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INTRINSIC PERMEABILITY

AND HYDRAULIC CONDUCTIVITY CONVERSION(L)
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INTRINSIC PERMEABILITY, k

HYDRAULIC CONDUCTIVITY, K

UNITS
cM? Darcy M2 CM/SEC M/YR

oMl 1 1.01 x 108 1074 9.8 x 10 3.09 x 1010

Darcy | 9.87 x 10~9 1 9.87 x 10713 9.61 x 1074 3.03 x 10%

a 10% 1.01 x 10'2 1 9.8 x 108 3.09 x 104

CM/SEC | 1.02 x 107° | 1.04 x 10° 1.02 x 1077 1 3.15 x 10°

M/YR 3.23 x 10711 | 330 x 1073 3.23 x 10713 3.7 x 107° 1

(I)Adapted from Bear (1972). Values are for fresh water at 20°C.
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1.0 INTRODUCTION AND SUMMARY

This report provides an account of studies performed to evaluate the
potential for salt dissolution in the Castile Formation, removal of dis-
solved salt by fluids in the Bell Canyon aquifer within the Delaware
Mountain Group (DMG), and the potential impact of this process on the

long-term integrity of the Waste Isolation Pilot Plant (WIPP) facility.

The results of this study provide responses to the stipulated agreement
of July 1, 1981 with the U.S., Department of Energy (DOE) and the state
of New Mexico regarding the DMG hydrologic investigation. This study
was performed and this report prepared by D'Appolonia Consulting
Engineers, Inc. (D'Appolonia), under Subcontract 89-CJR-4545]1 with
Westinghouse Electric Corporation, Advanced Energy Systems Division,
under Contract DE-ACO4-~78-ET05346 with the DOE. The Westinghouse team

is serving as the Techmnical Support Contractors (TSC) to the DOE for the
WIPP project,

This report is divided into the following six chapters:
® Introduction and Summary (1.0)
e Site Conditions (2.0)
® Salt Dissolution Features and Mechanisms (3.0)

® Evaluation of Dissolution Mechanisms in the
Delaware Basin (4.0)

® Assessment of Salt Dissolution (5.0)
® Conclusions (6.0)
and supplementary appendices:
® Review of Numerical Simulation Techniques and
Basic Governing Equations of Flow and Msss Trans-

port (Appendix A)

® Sensitivity Analysis of Salt Dissolution and
Transport Parameters (Appendix B)
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Chapter 1.0 provides an overview of the project and is intended to
facilitate an understanding of the project scope and findings. Section
1.1 includes information on the WIPP project and geologic setting. The
purpose of the study is identified in Section 1.2. The methode of eval-
uation used in conducting this study are described in Section 1.3. The
results of the study are summarized in Section 1.4. Subsequent chap-
ters, as identified above, provide the necessary details on DMG hydrol-

ogy and the potential for salt removal.

This report has been prepared utilizing the metric gystem. A conversion
teble from the metric system to the English system has been provided

following the Table of Contents.

1.1 THE WIPP PROJECT AND GEOLOGIC SETTING
As defined by current legislation (PL 96~164), the WIPP project is to

provide a research and developument facility to evaluate methods for the
safe disposal of transuranic {TRU) radioactive wastes resulting from the
defense activities and programs of the United States. The authorized
WIPP project involves the disposal of defemse TRU wastes in thick depos—
its of bedded salt located deep below the ground surface. Under the
plans for the WIPP project, a mine for waste disposal would be excavated
in a salt formation at a depth of about 650 meters. The site for this
activity is located about 42 kilometers east of Carlsbad, New Mexico

(Figure 1-1).

The WIPP site is a topographically monotonous, slightly hummocky plain
covered with caliche and sand. It is near a drainage divide without
well-delineated surface drainage patterns and separates two major,
actively developing solution-erosion features: WNash Draw to the north—
west and the San Simon Swale to the southeast (Figure 1-2). The site

area drains to the Pecos River.



TME 3166

i L AP W - ey T e e - — S
s »I:-f'u::o. Gm' ;-alu Ranond ) R \}L -, queumcaRil - 1
. @ V375 ©oaes A '
less vz »Jmanlm . i H .
b ® TEASET| | NEW MEXICO
15 Cuwe Newkirk, ol |'_ ——————
" T pmerae \_> |
.“Glliﬂ\' : I MAP :
Juctmoan ] bieE 4 ! l REGION ]
s E . b ]
1

N

|DRAWING
NUMBER NM78-648 A34
f

I2-T1L-#1

il - - p B 1 N “L
—— . A " A /J' Ahm’;qun
& mu-, Py, , ot — G ‘ Lakr
( Hnunulnalr r/ . . 7 4 Jafice i T
Yo . : o ‘
B =\ J:bo -
" Senolie
0 | Blut Epr!

il L b = Ramm
=
d n Tuie G N
)»\ (PRl vl BV RTAY
e T
X o M FeiR A
o e
~ : e lr—nson O . !
> R e
H b "«
> " " i)
o | grmnenty F
T F44 i
oo 4 <F ermine OIS e G _
LT e R i —
Jw l;' i‘?‘; N & ISR g " mcLouge,%“-"'_\‘\_;\
X C)I v T o miy X w2 Arabeiz T
Ol v J * i N
; .
‘i‘ o H Ll SRR 1“ T
LS 2l ¥ "OW&'ISWS&Mn
< r . &  Are
H itdo! pper w pudhc
d WHITE SANDS
2 v Trree v
| P
z(al. b
x I :l-" Eopassicd
9 'Enyie E_ e . ;
k Cu'e- 1 ret fTu
= -MWM z v G AR :__n‘ "
=y [ ¢ i H I iy
dm| " & H A;.Amosomb
oo "- o Haoloman AFE e Mﬁ;‘_",.\_
[=] J ¢ WHITE SANDS § e
- L - wlr,
A o] : o aoat
mrm ) :; T MAT L MO,
¥ .
oF
o

> Degert
Foet ff Blis:
Ainorgff Kerermiioe

uuec.ﬁ' ey NEW MEX’CO ------
T TEXAS o oo

i
4 i U0 il VB e
.

