoshi (1971), &ndrews 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,
1947). Thus, the preferential leaching of 23%U (daughter of 23Th, itself

238U), a result of damzge to the surrounding crystal
238

a daughter product of
U, is not reversible,

lattice upon recoil during alpha-decay of
The work of Barr et al (1979) resulted in the development of two geochronolog-
ical models, one involving no additional uptake of U from 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:
a, - 1
£n —Tb
a -
t = 0
-Az

depends only on the 2MU/238U activity ratio in the groundwater of inter-
est(ab), its geologically inferred original o (ao), and )\2, the radio-

active decay constant for 23411 (2.806 x lo'sa'l). The leaching model:

in addition depends on r (the equilibrium ratio of specific activity in rock

to that in coexisting water) and f (the composite fractions of 2341’0 procur-

234 and 238

sor, U, U leaching from rock).

-2-
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The latter equation is eguivalent to that developed by Andrews and Kay (1882)

for the increase of « in solution as a function of time:

238
J.235 A
234 234 U ) _234
At " hrplzar23sy [] exp (=77 1yt)
Th S '
a-
238A
! where 234A = 238A = activities of 234U and 238U dissolved from
rock by chemical etch processes (no recoil-
‘ facilitated preferential leaching)
234 234 -1
A = decay constant of Th (10.5 yr 7)
238 ™ 238 -10_-1
A = decay constant pf U (1.537 x 10 “yr )
' 234 U 234 -6 -1
A = decay constant of U (2.806 x 10 “yr )
238, © 238 o 234 ,
: Us = nunber of U atoms within the Th recoil
; range of the continuously leached rock surface.
-
- Discussion
?; Lambert and Carter (1983) applied both the "leaching" and the "no-leaching"
' models of Barr et al (1979) to the ERDA 6 and WIPP 12 brine reservoirs in
. calculating residence times of the respective waters in their anhydrite host
%3 rocks. In the "no-leaching"” model, it is assumed that trapped fluias do not

equilibrate with the rock mass in which they are found, either during flow to

the present location or after entrapment. In the "leaching" model, it is

assumed that in-place equilibrium is approached. The « for ERDA 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).

é%g 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.u
If this model is correct, and Permian seawater is assumed to have tha sama C

position as present seawater, the initial 234 /238 activity rati
is constrained to be 1.15 (Osmond and Cowart, 1976).

The brines in the fractured reservoir rock of ERDA 6 and WIPP l?i?
o ~values in the range 1.3 to 2.6. apparent negative age, ‘85“~
of the no-leaching model (Barr et al, 1979). since only the inf
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the observed o are taken to represent the 1initial and final states of the
system in this model. The apparent negative age arises because the ag is
less than the observed a. Since negative ages are of course not real, this
implies the o selected is wrong (wrohg origin) or the no-leachiné model does

not apply, or both.

An age or residence time can be calculated based on a buildup in a closed,
stagnant system of groundwater in contact with host rock; this is the "leach-
ing"™ model. 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 107% g/kg for the water.

Additional specific assumptions made are that:

a) The brine reached secular equilibrium (o = 1.0) at its former
location,

b) The brine was emplaced 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 assumptions, the closed-system "leaching" calcu-
lation predicts that the a value of the water should have risen from ag,= 1.0
to 1.3 in only 25,000 years and to 1.58 in 50,000 years, Thus, residence times
in ERDA 6 and WIPP 12 under these assumptions do not exceed 50,000 years.

If, on the other hand, it is assumed that brine emplacement has been a result
of ongoing structural deformation, and that brine continuously equilibrated
with the surrounding rock mass until entrapment, the initial a value is inde-
terminate. The maximum measurable residence‘time, as described above, becomes
no more than 2,000,000 years. In fact, for the specific rock systems of inter-
est here, the maximum measurable age appears to be approximately 800,000 years.

The fact that measured a's in ERDA 6 and WIPP 12 are distinctly greater than
1.0 thus strongly indicates that local residence times for these 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.






