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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 1Appolonia), under Subcontract S9-CJR-45451 with 
Westinghouse Electric Corporation, Advanced Energy Systems Division, 
under Contract DE-AC04-78-ET05346 with the DOE. The Westinghouse team 
is serving as the Technical Support Contractors (TSC) to the DOE for the 
WIPP project. 

This report is divided into the following six chapters: 

• Introduction and Summary (1.0) 

• 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 Mass 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 methods 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 system. A conversion 
table 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 development 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 defense 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: Nash Draw to the north­
west and the San Simon Swale to the southeast (Figure 1-2). The site 
area drains to the Pecos River. 
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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 lime­
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 uppermost 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 
radioactive 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: 

• 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 units. 
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• 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. 

THE 3166 

In preparation of the scope of this study and this document, the follow­
ing criteria are used: 

• The data base consists of the available reported 
DMG hydrologic and geochemical data. No 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 

To provide a comprehensive 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. In 
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. 

• Review of governing equations - The various equa­
tions reflecting either the physical representa­
tion of salt dissolution or transport 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. 

TME 3166 

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 proc.ess 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 e~amined. Based on analytical and numerical evaluations, 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 
observed 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. 

• 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 appro~imately 0.3 centimeter in 10,000 
years to less than 0.4 centimeter in 10,000 
years). The unlikely occurrence of a change in 
hydrogeologic 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 column (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 



 

 Information Only 

SERIES 

L.J Sandotono 

-Shalo 

NOTES· 
I FOR APPROl<IMATE DEPTH TO CONTACT 

AT SITE, THE FOLLOWING NOTATION'IS 
USED: 

{3)- METERS 
10 -fEET 

2. THE LOCATION Of THE UNDERGROUND WIPP 
FACILITY IS BASEO ON THE STRATIGRAPHY 
PRESENTED IN THIS FIGURE. SEE FIGURES 

,_ . .) -·-" 

PRINCIPAL L ITHOLOGl' 

_,., PI~O TO 00-0 00 ,_,,..OOATIC W.OSTOOII "''" 
""'UGOoHMOU ~"""''-...,.IIIOUO"""""""TO"""I" KOD<a "''" .. Nbs tow •• OfO!IWIIO Ia _.. ·-u.,. uw• · 

liQo<f OOI.OOOD. CMOOT•OO<OU•lE ...... !•H"' twD tooo.,oOOot 
IN<tR•Ao.lo~ ..... OH.OVOI'IO(O>Q<o 

EXPLANATION 

LITHOLOGIC SYMBOLS 

~bol..,.llo ~lnltr!amlndltd anhrdrolo-cal<:llo 

~tf>HIJIImoot""O""ddol .... llo -lfOIItt (rot~ oalll 

J::::_h.;';;J'Gtartltie rotko 

0 FIGURE 2-1 ... . . • SITE STRATIGRAPHIC COLUMN . ~· ... 
~ . 

~ 1200 
·~ ~ PREPARED FOR < j ~ • WESTINGHOUSI!: ELECTRIC CORPORATION 2-4 FOR LOCATION RELATIVE TO THE BELL ;;i ~ liDO CANYON AQUIFER. ... ALBUOU£ROUE, NEW MEXICO 

el o!., 1979 .... 
VERTICAL SCALE D~li()J .• ONIA 



 

 Information Only 

~ 
cc 
~w 
,> 
uO 
~[ 
u~ 

•m 
0 ' ;'";' 

d~ 

z .... ., 
<m w " c 

ERAS PEAIODS 

1,00(\000 

Tl!!rliary 

6!1,000,000 

?2,000,000 

Juronit 46,000,000 

4!t,ooo,ooo 
'-------+-----+--------1 :i!lo,ooo,ooo 

Permian 

Ol'vonron 

Ordovrt1on 

Combrian 

FEA NC 
II. TIME SCALE: LEET S. JUDSON ,1965 
l.U.S. DEPT OF ENERGY, 1980 b. 

"lUI ooUC"L~K~ u• • .,,.,.coo. ~aH ~• 

!lo,ooo,ooo 

3!1,000,000 

.,~.ooo,ooo I 

100,000,000 

PRECAMBRIAN 

MAJOR GEOLOGIC EVENTS -SOUTHEAST NEW MEXICO REGION 

Eolian and ~nos"•onalfdi~olution activily. Development of present landscape. 
Deposition of Oga!l;~la fan sediments. Formalion of callctut caprock. 

.,·. __ i 

TME 3166 

Regional uplift and easl·soutl·u!a~tward lilting; Basin-Range uplift of Sacramento and Guadalupe- Oelavnre MountllinS. 
Erosion dominanc No Early to Mid-Terti81'"V stdimentl present. 

laramide '"Revolution." Uplifl of Rocky Mountains. Tectonism and igniJOUslttlvlty to wefi .nd nonh. 

Submergen<:e. I ntermitrant shalf ow areas. Thin limestOrll' and clastics dePOSited. 