+oRE

FIGURE

0 40 80 KM

0 20 €0 MILES
SCALE SITE LOCATION MAP
PREPARED FOR

WESTINGHQUSE ELECTRIC CORPORATION
ALBUQUERQUE, NEW MEXiCO

ADAF

13 1253 HERCULENE, ASB SMiTH CO., PGH.. FA LTIS20-1079




IME dlob

b e s )
Rty L W omoo g
g | T3 [FL R}
R VN KD
. 8at.”
Y
Qik and Gaa PRl .52, 0
Lt g ¥ licau,e
ro-Shagy £am Cely
3% 2in \
¥ \: b SRR o e o ‘-r.r[m-'rt‘
7 R & Ao S, e lgO R
P o1 A ‘c! L LA (R ML CT
" au
. ¢ T ' onunu
. L]
o Dilbwatts
S8t i

< Easa |
ap “th

sa

L Ty

PR ING  M78-648-B42

E\M-n?

ZONE | {SURFACE FACILITIES)

v

APPROVED BY

CHECKED BY

: R O 1 ZONE || {UNDERGROUND FAGILITY)
h M magion g g T ZONE Il (NO MINING OR DRILLING)

A i Tk ZONE 1V {DOE-CONTROLLED MINING AND
= N DRILLING.)

J‘l-cv‘ SYE o 5KM

i 13 p ! 0 1 2 3  4MLES :

AT PR P :u.,"' : ’

?ém /1 i ) wine | WiPP SITE ZONATION

i 1 'lﬁfﬂo—gﬁp‘"-lwp'\q_ - -

R | P Jf ] ] )

X -

REFERENCES:

| US. ARMY TOPOGRAPHIC COMMAND, MAPS
OF UNITED STATES: CARLSBAD, NM.-TX,

RAL

NII3-11 {REVISED 1972}; AND HOBBS,N.M~TX.,

12-2-81

DRAW
BY

Lo NII3-i2 (REVISED 1973) SCALE :250,000.
WIPP SITE 2.U.S DEPARTMENT OF ENERGY, 19800 AND b
o, | TR 3. POWERS, ef. al, 1978

o

ar

T

WIPP: 2

i,
| e

B )

.- ....:_\3.5{?_
\

take

1 - y 5 Simon <
P Sink. !

S Windmidl

LN

N
JiJD

[
wanggnil |

CONTOUR INTERVAL = |OQ FEET

SCALE
0 10 20 KM.

s [T B RELLE R

'J‘ 3 Wt s "

. ; ! T A 0 6 12 MILES
o 'G:“.; 137. I . G mu.lmill‘.j/ - K . | | . ‘ \Dg‘qu‘”:im’ o
,,“ fn ﬂ?‘\r,x:,:;"i - s ‘ {; | ' ) , ‘ S 1 . g’ }\F EIGURE 12
— 1, S TS o b R P SR s
v i SRS "5 LR ‘,"‘ﬂ_. ) __D_E ] AI.W A R E‘5‘=-""'_" N

/ Windmully

S I SITE VICINITY MAP
T‘:'_ “‘é‘i-li/? ) [ \ alg /‘3',;15
’ e — @ o e f i ' : - ¢
o Windiailh ‘ ‘. i . u]l iLm A
R : ‘ - ) PREPARED FOR
- B ol s des ... BRI "
g . lL | S ; BN WESTINGHOUSE ELECTRIC CORPORATION
s o Bl E w:‘i/ ALBUQUERQUE, NEW MEXICO
B T R TR I ., cims & - L/ o0il Fie 3
AL firg ‘ T s | :'f‘ |
7T Lot Sunre 1} oo coury | v L S - M

19 1283 HERCULEINE. ASB SMITH CO  PGH = PA LTISIC-1079




PRSI |

Il

PR |

TME 3166

The site is located in the north-central portion of the Delaware Basin,
a region in which an inland sea deposited about 1,100 meters of evapo—
rites during the Permian period (280 to 230 million years ago). . The
basin is bounded by a horseshoe-shaped (open to the south) massive 1ime-
stone reef, the Capitan Formation. The Delaware Basin is considered to
be tectonically stable, Major tectonic activity and basin subsidence
ended with the Permian; since then, regional eastward tilting has been

the principal geologic movement in the site area.

Sediments of the DMG underlie and interfinger with the Capitan limestone
and form the floor of most of the Delaware Basin evaporite sequence.
Three lithologically separable sandstone units, each about 300 meters
thick, form a single aquifer system bearing brackish water. This water
flows northeastward with connection and some discharge at the base of
the Capitan limestone. The uppermest sandstone unit of the DMG is the

Bell Canyon Formation.

The Castile Formation, which contains thick, massive, and laminated
anhydrite units alternating with halite units, overlies the Bell

Canyon. The Salado Formation overlying the Castile is primarily halite
with lesser amounts of anhydrite, sylvite, and polyhalite. The WIPP
underground facility is planned to be developed in the bedded salts of
the Salado Formation at a depth of about 650 meters, near the middle of
the thick evaporite sequence. Accordingly, the planned disposal horizon
is hydrologically isolated from overlying nonevaporite rocks by about
400 meters of evaporites and from underlying nonevaporite rocks by over

500 meters of evaporites.

1.2 PURPOSE OF THE STUDY

As part of the overall study of safety considerations for the WIPP
project, analyses of the long-term consequences to public health and
safety of emplacing radioactive wastes in the WIPP facility have been
performed. These analyses are reported in Chapter 8 of the WIPP Safety
Analysis Report {SAR) (U.S. Department of Energy, 1980b).
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It has been proposed to locate the WIPP facility in Permian age salt
beds (formed more than 230 million years ago) in order to isolate the
radicactive waste from the biosphere for a period of at least several
thousand years. This period is sufficient to allow virtually complete
decay of the short-lived high activity nuclides such as Cs-137 and Sr-90
and thus to substantially reduce the hazard posed by the waste. How—
ever, the dominant component of the evaporite deposits of Permian age
within the Delaware Basin is halite (NaCl), a water-soluble mineral.
Dissolution of this mineral can begin if it is contacted by unsaturated
brine. While the WIPP facility is located in an area in which salt
dissolution appears to be insignificant, there is evidence of dissolu-
tion in other parts of the Delaware Basin. Therefore, some concern has
risen regarding the potential effects of such salt dissolution on the
integrity of the WIPP facility. A model has been developed to enable
prediction of salt removal rates from the Castile and Salado Formations
through the agency of fluids in the DMG. The objective of this study
was to predict the possible impact of future dissolution rather than to

evaluate the geologic evidence for dissolution since deposition.

On the basis of the above objectives, the following tasks for this study

have been developed:

e Review and compile geologic, hydrologic, and
geochemical characteristics of the DMG, including
information such as direction and volume of the
flow, potentiometric levels, and regional hy-
draulic conductivities.

® Assess the various salt dissolution hypotheses
that involve the Bell Canyon or Capitan Reef
Formations.

® Assess the potential for dissolution in the
Castile and Salado Formations by the Bell Canyon
fluids.

® Establish a hydrogeologic model for evaluation of
the potential for salt removal from the Castile
and Salado Formations by fluids in the underlying
DMG unitsg,



Assess the potential dissolution rates and the
possible dimensions of solution cavities.

Evaluate the sensitivity of the salt dissolution
rate to basic hydrologic and geochemical
parameters.

In preparation of the scope of this study and this document, the

ing criteria are used:

The data base consists of the available reported
DMG hydrologic and geochemical data. Wo specific
field data were collected for any part of this
study.

This topical report includes sufficient informa-
tion on the DMG hydrogeologic characteristics to
provide a basis for evaluation of salt dissolu-
tion mechanisms. Detailed hydrological charac—~
teristics of the DMG are provided in the appro-
priate references.

1.3 METHOD OF EVALUATION

TME 3166

follow-

To provide a comprehemsive report regarding salt dissolution by the DMG

aquifer and its impact on the WIPP facility integrity, the following

steps have been undertaken:

Review of existing hydrogeological and geochemi-

cal data - The available data from the United

States Geological Survey (USGS), WIPP SAR, and

other sources relative to the DMG and overlying
evaporite deposits have been reviewed and perti-
nent information compiled.

Review of dissolution features and their poten-—

tial origins ~ The geologic evidence consisting
of observed surface and subsurface features re-
flecting dissolution phenomena has been reviewed.
In addition, information on the concentration of
salt and chloride in the DMG and the nature of
overlying evaporite deposits has been summarized.

Review of salt dissolution hypotheses - The vari-

ous salt dissolution hypotheses and dissolution
mechanisms were reviewed and summarized. 1In
addition, their application for salt removal from
the Castile and Salado Formations by the DMG for
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site hydrogeologic and geologic conditions was
investigated.

o Review of governing equations - The various equa-
tions reflecting either the physical representa-
tion of salt dissolution or tranmsport of the
fluid through porous media were reviewed. This
review included diffusion and convective disper-
sion transport.

® Development of a model which incorporated perti-
nent features of the DMG - A physical model de-
picting pertinent information such as the loca-
tions of the reefs, Castile Formation, and the
WIPP facility was prepared. The various features
significant to the dissolution evaluation were
noted on this model.

¢ Performance of analytical evaluation and numeri-
cal modeling - The salt dissolution rates were
evaluated using analytical solutions as well as
numerical models.

@ Performance of sensitivity analysis — To evaluate
the significance of various parameters on the
salt dissolution rate, a sensitivity analysis was
conducted by studying the range of parameters and
noting their effect on the rate of dissolution.
Potential future changes in the flow system were
also incorporated to assess long-term dissolu-
tion. Various graphs depicting the significance
of the parameters were prepared.

In addition to these analyses, two implausible worst-case scenarios were
developed to assess the potential for dissolution cavity formation due
to the concentration gradient in the Bell Canyon aquifer. These analy-
ses provided an understanding of the impacts of such unlikely dissolu—

tion on facility integrity.

Using this approach, it is believed that implications of salt dissolu-

tion and its removal by Bell Canyon fluids have been addressed.
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1.4 SUMMARY AND CONCLUSIONS

This study has been performed (1) to assess potential salt dissolution

from the evaporite sequences by the underlying aquifer and (2) to evalu-
ate the impact of this process on the WIPP facility integrity. The
hydrogeologic and geochemical characteristics of the DMG have been re~
viewed and the various salt dissolution hypotheses and mechanisms have
been examined. Based on analytical and numerical evaluationse, the

following conclusions have been reached:

® The potential dissolution mechanisms include dif-
fusion and convection from halite layers to the
Bell Canyon and Capitan Reef aquifers. Computa-
tion of the present dissolution rate based on
obgserved chloride concentration levels in the
Bell Canyon aquifer indicates that diffusion and
possibly very weak convection result in removal
of halite from the Castile overlying the DMG.
However, convection may be significant at loca-
tions adjacent to the Capitan Reef aquifer.