Emergent conditions. Erosion. Formation of rolling topoguphy. 
Deposition uf fluvial clastics. 

Erosion. 8ro.Jd flood plain Pediment surf~ ~elops. 

Deposition of evaporite !E!Quence followed by continental red bed$. 

S~dimentatior1 continuous in Del<tware. Midland, V<tl Ver~ Basim; and on !he shelf areas. 

- M<tnive deposition ol clastics. Shell, margin, basin pattern of deposition d~elops. 

- R(!9oonaltet1onic activity ~cceler<t1es. folding up Central Basin Platform. Matador Arch, Ancestral Rockies. 
Region<tl Erosion. Deep, brOilcl basins toea~! <tncl west of Central B:ts.in Platform develop. 
Rene~d submetgence 
ShBIIow sea retreats from New Me1<ico. Erosion. 

Mild epEirogenic movement$. Tobos<t Basin subsiding. Pedernal Landmns and West Te,.;as emerger~t, 
un!il Middle MissiMippian. 

- Marathon - Ou<tChita geosyncline. 10 south, be11ins subsiding . 

- Deepening of Tobosit Basin area; shelf deposi~oon of cl<tstics. derived partly from ancntral Ctntral Besin 
Platform, <tnd carbonates. 

- Clastic sedimentation- Bliss sandstone. 

Erosion to a nearly INel plain. 

- Mount;tin building, igneous activity. metamorphism, er0'5ional cycles, 
FIGURE 2-2 

MAJOR GEOLOGIC EVENTS 
SOUTHEAST NEW MEXICO 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
ALBIJOUERQUE, NEW MEXICO 



 

 Information Only 

TME 3166 

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 subsiding. 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 between the DMG 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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Ramsey 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 siltstone, interlami­
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 - Consists 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. 

Olds 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. 

TME 3166 

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: 

• Castile Formation - The Castile Formation con­
sists of approximately 400 meters of alternating 
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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. 

• Salado Formation - The Salado Formation is the 
proposed host formation for the WIPP facility. 
It is approximately 570 meters thick, consisting 
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. 

• 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. 

TME 3166 

Beyond the reef margins, shelf sediments of the Artesia Group were 
deposited contemporaneously with the Castile Formation. The Artesia 
Group consists 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 erosion 
(Bachman, 1974). It >s 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 Period (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 Mountains. 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 erosion (probably accompanied by halite dissolution) was 
once again dominant. This conclusion is based on the almost complete 
absence of Tertiary 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 Formation, 
which is composed of sediments from the nearby Rocky Mountains, was de­
posited. Postdating the Ogallala and overlying it in some areas is a 
veneer 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 
basin. 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 jointing 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 site 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 oc,curred. 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. Dissolution of halite is probably re­
sponsible 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 "chimney" possibly 
indicative of dissolution generally associated with the Capitan Reef 
aquifer. 
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2.2 HYDROGEOLOGY 

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), equlva-
4 

lent to concentrations greater than 10,000 milligrams per liter (mg/R.):' ID '\>'\'"' 
Where dissolved solids levels are in the 1.0 kg/m3 (1,000 mg/R.) 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 

measurements (Hiss, 1975a)] ranges 

Canyon aquifer [based on core sample 
I,U'!f. Jl ,O"t~ •T/•o.t 

from l. 1 to 2. 9 meters per year and 

averages approximately 1.8 meters per year. One measurement of hy-
_ _.../-.....,_~ 

draulic conductivity o£,,18 '\neters per year has also been reported; 

however, it does not ap;~~r·· representative 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 product ion 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-l 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 
variability 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 CHARACTERISTIC~) 
OF THE BELL CANYON FORMATION{ 

PARAMETER PARAMETER VALUE 

Average Hydraulic Conductivity 1.1 to 2.9 
of Bell Canyon Aquifer(2,J) 

Average Effective Porosity 0.16 
of Bell Canyon Aquifer( 2 ) 

Total thickness of Bell Canyon 300 
Formation( 4 ) 

Permeable Thickness of Upper less than 30 
Bell Canyon(S •6 ) 

Thickness of Anhydrite I 10 70 to 100 
the Castile Formation(S) 

Hydraulic Gradient in the 0.002 to 0.003 
Bell Canyon Formation( 2) 

TME 3166 

UNITS 

Meters per year 
(m/yr) 

Dimensionless 

Meters (m) 

Meters (m) 

Meters (m) 

Meters per meter 

( 1) . . . . . . Hydrologic character1stics of the Bell Canyon Formation are Identi-
fied in the vicinity of the WIPP site. 

(2) . 
H1ss, 1975a. 

(3) 
Lynes, Inc., 1979. 

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

( 5) 
Anderson, 1978. 

(6) 
Gonzalez, 1982. 
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-HEAD MEASURED IN DELAWARE MOUNTAIN 
GROUP AQUIFER SYSTEM, DASHED 
WHERE INFERRED 

HEAD MEASURED IN THE CAP'ITAN AND 
SHELF AQUIFER SYSTEM. 

HEAD CONTOUR INTERVAL IN FEET (METERS) 

GENERAL FLOW DIRECTION 

MOTES: 

1. CONTOURS OF H!AD ARE IN FEET (METERS} ABOVE 
SEA LEY!L. VALUES OF HEAD ARE !XPRESSED AS 
WATER WITH SPECIFIC GRAVITY OF 1.00. CON­
TOURS ARE DASHED WHEREVER DATA Alll!: SPARSE 01 
OF DOllaTFUL IELlABILITY. 

2. THE CONTOURS lXPRESS A GENERALIZED R!CIONAL 
BEAD COHSIDERED TO RE RXPRESEHTATIVE DURING 
THE PEI.IOD 1960 TO 1970. SIMILARLY, CON­
TOURS IN THE CAPTAIN AQUIFER ARE AN INTER­
PRETATION OF THE HEAD IEPR.l.SENTATIVE FOR THE 
LATER PART OP 1972. 

3. CONSIDERABL! SUBJECTIVE JUDQI!NT WAS USED IN 
CONTOURING THE HEAD DATA POINTS. CONSIDERA­
TION WAS GIVEN TO THE TEAll IN WHICH THE HEAD 
WAS MEASURED AND THE R!LIA!IILITY OP' THE 
DATA. 

4. THE CHLORIDE CONCENTRATION ISOPLETRS AR! 
BASED ON INTERPRETATIONS BY HISS (1975a). 
CHLOIIDE CONCENTRATION ISOPLETHS AlU!: BASED 
OH LOWEST CONCENTRATION SHOWN OR INTERPRETED 
TO BE PRESENT. WiniiN ANY AREA DELINEATED 
BY TWO LINES, GROUNDWATER HAVING A CHLORIDE 
CONCENTRATION INDICATED BY THE LINE VALUES 
IS PROBABLY PRESENT IN AT LEAST ONE WATER 
BEARING ZONE; GR.OlJNDWATER AT HIGHER 
CHLORIDE-ION CONCENTRATION THAN THAT INDI­
CATED BY THI!: COHTOUR VALUES IS GENERALLY 
PRESENT ALSO. 

5. THE 100 IG/Ml CHLORIDE ISOPLETH SOUtHWEST OF 
MALAGA IS HOT SUBSTANTIATED BY MEASURED DATA 
(HISS, 197S&), 

FIGURE 2-5 

POTENTIOMETRIC SURFACE AND 
CHLORIDE CONCENTRATION ISOPLETHS 

OF THE DELAWARE BASIN 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
ALBUQUERQUE, NEW MEXICO 

25 



 

 Information Only 

z ,.,_ 
"'"' "' 0 

0.60 

0.50 

0.40 

0.30 

0.20 

::!' 

0: 
>-.... 

"' ::!' 
uJ 

0.10 
I- 0.09 

"' 0.08 0: 

3 0.07 

g 
0.06 

"-
0.05 

0.04 

0.03 

0.02 
2 

REPRESENTATIVE 

..Y;, 
0~ 

~~'(:> -)-1' 
./ 

3 4 5 6 7 8 9 30 
10 

TME 3166 

PROBABLE RANGE 

40 50 60 70 80 90 
100 

150 

EFFECTIVE AQUIFER THICKNESS (M) 
~ 

RANGE OF HYDRAULIC GRADIENT IM/M) 
IS SHOWN AS FOLLOWS' 

NOTEs' 
I TO DETERMINE FLOh' RATE SELECT A.N EFFECTIVE 

AOUIFER THICKNESS, MOVE VERTICALLY UNTil 
INTERSECTION WITH THE HYDRAULIC GRADIENT 
LINE FOR THE HYDRAULIC CONDUCTIVITY 
SELECTED THEN MOVE HORIZONTALLY TO READ 
THE FLOW RATE. 

2 RANGE OF VALUES BASED ON DATA DISCUSSED IN 
SECTION 2.2 

19 12~3 HERCUL.ENE. Aa:e SMITH CO .. PGH .. PA 

26 

FIGURE 2-6 

FLOW RATE 
IN THE BELL CANYON AQUIFER FOR A 
RANGE OF HYDRAULIC PARAMETERS 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
ALBUQUERQUE, NEW MEXICO 

D~POLONIA.. 



 

 Information Only 

l 

... , 

THE 3166 

Samples taken from the Bell Canyon Formation reveal that chloride con­
centrations generally range from 1 to 190 kg/m3 , with dissolved 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 absolute correlation across 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 
greater 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 small 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 upper 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 being 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 ~n 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 site. 