® Evaluation of the DMG hydrogeologic conditions
and review of the range of values for the hydro-
geologic and geochemical parameters which influ-
ence salt removal indicate that general salt
removal by the diffusion process would produce an
advancement of the dissolution front of only 0.3
centimeter in 10,000 years. This would have an
insignificant effect on the integrity of the
facility,

e Based on an analysis of potential changes in the
hydrologic characteristics (e.g., hydraulic
gradient and associated flow rate) of the Bell
Canyon aquifer, an increase in flow rate of even
one order of magnitude (from an estimated rate of
0.135 cubic meter per year per meter of width to
1.35 cubic meter per year per meter) would not
increase the salt removal from the Castile Forma-
tion by more than 17 percent (from a calculated
rate of approximately 0.3 centimeter in 10,000
years to less than 0.4 centimeter in 10,000
years). The unlikely occurrence of a change in
hydrogeclogic characteristics and the associated
potential dissolution are not anticipated to have
any effect on the facility integrity.
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® An analysis of implausible worst—case dissolution
rates associated with both diffusive and convec-
tive dissolution at the Bell Canyon aquifer-
Castile Formation interface suggests that the
structural integrity of the WIPP facility located
more than 400 meters above would not be affected.
In this analysis, it was determined that the
theoretical maximum cavity radius would be seven
meters over a fracture and one meter above a
circular porous zone in a period of 10,000 years.

10
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2.0 SITE CONDITIONS

The WIPP site is located in the Pecos Valley section of the Great Plains
Physiographic Province. This area is characterized by a hummocky topog-
raphy with numerous karst features. The ground surface slopes to the
southwest (Figure 1-2) and surface drainage is directed to the Pecos
River which lies approximately 30 kilometers west of the proposed site.
The description of site conditions based on analysis of available data

follows.

2.1 GEOLOGY

The geologic setting for the WIPP site is the Delaware Basin, a broad
structural depression (160 kilometers wide by 265 kilometers long) which
is Paleozoic in age. During the Paleozoic, approximately 600 to 230
million years before present (MYBP), as much as 6,100 meters of sedi-
ments were deposited in the basin. The "basement" rock underlying the
sedimentary sequence is composed of Precambrian igneous and metamorphic

units.

The following is a description of the development of the Delaware Basin
through geologic time. A generalized stratigraphic columm (Figure 2-1)
and a chronology of major geologic events (Figure 2-2) are presented to

aid in the discussion.

2.1.1 Geologic History of the Delaware Basin

During early and mid-Paleozoic time (600 to 280 MYBP), the Precambrian
basement was covered with marine sediments that were predominantly

carbonates. During this time, the region was part of the Tabosa Basin,
a large depression which was the precursor of the Delaware and Midland

basins,
The Tabosa Basin subsided until late Pennsylvanian time (280 MYBP).

Although there were intermittent periods of emergence and erosion, the

sedimentary record is virtually continuous from the Ordovician through

11
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the Pennsylvanian periods. Sediments deposited during this time con-

sisted mainly of carbonates with lesser amounts of clay, silt, and sand.

At the end of the Pennsylvanian (280 MYBP), tectonic activity associated
with the Marathon Orogeny caused the Tabosa Basin to be split into the
Delaware Basin to the west and the Midland Basin to the east, separated

by the Central Basin Platform (Figure 2-3).

In early Permian time, the Delaware Basin was still sﬁbsiding. During
this time, various basin and shelf-type sediments were deposited includ-
ing the Wolfcampian and Leonardian series which consist mainly of lime-

stone and limy shales (Figure 2-1).

In the middle to late Permian, subsidence lessened and deposition of the
Capitan, Goat Seep, and San Andres limestones began along the basin mar-
gins. The Capitan and Goat Seep limestones are reef deposits while the
San Andres limestone is a shelf deposit. Contemporaneously with reef
formation, clastic sediments of the DMG were deposited in the middle of
the Delaware Basin. The relationship betwesn the DMC and the Capitan

Reef complex is shown in Figure 2-4.

The DMG is subdivided into three formations named (in ascending order)
the Brushy Canyon, Cherry Canyon, and Bell Canyon (Figure 2-1). These
formations consist basically of fine— and coarse—grained sandstone,
siltstone, shale, and some limestone members. The upper portion of the
Bell Canyon includes the following members in descending order from
contact with the lowest anhydrite of the Castile Formation evaporites
(Grauten, 1965; Gonzalez, in preparation):

Lamar Limestone Member - A black calcareous silty

shale containing several beds of shaly limestone.
It is 8 to 10 meters thick.

Trap Member - Interlaminated shaly siltstone and
shale sequence 2 to 3 meters thick.
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Ramgey Sandstone Member - In southeastern New Mex-
ico, the Ramsey is overlain by a dense, hard lime-
stone 2 to 10 meters thick. The Ramsey has two main
facies: (1) laminated, shaly siltstome, interlsmi-
nated with black shale and (2) clean, fine-grained
sandstone with some laminations of limy, shaly silt-
stone, and/or black shale. It is in this member
where the Bell Canyon aquifer is contained.

Ford Shale Member - Consiste of a laminated shaly
siltstone, overlain and underlain by black shale.
This member constitutes one of the most important
markers used in the Upper Bell Canyon exploration
and is about 3 meters thick.

Clds Sandstone Member - Laminated and clean sand-
stone facies similar to the Ramsey Member, 3 to 7
meters thick.

Hays Sandstone Member - Thin sandstone and shaly
zones.