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 WlPP 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 formation acts as a confining layer. The hydraulic con­
ductivity of the Castile Formation has been measured using drill-stem 
testing, with values from 10-6 to 10-7 meters per day (10-9 to 10-lO 
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 ~n 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 another 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 10-5 to 10-7 

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.S. 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 units, the vuggy Culebra dolomite is 
more permeable and laterally persistent than Magenta, which exhibits a 
transmissivity between 10-2 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.S. 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 overv1ew 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 incontrovertible. 
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 (Bachman, 1974; 
Bachman, 1980b). 

The general evidence of deep-seated dissolution of halite deposits in 
the Delaware Basin consists of geochemical and geologic observations. 
Geochemical evidence of salt dissolution is provided by the composition 
of groundwater from the Bell Canyon and Capitan aquifers. Most of these 
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fluids are saline (Hiss, 1975a) and, while the origin of the dissolved 

solids is open to question, it seems likely that the groundwaters have 

dissolved some salt from the Salado and Castile Formations. Addition­

ally, studies by Lambert (1977) found that saline and fresh waters from 

the Rustler and Capitan aquifers are meteoric (based on isotopic 

deuterium/hydrogen and oxygen 18/oxygen 16 ratios), indicating relative­

ly recent origins, while saline water from the DMG and potash mine seeps 

from the Salado Formation appear to have longer residence time (greater 

age). As a result, the rate of dissolution associated with the DMG is 

apt to be less than that associated with the Capitan Reef. 

Geologic features which have been investigated and thought by Anderson 

(1978) to be related to deep-seated dissolution activity are shown in 

Figure 3-1 and include: 

• Thinning of the Halite I and II deposits in the 
Castile Formation in the western region of the 
basin. 

• Big Sinks and Poker Lake depressions in the cen­
tral basin area exhibit removal of portions of 
the Halite I and II deposits. 

• San Simon Swale and Sink located adjacent to the 
Capitan Reef at the eastern perimeter of the 
basin are believed associated with dissolution of 
underlying halite layers. 

• Smaller sinks, domes, and breccia pipes indicate 
localized dissolution in several areas of the 
basin. 

Other features shown in Figure 3-1, such as Nash Draw, have generally 

been identified as shallow dissolution phenomena; however, the origin of 

numerous other small sinks, domes, and breccia pipes located in the 

basin is open to debate. An in-depth presentation of the dissolution 

features in the basin is currently being prepared (Lambert, in 

preparation). 
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The western dissolution wedge identified in the Halite I and II deposits 
and shown in Figure 3-1 has been attributed to deep dissolution by 
Anderson (1978), while Bachman (1980b) cites a shallow mechanism as the 
cause. An apparent unconformity at the Castile-Salado interface with 
the absence of Halite III in the north basin area is believed a pre­
Salado event (Anderson, 1978), which may be associated with shallow 
dissolution and erosion. 

Depressions such as Poker Lake and Big Sinks suggest dissolution of 
Halites I and II (Anderson, 1978) due to the presence of down-dropped 
blocks of Halite III. Similarly, Anderson (1978) believes the San Simon 
Swale and Sink are associated with deep-seated dissolution phenomena, 
although Bachman (1980b) considers these features to be a combination of 
erosion, solution, and fill phenomena related to shallow dissolution. 

Nash Draw, located in the northwest basin area, consists of a deep 
depression in which the Mescalero Caliche is absent, as shown in Figures 
3-1 and 3-2. This depression is believed associated with shallow disso­
lution according to Bachman (1974), while Anderson (1978) ascribes 
related domal structures to deep-seated phenomena. 

Evidence which appears incontrovertible that a certain amount of deep­
seated dissolution has occurred consists of breccia pipes which extend 
up through the Salado Formation. However, all of the documented breccia 
pipes (Bachman, 1980) are located above the Capitan Reef aquifer; none 
are located above the DMG aquifer. Additionally, the presence of saline 
waters in the Bell Canyon and Capitan Reef aquifers which underlie or 
are adjacent halite units suggests that some form of deep-seated disso­
lution has occurred throughout the basin. 

Other features which provide evidence of dissolution are further dis­
cussed by Anderson (1978), Bachman (1980b), and Lambert (in prepara­
tion). The features cited above are the most prominent with respect to 
supporting data and indicate that some deep-seated dissolution has 
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occurred. As indicated above, the origin of most of the features is 
open to debate. 

To understand if and how such dissolution could occur and where it may 
be important in the Delaware Basin, salt dissolution mechanisms and the 
transport capability of the Bell Canyon aquifer were investigated. The 
dissolution mechanisms by which a halite-rich horizon may be dissolved 
from below are discussed in Section 3.2. Additionally, the role of the 
aquifer system as a potential sink and transporting medium for dissolved 
salt has been analyzed and presented in Chapter 4.0. 