These members constitute the upper portion of the Bell Canyon Formation.
The Bell Canyon aquifer is confined to the upper and lower sands of the
Ramsey Sandstone Member of the Bell Canyon Formation as evidenced from
borehole investigations in AEC-7, AEC-8, and ERDA~10 boreholes {Powers,
et al., 1978). Furthermore, these sands are over— and underlain by rock
strata that are orders of magnitude less in hydraulic conductivity than
the producing sands. Finally, the "aquifer" thickness varies from 2 to
14 meters and appears to be stratigraphically different throughout the

basin.

During the late Permian, the circulation of seawater to the basin was
restricted by the reef and the impounded seawater became highly saline,
resulting in the precipitation of the Ochoan evaporite sequence. The
Ochoan Series consists mainly of interbedded halite and anhydrite de—
posits which include (in ascending order) the Castile, Salado, and
Rustler Formations (Figure 2-1). Brief descriptions of these units
follow:

e Castile Formation - The Castile Formation con-
sists of approximately 400 meters of alternating

17
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anhydrite (labeled Anhydrites I, II, III, and IV)
and halite units (Halites I, II, and III) which
merge to the north, as shown in Figure 2-1.
Halite III is interbedded between Anhydrites III
and IV, Anhydrite I lies at the base of the for-
mation and is approximately 100 meters thick at
the WIPP site (Mercer and Orr, 1979). The anhy-
drite units in the formation are varved and com-
monly contain calcite laminations. The contact
between the Castile and the overlying Salado For-
mation is unconformable, indicating that some
erosion and/or dissolution of the Castile may
have occurred prior to deposition of the Salado.
In the western portion of the basin, the Castile
thins due to the lack of deposition, erosion,
and/or possibly dissolution.

e Salado Formation - The Salado Formation is the
proposed host formation for the WIPP facility.
It is approximately 570 meters thick, congisting
of lower and upper halite units which are sepa-
rated by the McNutt potash zone (Figure 2-1).
The McNutt zone is mined approximately 6.5 kilo-
meters west of the site for its potassium-bearing
minerals. Both the lower and upper halite units
contain interbeds of anhydrite, polyhalite, and
clay. The Salado thins west of the proposed
facility site as it nears the surface.

e Rustler Formation - This formation consists of
interbedded anhydrite, polyhalite, dolomite,
siltstone, and sandstone. Near the center of the
WIPP site, the Rustler Formation is 168 meters
below the surface and attains a thickness of 94
meters.

Beyond the reef margins, shelf sediments of the Artesia Group were
deposited contemporaneously with the Castile Formation. The Artesia
Group comsists of 200 to 460 meters of dolomite, evaporites, and ter-
rigenous red beds and includes the Grayburg, Queen, Seven Rivers, Yates,
and Tansill Formations. Northeast of the WIPP site, the Artesia Group,
which overlies and interfingers with the Capitan Reef, is about 200

meters thick.
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At the close of the Permian, the region underwent broad uplift during
which the Dewey Lake Red Beds, a terrigenous sedimentary unit, was

deposited.

The Triassic Period (230 to 181 MYBP) was largely a period of emergence
and erosion during which a floodplain-pediment topography existed at the
site. This type of topography is formed when streams flow over flat-
lying bedrock. At the end of the Triassic, these streams deposited a
thin layer of fluvial clastics (stream sediments). These sediments are
known collectively as the Dockum Group which is present only in the

eastern portion of the site.

The Jurassic Period (181 to 135 MYBP) was characterized by continued
emergence of the land mass from the sea. Erosion was dominant and a
rolling topography was formed. The lack of Jurassic sediments in the
region and the absence of Triassic rocks in the western part of the
basin indicates that this was probably a period of substantial ercsion
(Bachman, 1974). It is also likely that some dissolution of the halite
units of the Salado and Castile Formations took place during Triassic

and Jurassic times (Bachman, 1974).

With the commencement of the Cretaceous Pericd (135 to 63 MYBP), seas
returned to the area and the thin limestones and clastic sediments were
deposited. The seas withdrew at the end of this period in response to
the Laramide Orogeny which also gave rise to the Rocky Mountainms. Sub-
sequent erosion has removed most of the Cretaceous sediments, the occur-—
rence of which is limited to small isolated patches throughout the

Delaware Basin (U.S. Department of Energy, 1980b).

The Tertiary Period (63 to 1 MYBP) was a time of continued emergence
during which ercsion (probably accompanied by halite dissolution) was
once again dominant. This conclusion is based on the almost complete

absence of Tertiarv deposits in the region.
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The basin underwent a final stage of uplift accompanied by a tilting to
the east-southeast possibly during Miocene time (25 to 13 MYBP). Near
the end of the Tertiary (approximately 1 MYBP), the Ogallala Formatiom,
which is composed of sediments from the nearby Rocky Mountains, was de-
posited. Postdating the Ogallala and overlying it in some areas is a
veuneer of fine-grained sandstone (Gatuna Formation). The surface of the
Gatuna is overlain by a hard caliche layer named the Mescalero Caliche
which probably formed in the Pleistocene approximately 600,000 years

before present.
Since Pleistocene time, fluvial and eolian erosion as well as dissolu-
tion have continued, accompanied by deposition of alluvium along stream

channels,

2.1.2 Geologic Structure

As mentioned, the Delaware Basin is a broad structural depression that
is bounded by the Capitan Reef complex, At its maximum, the basin mea-
sures 160 kilometers in an east-west direction and 265 kilometers in a

north-south direction.