3.2 MECHANISMS OF DEEP-SEATED DISSOLUTION 

3.2.1 Introduction 

Anderson (1978) and Anderson and Kirkland (1980) have suggested that the 
nature of dissolution features such as breccia pipes and sinks in the 
Delaware Basin is indicative of deep-seated rather than near-surface 
dissolution of salt. They envisage the sources of water for the disso­
lution process to be the Capitan limestone and Bell Canyon aquifers, 
which underlie the Castile and Salado Formations, rather than infiltrat­
ing surface waters. It is the purpose of this section to review the 
physical and chemical mechanisms by which salt may be removed from the 
Castile and Salado Formations by solution from below and to estimate the 
relative efficiency of these processes in removing salt from halite 
units within the Delaware Basin. In order to simplify the discussion in 
the remainder of this chapter, salt dissolution only in the Castile For­
mation will be used to illustrate the mechanisms. Salt dissolution in 
the Salado Formation could occur due to similar mechanisms but the dis­
solution rates would be smaller because of the larger distance between a 
dissolution front and the Bell Canyon aquifer. The larger distance 
yields a smaller concentration gradient and, hence, as is evident in 
Sections 3.2.2 and 3.2.3, a smaller rate of salt removal. 
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Deep-seated dissolution may occur through the agency of an underlying 
aquifer by way of a fracture or simply through the pores of an interven­
ing layer between the aquifer and soluble horizon. In this case, the 
intervening layer would be a lower Castile anhydrite and the soluble 
horizon a Castile halite. 

With a potentiometric surface above the lowest level of the soluble 
horizon, water will ascend through the fracture or porous zone until it 
comes into contact with the soluble rock. The ascending flow will com­
mence dissolving until the solution is saturated. At this point, the 
process would essentially cease unless there is a mechanism by which the 
saturated solution is removed down the fracture and more unsaturated 
solution is allowed to ascend. The likely mechanisms for salt removal 
associated with fractures or porous zones are molecular diffusion and 
convective transport, referred to by Anderson and Kirkland (1980) as 
"brine density flow," through the liquid column or porous media. 

Other hypotheses which include the DMG as the sink for saturated brines 
are downward percolation of meteoric water and Lambert's (in prepara­
tion) hypothesis of "strata-bound dissolution." In the latter, water 
dissolves salt while migrating approximately horizontally along soluble 
strata. The Bell Canyon aquifer could potentially provide a sink for 
saturated brines produced by this hypothesis. In the context of this 
report, both the convective and diffusive mechanisms may be regarded as 
processes occurring under conditions of the Anderson (1978) hypothesis 
since they require flow through Castile anhydrites in order to reach the 
Bell Canyon Formation. Thus, the calculated maximum rates of salt re­
moval above a fracture or through a porous zone discussed in Chapters 
3.0, 4.0, and 5.0 apply approximately to all hypotheses. Since the 
physical processes described by Anderson (1978) and Anderson and Kirk­
land (1980) are readily analyzed, their hypothesis is used in subsequent 
sections to illustrate the mechanisms for salt removal. 
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3.2.2 Diffusion Controlled Dissolution 
The diffusion process is always in operation in any system in which 
there is a concentration gradient of solute. It is, however, an ex­
tremely inefficient mechanism for material removal and, in most natural 
flow systems, unobservable due to processes such as convection which can 
result in much greater mass transport. In general, diffusion will occur 
through pore spaces in a rock such as anhydrite, as well as through 
fluid-filled fractures. 

The rate of diffusion through a fracture such as that illustrated in 
Figure 3-3 may be calculated from Fick's First Law of Diffusion (Crank, 
1975) which, at steady state, is given by: 

where 

Md ~ the 

D = the 

~c R the 
the 

mass flux 

diffusion 

~c 
-~­~z 

per unit area, 

coefficient, 

concentration difference 
fracture, and 

between top and 

~z =the height of the fracture (diffusion zone). 

(3-1) 

bottom of 

Diffusion coefficients for salts in water are on the ordar of 10-9 
square 

m2/sec 

meters per second (m2/sec) (Weast, 1970) and a value of 1 x 10-9 

has been adopted here. The solution contacting the soluble 
horizon (Figure 3-3) will, since salt dissolves rapidly, have a sodium 
chloride (NaCl) concentration close to the saturation value of 315 
(kg/m3 ) (Weast, 1970). It should be noted that while this value of 
concentration applies for 20 degrees Celsius, the effect of raising the 
temperature to 50 degrees Celsius is to raise solubility per unit volume 
by only one percent (Grabau, 1920). To obtain the concentration differ­
ence, ~C, for diffusive mass transport through a fracture, the sodium 
chloride concentration in the aquifer must be established. As indicated 
in Figure 2-5, the concentration of chloride, and therefore NaCl, varies 
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throughout the basin and for illustrative purposes an average value of 
115 kg/m3 NaCl (equivalent to 70 kg/m3 of chloride; Figure 2-5) has been 
used. Thus, 6C is about 200 kg/m3 NaCl. The height of the fracture, 
6z, is the distance between the aquifer and the salt horizon which is 
being dissolved. This is on the order of the thickness of the lowermost 
Castile anhydrite, 100 meters (Table 2-1). Substituting these values 
into Equation (3-1), a mass flow rate of 2 x 10-9 kg per square meter 
(kg/m2) of fracture per second (0.06 kg/m2 per year) is obtained. 

The volume of salt removed is estimated at 3 x 10-5 cubic meters per 
square meter of fracture per year based on the mass flow rate and the 
density of salt (2,160 kg/m3 ; Weast, 1970). This is equivalent to a 
rate of upward movement of the dissolution front of 3 x 10-5 meters per 
year if the front moves with the same geometry as the fracture. 

In the above discussion of dissolution by diffusion through a fracture, 
it was assumed that a uniformly varying steady state concentration 
gradient had developed. For the case of instantaneous formation of a 
100 meter fracture, the initial gradient at the top of the fracture is 
very steep, thereby resulting in a high initial propagation rate. As 
salt dissolution and fracture propagation continue, the variation in 
salt concentration becomes more gradual due to diffusion in the fracture 
and the propagation rate declines. To evaluate the rates at which a 
fracture moves under these conditions, a transient form of the one­
dimensional diffusion equation (Crank, 1975) was solved. The parameter 
values are identical to the ones used in the steady state calculation 
except that the initial chloride concentration in the fracture is as­
sumed to be constant at 70 kg/m3 instead of uniformly varying at a 1.2 
kg/m3 per meter gradient. The analytical solution of the diffusion 
equation gives the chloride concentrations at different locations within 
the fracture as a function of time. From this information, the concen­
tration gradient at the top of the fracture, which determines the salt 
dissolution and propagation ratesJ is determined. 
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The calculated propagation rates for different times beyond initial 
fracture formation are as follows: 

TIME PROPAGATION RATE 
(years) (meters per year) 

I 290 X 10-5 
10 230 X 1~ 
100 89 X 10-5 

1,000 29 X 10-5 
10,000 9 X 10=; 

100,000 3 X 10 

This analysis indicates that on the order of 100,000 years is required 
for the upward fracture movement 
rate of 3 x 10-5 meter per year. 

to decline to the assumed steady state 
The initial rate (e.g., time= 1 year) 

is almost 100 times greater; but after 1,000 years, the rate is less 
than 10 times the assumed steady state value. Integration of the above 
results for the first 10,000 years after fracture formation yields a 
total propagation distance of approximately 2.0 meters. These transient 
results indicate that fracture propagation due to diffusion is a rela­
tively slow process, even immediately after fracture formation. 

Considering diffusion through the anhydrite (porous zone), Equation 
(3-l) must be modified to take account of variable porosity and non­
linear pathways: 

where 

= -

n = the porosity of the medium, and 

* 

(3-2a) 

T = its tortuosity, a factor which is generally on the order 
of 0.5 to 0.8 (Bear, 1972). 

The product of the porosity of the medium, tortuosity, and molecular 
diffusion coefficient is often referred to as the effective diffusion 
coefficient, Deff' where 
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(3-2b) 

The porosities of the anhydrite layer and their tortuosities are un­
known. A conservative assumption (maximizing mass flux) is, however, 
that tortuosity is 1 and that porosity is high, on the order of 0.1. 
Based on these parameters, the magnitude of dissolution due to diffusion 
is 0.006 kg/m2 per year or a vertical propagation rate of 3 x 10-6 

meters per year over a uniform, porous area. In view of the 
conservative tortuosity and porosity assumptions, this is probably an 
upper bound on diffusive flux through Anhydrite I. 

The above discussion demonstrates that diffusion-controlled dissolution 
is an extremely slow process. The steady state propagation of a single 
fracture is approximately 3 x 10-5 meter per year and the steady state 
movement of a dissolution front above a porous zone is on the order of 3 

-6 x 10 meter per year. For instantaneous 
initial propagation rate is approximately 

formation of a 

3 x 10-3 meter 

fracture, the 

per year, 
decreasing to 2.9 x 10-4 meter per year in 1,000 years, and reaches 
steady state conditions (3 x 10-5 meter per year) in 100,000 years. As 
will be shown below, rapid propagation of a dissolution front could only 
take place if the effects of convection in the fracture or porous zone 
are significant. 