Folding

Generally, Paleozoic strata in the northern portion of the Delaware
Basin exhibit low, open folding associated with the development of the
bagin. The average dip of Paleozoic strata in and around the site is
approximately two degrees to the east (Powers, et al.,, 1978). Locally,
minor folding has been observed in the Castile Formation., This folding
may be attributable to flow of halite {Jones, et al., 1973), which
behaves plastically when subjected to unequal pressure from different
directions. Differential unloading of overburden related to dissolution
has also been postulated as a possible mechanism that could have pro-
duced flow in the Castile Formation halite units (Anderson and Powers,
1978).
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Faulting and Jointing

Fracturing in the form of faulting and jﬁinting has occurred in the
region with normal faults of Paleozoic age found along the eastern and
western margins of the Delaware Basin (Figure 2-3). The closest such
structure to the WIPP gite is the Bell Lake Fault, which lies 24 to 32
kilometers east of the site (Haigler and Cunningham, 1972). Continuous
post-Wolfcampian strata indicate that major faulting had ceased before
the middle Permian and hence is not believed to affect the Bell Canyon,

Castile, or Salado Formations.

Although no major faults are known to exist at the WIPP site, data from
boreholes drilled at the site indicate that jointing has occurred. Data
concerning joint frequency and orientations are extremely sparse. Joint
orientations are described as two sets of joints striking northwest and
northeast (Anderson, 1978). The joints are exposed near Carlsbad
Caverns, more than 40 kilometers from the WIPP site. These joints have
been identified in Delaware Basin rocks and may extend into the water

bearing sandstone.

2.1.3 Surficial Geology

A number of periods of emergence and erosion of the Delaware Basin
during geologic time have been identified in the preceding discussion.
Because of the great thicknesses of halite units in the Permian se-
quence, it is to be expected that a certain amount of salt dissolution
accompanied normal erosion processes during these periods (Bachman,
1974). According to Anderson (1978), halite dissolution has also oc-
curred in the most recent period since uplift and tilting of the
Delaware Basin at 4 to 5 MYBP. Dissclution of halite is probably re-
spongible for the hummocky topography and for a wide range of surface
and subsurface dissolution features (Bachman, 1974; Anderson, 1978).
Among these features are sinkholes, large depressions (e.g., Nash Draw
and San Simon Swale) and domal features [e.g., Hill C (Dome C); Vine,
1960]. The latter is a deep-seated "breccia pipe" or "chimmey" possibly
indicative of dissolution generally associated with the Capitan Reef

aquifer.
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2.2 HYDROGEQLOGY

Groundwater throughout most of the Delaware Basin typically contains

high concentrations of dissolved solids and is unsuitable for most

domestic purposes, Hiss (1975a and 1975b) reported dissolved solids

levels often greater than 10 kilograms per cubic meter (kg/m3), equiva-

lent to concentrations greater than 10,000 milligrams per liter (mg/f)” 10 e
Where dissolved solids levels are in the 1.0 kg/m3 {1,000 mg/L) range,

some groundwater is used for watering livestock. Most of the ground-

water used east of the Pecos is limited to oil field flooding.

Aquifers likely to interact with the relatively impermeable Castile and
Salado Formations include the Capitan Reef complex and portions of the
Bell Canyon and Rustler Formations. The hydrogeology of these units is

described below.

Delaware Mountain Group

The DMG consists of the Brushy Canyon, Cherry Canyon, and Bell Canyon
Formations. The combined thickness of the DMG at the site is approxi-
mately 1,220 meters. Based on its proximity to overlying evaporite
deposits, the Bell Canyon Formation has been considered the primary
transport medium for any downward migrating dissolved halite., The
hydraulic conductivity of the Bell Canyon aqﬁifegl[Eﬁsed on core sample
measurements (Hiss, 1975a)}] ranges from‘ii? 10 é.9 me:érs per year and
averages approximately }ﬁg meters per year. One measurement of hy-
draulic conductivity oémlﬂ\peters per year has also been reported;
however, it does not appgg?rrepresentative of the basin, Drill-stem
tests in Borehole AEC-7 indicate (1) the Lamar Shale is practically
impermeable and (2) hydraulic conductivity of the brine production zone
(Ramsey Sandstone) penetrated by this boring is about 1.2 meters per
year (Lynes, Inc., 1979). These results are in general agreement with
Hiss' (1975a) data. Similarity of the laboratory and field data sug-
gests that flow in the Bell Canyon aquifer is predominantly controlled
by primary porosity and hydraulic conductivity. The average porosity of

the Bell Canyon aquifer is 16 percent (Hiss, 1975a). It should also be
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stated that the formation is not homogeneous with respect to hydrogeo-
logic properties. Field tests indicate that much of the Bell Canyon
Formation, which is approximately 300 meters thick, exhibits very little
water-bearing potential (Mercer and Orr, 1979) and that total transmis—
sivity is limited to several thin zones. Anderson, et al. (1978), sug-
gests that the effective aquifer thickness is approximately 30 meters.
This value is larger than the reported aquifer thickness {Section
2.1.1); however, it has been selected as a representative value and
assumed uniform throughout the basin. Table 2-1 presents a summary of

the hydrogeologic characteristics for the Bell Canyon aquifer.

Groundwater flow in the DMG is shown in Figure 2~5, which is reproduced
from the work of Hiss (1975a). A large number of the data points which
were used by Hiss to construct potentiometric surface and chloride con-
centration contours are omitted from the figure because of their propri-
etary nature. The potentiometric surface, corrected for fluid density,
indicates that flow should be generally in a northeasterly direction,
with an average hydraulic gradient of approximately 0.0025 meter per
meter. Irregularities in hydraulic gradient may reflect basin-wide
varigbility in transmissivity or fluid density in the DMG. The general
direction of flow of the DMG suggests that the location of recharge is

in the southwest basin vicinity.

The influence on the computed flow rate in the Bell Canyon aquifer for
ranges of values for the hydrogeologic characteristics is shown in
Figure 2-6. Based on the available data, the representative value for
the flow rate is 0.135 cubic meter per year per unit width of aquifer.
As shown in Figure 2-6, the probable range for the flow rate is from
0.02 to 0.40 cubic meter per year per meter, which reflects the possible
values for hydraulic conductivity, effective aquifer thickness, and

hydraulic gradient.
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TABLE 2-1

HYDROGEOLOGIC CHARACTERISTI??
OF THE BELL CANYON FORMATION )

PARAMETER PARAMETER VALUE UNITS
Average Hydraulic Conductivity 1.1 to 2.9 Meters per year
of Bell Canyon Aquifer 2,3 {(m/yr)
Average Effective Porosity 0.16 Dimensionless

of Bell Canyon Aquifer(z)

Total thickness of Bell Canyon 300 Meters (m)
Formation

Permeable Thickness of Upper . less than 30 Meters (m)
Bell Canyon(s’6

Thickness of Anhydrite I in 70 to 100 Meters {(m)

the Castile Formation(s)

Hydraulic Gradient in(t?e 0.002 to 0.003 Meters per meter
2

Bell Canyon Formation

Hydrologic characteristics of the Bell Canyon Formation are identi-
fied in the vicinity of the WIPP site.

2
( )Hiss, 1975a.

(3)
Lynes, Inec., 1979,

(4)
U.5. Department of Energy, 1980b.

5
( )Anderson, 1978,

6
( )Gonzalez, 1982,
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Samples taken from the Bell Canyon Formation reveal that chloride con-
centrations generally range from 1 to 190 kg/m3, with diseolved solids
levels typically above 20 kg/m3 for much of the Bell Canyon fluid (Hiss,
1975a and 1975b). Figure 2-5 also shows the chloride concentration in
the DMG. This map was generated by Hiss (1975a) using data obtained
from oil field water quality analyses. Data concerning well depth and
construction are not available and thus aebsolute correlation acroes the
basin is difficult. Reportedly, the isopleths (contours of equal ion
concentrations, chloride) were constructed to reflect general trends in
the basin. In some instances, chloride concentrations reported at

various localities are higher than indicated by the isopleths.

Chloride concentration generally increases from southwest to northeast
in the basin as shown in Figure 2-5, with isopleths roughly parallel to
the potentiometric surface in the DMG. The specific stratigraphic
source of chloride is difficult to determine, although there is evidence
that at least some of it is derived from the overlying Castile Forma-
tion. However, this evidence is not definitive enough to preclude the
possiBility that most of the dissolved solids originate from sources

other than the Castile Formation, for instance, from within the DMG.

In summary, the density-corrected potentiometric surface shows that flow
in the Bell Canyon aquifer is from southwest to northeast in the region
of the WIPP site. Based on an average hydraulic conductivity of 1.8 .
meters per year, porosity of 0.16, and hydraulic gradient of 0.0025 ‘
meter per meter, the water particle velocity is approximately 0.03 meter
per year. This means that the groundwater travel time in the Bell
Canyon from underneath the center of the WIPP site to the nearest point
on the reef is approximately 500,000 years. The progressive gradual in-
crease in chloride content in the direction of flow throughout most of
the Bell Canyon Formation and the low aquifer flow rate suggest that a
relatively uniform process involving chloride dissolution is occurring

in the basin.
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Communication between the DMG and the Capitan, San Andres, and shallow
aquifers is determined by hydrogeologic parameters. Hiss (1975a) has
compiled stratigraphic cross sections, potentiometric surface maps, and
hydraulic characteristics of the DMG and Guadalupian age rocks in the
Delaware Basin. Hiss' work indicates that the Capitan interfingers with
members of the DMG and that the potentiometric surface in the DMG is
gfeater than the Capitan Reef aquifer and some discharge from the DMG to

the Capitan is expected.

Stratigraphic cross sections in Hiss' work show that sandstone tongues
of the Cherry Canyon Formation interfinger the San Andres limestone.
Thus, hydraulic communication between the two units is likely, Hiss,
however, reports that the average hydraulic conductivity (based on lab-
oratory measurement) of the shelf aquifers, including the San Andres, is
about 4.8 meters per year compared with the DMG average hydraulic con—
ductivity of 1.8 meters per year. The low conductivity of both units
restricts the transfer of large quantities of groundwater. The head
differential between the DMG and San Andres is difficult to determine
from literature sources, but it appears to be similar or less than the

differential at the Capitan~-DMG interface.

A relatively emall amount of literature information is available on the
degree of hydraulic communication between shallow aquifers and the

DMG. Major dissolution or fracture zones are the most probable areas
where hydraulic communication between shallow aquifers and the DMG could

occur.

Capitan Aquifer

This reef complex, which also includes the Goat Seep limestone, forms a
long, narrow aquifer that abuts the apper DMG formations and forms the
boundary of the Delaware Basin (Figure 2-5). The Capitan aquifer is
more than 610 meters thick in some areas and averages 16 kilometers in

width.
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Pumping tests run in the aquifer indicate that hydraulic conductivity
values in the area range from 120 to 2,800 meters per year, which is
several orders of magnitude higher than the Bell Canyon Formation (U.S.
Department of Energy, 1980b). The average value of hydraulic conduc-
tivity for the Capitan Reef has been reported as 550 meters per year
(Hiss, 1975a). The relatively high hydraulic conductivity of the
Capitan aquifer has resulted in the unit béing used as a major supply of
water for oil field flooding operations in the Delaware Basin. The
effects of large amounts of pumping in the Capitan aquifer are evident
when observing groundwater contours in the area (Figure 2-5). The
Capitan aquifer exhibits a much lower potentiometric surface east of the
WIPP site than does the adjoining DMG. This implies a much quicker
response to pumping and thus a higher hydraulic conductivity in the
Capitan aquifer. Flow in the Capitan is in an east—southeasterly
direction with an average gradient of 0.003 meters per meter toward
pumping centers located approximately 100 kilometers southeast of the

WIPP gite.