3.2.3 Convection Controlled Dissolution 
Anderson and Kirkland (1980) have suggested that the saturated solution 
produced at the top of a fracture of the type shown in Figure 3-4 is 
gravitationally unstable with respect to the underlying, more dilute 
water in the aquifer and will descend either down the same fracture or 
down nearby fractures. The effect of saturation on flow can be signifi­
cant since, at 20 degrees Celsius, saturated brine (approximately 315 
kg/m3 ) has a density about 20 percent higher than pure water. Anderson 
and Kirkland built a small model of a fracture system in which brine 
density flow was observed to occur both within a single fracture and 1n 
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multiple fractures in the manner depicted in Figures 3-4 and 3-5. They 
found that brine density flow would initiate within a single fracture 
when the width of the fracture was on the order of one millimeter or 
more. Flow began as spatula-shaped tendrils and was maintained as a 
narrow column of rapidly descending brine (about five centimeters per 
second), surrounded by stagnant or slowly upward-moving fresher water. 
If fractures are narrow, then two-way flow, as depicted in Figure 3-5, 
could develop with a concentration difference of less than 2 kg/m3 suf­
ficient to initiate and sustain continuous flow. Natural systems, it 
was argued, could be expected to contain a complex network of fractures 
to provide separate pathways for ascending and descending fluids. 
Anderson and Kirkland's model demonstrates that brine density flow is a 
possible mechanism for dissolving salt horizons from below. It is es­
sentially qualitative, however, in that it does not establish relation­
ships between viscosity, characteristic length of the system (i.e., 
fracture aperture or length), density gradient, and mass transport. 
There have, however, been a number of published reports which enable the 
convective dissolution mechanism to be quantified. 

Threshold of Convection in Fractures and Porous Media 

Taylor (1954) and Wooding (1959) made pioneering studies of convection 
driven by concentration gradients in open tubes and in porous media. 
The minimum density gradient at which convection will begin in a tube 
containing a solution of variable density was determined by Taylor 
(1954) as a function of the dimensionless Rayleigh number (Rs) defined 
as follows: 

where 

op/az the 

g = the 

a = the 

ll = the 

D = the 

density 

R 
s 

gradient, 

acceleration due to 

radius of the tube, 

dynamic viscosity, 

solute diffusivity. 
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The critical Rayleigh number to initiate flow in a tube was found to be 
67.94, a value which corresponds to a mode in which the velocities are 
antisymmetric about a plane through the axi& of the tube. At values of 
Rs slightly in excess of 67.94, a column of liquid would ascend on one 
side of the tube and a column would descend on the other side. This is 
in agreement with the ob&ervations made by Anderson and Kirkland (1980). 

For the case of a tube filled with a porous medium, Wooding (1959) 
defined the Rayleigh number R~ as: 

(3-4) 

The symbols have the same meaning as in Equation (3-3) except that k is 
the intrinsic permeability of the medium and Deff refers to the effec­
tive diffusivity of solute through the porous medium [Equation (3-2b)]. 

The intrinsic permeability, k, is related to the hydraulic conductivity 
K (meters per second) by the equation (Freeze and Cherry, 1979): 

(3-4a) 

The critical Rayleigh number necessary to initiate flow ~n a tube with a 
porous medium was found to be 3.39 by Wooding (1959). 

It is instructive to use Equation (3-3) to estimate the conditions under 
which a fracture would permit convective transfer of dissolved material 
from overlying salt horizons to an underlying aquifer containing lower 
salinity water. For this exercise, it will be adequate to use the rela­
tionships for cylindrical geometry although >n practice such fractures 
or porous zones would be elongated. Consider the case of a single frac­
ture connecting an aquifer to an overlying salt horizon. Using the same 
parameters as those for the diffusion calculation in Section 3.2.2 and 
considering a viscosity of 10-3 kilograms per meter per second (Weast, 
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1970) and a density difference (corresponding to the concentration dif­
ference hC of 200 kg/m3 NaCl) of 120 kg/m3 chloride (Weast, 1970), a 
primary fracture radius for convection of 1.5 millimeters is obtained. 
The calculation is in good agreement with the observations of Anderson 
and Kirkland (1980) who found that density-driven convection commenced 
when the fracture diameter was about one millimeter. In addition, the 
result is not very sensitive to the length of the tube, Z (convective 
dissolution zone), which was taken to be 100 meters. If, for example, 
the distance dividing the salt horizon from the aquifer was only one 
meter (the length used by Anderson and Kirkland, 1980), the critical 
radius would be about 0.5 millimeter. 

The above calculations of critical fracture width are based on the 
simplifying assumption of cylindrical geometry. If the fracture is to 
be elongated, then the minimum width for convection is reduced, although 
the results are of similar order to those given above. Wooding's (1960) 
study may be used to estimate a minimum fracture width of approximately 
0.4 millimeter for an aspect ratio (length/width of the fracture) of 20 
and approximately 0.2 millimeter for an aspect ratio of 100. As aspect 
ratio increases, the irregularity of fracture surfaces and occasional 
fill materials (Popielak, et al., in preparation) will tend to interfere 
progressively with the convective process so that modeling as long, 
thin, parallel-sided fractures is inappropriate. It is likely, there­
fore, that the cylindrical model gives a reasonable order of magnitude 
calculation of the critical fracture width for solute-driven convection. 