West of the Pecos River, water quality in the Capitan is generally good
and total dissolved solids are low. However, east of the river, the
chloride concentration is usually greater than 5 kg/m3 and total dis-
solved solids levels render.the water unusable for purposes other than
oil field flooding applications. Chloride concentrations reported by
Hiss (1975a) range from less than 1 kg/m3 in the northeastern portion of

the basin to greater than 25 kg/m3 north of the WIPP facility.

Castile Formation

In areas where the Castile Formation is deep, hydraulic conductivity
values of both the halite and anhydrite units are low (Mercer and Orr,
1977), and the formatién acts as a confining layer. The hydraulic con-
ductivity of the Castile Formation has been measured using drill-stem
testing, with values from 10~ % to 1077 meters per day (1079 to 10710
centimeters per second) recorded (Sandia, 1980b). In areas west of the
WIPP site where the Castile is near the surface, leaching of halite and

the effects of weathering may result in an increase in permeability.
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Occurrence of fluid in the Castile has been most apparent as "isolated
pockets of brine and associated hydrogen sulfide gas" (Powers, et al.,
1978; Mercer and Orr, 1977) which are occasionally encountered during
drilling operations. These "reservoirs” have higher potentiometric
surfaces than the Bell Canyon aquifer and do not appear to be connected

with the DMG.

Observations made in the WIPP-12 and ERDA-6 boreholes indicate storage
and flow of brine in fractures of up to 5 millimeters aperture, with the
majority of storage appearing to be in microcracks (Popielak, et al., in
preparation). The brine reservoirs have formed in response to deforma-
tion and are isolated from one anmother by zones of Castile anhydrite of
very low permeability. In addition, the brine pockets and wide (up to 5
millimeters) fractures are typically associated with the uppermost anhy-
drite unit in the sequence rather than with the lowermost unit overlying
the Bell Canyon aquifer (Popielak, et al., in preparation). Although
the presence of fractures cannot be ruled out, it is believed that the
low permeabilities discussed in the previous paragraph are representa-

tive of most of the lower anhydrite unit overlying the DMG.

Salado Formation

As in the case of the Castile Formation, the evaporites of the Salado
Formation exhibit very low hydraulic conductivity. Measurements taken
from the Salado Formation indicate values ranging from 107> to 1077
meters per day (Sandia, 1980b), which are less than the measured average

hydraulic conductivity of the Bell Canyon Formation.

In the Nash Draw area, relatively permeable residuum at the Salado-
Rustler contact is saturated with brine, thus forming a saline aquifer
of limited areal extent (Figure 2-7). The source of the salt is prob-
ably halite near the top of the Salado Formation and the bottom of the
Rustler Formation, This aquifer probably discharges to the Pecos River

near Malaga Bend (U.5. Department of Energy, 1980b).
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Rustler Formation

The Rustler Formation consists of interbedded anhydrite, dolomite, silt-
stone, and halitic claystone. Water-bearing units include the Culebra
and Magenta dolomites. Of the two unite, the vuggy Culebra dolomite is
more permeable and laterally persistent than Magenta, which exhibits a
transmissivity between 1072 and 10_4 square meters per day (Mercer and
Gonzalez, 1981), '

Permeability tests performed in the region indicate an average hydraulic
conductivity in the Culebra dolomite of 4.9 meters per day (U.5. Depart-
ment of Energy, 1980b). Higher conductivities exist in the Nash Draw

area where the unit has undergone some collapse and fracturing (Cooper
and Glanzman, 1971).

The potentiometric surface of the Rustler Formation is generally lower
than the potentiometric surface in the DMG. The brine aquifer and the
potentiometric surface identified in the Rustler Formation are shown in
Figure 2-7. These representations are based on data compiled from wells
during the period 1962 through 1973 (Mercer and Orr, 1977). Recently,
some revision to the potentiometric surface has been suggested

(Gonzalez, in preparation).

Water quality in the Rustler Formation is generally poor with total dis-

solved solids contents ranging from 10 to 118 kg/m3 (U.S. Department of
Energy, 1980b),
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3.0 SALT DISSOLUTION FEATURES AND MECHANISMS

This chapter presents a brief overview of some of the evidence for dis-
solution of halite-rich horizons and discussion of the possible hypothe-—
ses concerning the origin of the dissolution features. An analysis of
the physical and chemical mechanisms which might result in halite disso—
lution is also presented to assess potential rates of salt removal by

these processes.

3.1 OVERVIEW OF SALT DISSOLUTION FEATURES

The currently available evidence for large-— and small-scale halite dis-
solution in the Castile and Salado Formations of the Delaware Basin is
based on outcrop, geophysical, and geochemical measurements. The evi-
dence that some dissolution has occurred appears incomtrovertible.
However, of primary concern is the extent of postdepositional dissolu-
tion, its timing, and the rate and significance of its continued action,
Generally, two types of dissolution have been proposed to explain the
observed features: shallow dissolution and deep—seated dissolution.
Shallow dissolution results from removal of soluble rock, such as lime-
stone and halite, by downward percolating water, either from the surface
or from the Rustler aquifer which overlies the Salado Formation. Deep-
seated dissolution theories involve upward migration of water along
fractures and through pores from the DMG and Capitan Reef aquifers into
the Castile and Salado Formations with concurrent removal of halite.

The potential for salt removal by the Bell Canyon aquifer and its effect
on deep-seated dissolution is of prime concern in this study. This is
because it is much more difficult to observe and quantify than the near-
surface dissolution which is progressing at a relatively low rate and
does not represent a hazard to the WIPP facility (Bachﬁan, 1974;
Bachman, 1980L).

The general evidence of deep-seated dissolution of halite deposits in