Significance of Convection in Fractures and Porous Media 

Despite the presence of a five millimeter fracture in the WIPP-12 bore­
hole in the upper anhydrite unit, there is some doubt as to the long­
term stability of a small (one millimeter) fracture in a deformable 
medium such as the Anhydrite I unit of the Castile Formation. No frac­
ture was observed in this unit during studies in the DOE-1 and WIPP-12 
boreholes and, unlike the fractures associated with brine pockets, 
connection with the DMG would not produce substantial fluid pressures 
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capable of keeping the fracture open. However, it is of interest to 
consider the possible consequences of the existence of such a fracture. 
For a fracture which is sufficiently wide that free convection is not 
inhibited by its walls, it is normal to define the Rayleigh number Rs in 
the following manner (e.g., Golitsyn, 1979): 

(3-5) 

where Z, the characteristic length scale, is the thickness of the layer 
over which the density gradient exists rather than its width or diam­
eter. Using 100 meters for z and taking the density gradient to be con­
stant between upper and lower boundaries with similar magnitudes as pre­
sented above, an Rs of 1.2 x 1021 is obtained. Under such conditions, 
convection would be expected to be extremely turbulent (Golitsyn, 1979) 
with the rate of mass transfer given by a solute Nusselt number, Ns. In 
the high Rayleigh number regime, the Nusselt number (ratio of convective 
to diffusive mass transfer) is approximately given by (Golitsyn, 1979): 

N 
s 

= R 1/3 0.1 
s (3-6) 

For the conditions discussed above, the Nusselt number is about 1 x 106 . 
This means that the rate of convective mass transfer in the wide frac­
ture under consideration would be about 106 times as great as diffusive 
mass transfer under the same conditions. In the previous section, it 
was estimated that the rate of removal by diffusion through a single 
fracture would be on the order of 0.06 kg/m2 per year. Using the above 
relationship for the Nusselt number, a rate of salt mass transfer as 
high as 6 x 104 kg/m2 per year could be obtained for convective flow. 

Some recent experiments on salt transport in wide bore tubes (Knapp and 
Podio, 1979) tend to confirm the approximate convective mass transport 
relations derived and discussed here. Knapp and Podio experimentally 
studied brine transport in large bore tubes of 12.62 meters in length. 
They found that the data, although produced by a vigorous convective 
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process, could be modeled by using a semiempirical equation of the same 
form as the diffusion equation (Fick's second law): 

where 

D' = the effective diffusion or dispersion coefficient, 
C = solute concentration, 

z =vertical distance along the length of the tube, and 
t = time. 

(3-7) 

The effective diffusion or dispersion coefficient was found to be 
slightly concentration dependent with experimentally determined values 
on the order of 10 to 50 square centimeters per second (cm2/sec) (10-3 
to 5 x 10-3 m2/sec). These values are approximately six orders of mag­
nitude greater than the diffusion coefficient (1 x 10-9 m2/sec), indi­
cating that the Nusselt number for convection in these long tubes is on 
the order of 106• This number, which applies for fresh water at the 
bottom of the tube and saturated brine at the top is in good agreement 
with the calculated value of 3 x 105 using the relationship for the 
Nusselt number previously defined [Equations (3-5) and (3-6)]. Thus, 
experiments at high values of the solute Rayleigh number Rs tend to con­
firm the order of magnitude of mass transfer (i.e., the Nusselt number) 
for convection in wide fractures. 

Although the long-term stability of large fractures in Anhydrite I is 
open to doubt, it is conceivable that zones of small fractures, 0.01 
millimeter or less in width, could remain stable for extended time 
periods. Although they would be below the critical radius for coavec­
tion (approximately 0.2 to 1.5 millimeters), convection could occur in 
multiple fracture zones where inflow takes place in some fractures and 
descent in others, similar to the method discussed by Anderson and 
Kirkland (1980). An analysis of such phenomena requires the use of 
equations developed for flow in porous media (e.g., Wooding, 1959, 1963; 
Elder, 1967). 
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To evaluate the potential rate of mass transfer through a porous zone of 
sufficient size to support convection, the Rayleigh number will be rede­
fined in terms of the height, Z, of the zone in a manner similar to 
Equation (3-5) and inferred from work by Golitsyn (1979) and Elder 
(1967): 

(3-8) 

Based on this definition and the parameters cited above, the Rayleigh 
number for a 100-meter-thick porous zone is about 100 for an intrinsic 
permeability of l0-16 square meters (equivalent to an hydraulic con­
ductivity of 10-7 centimeters per second) and an effective diffusion 
coefficient of 10-lO m2/sec. There have been a number of studies of 
convection in porous media, most of them (e.g., Wooding, 1963; Elder, 
1967) for the case where the driving force for convection is a tempera­
ture gradient rather than a gradient in solute concentration. The data 
produced by these authors may, however, be used to model solute-driven 
convection because of the close analogy between the two types of pro­
cesses (Golitsyn, 1979). 

Elder (1967) found that the critical Rayleigh number for thermal convec­
tion in a porous medium was 40. He found that, for Rayleigh numbers up 
to 5,000, the Nusselt number in terms of heat transfer (ratio of convec­
tive to conductive heat transfer) was given by: 

(3-9) 

Thus, by making the analogy between heat and mass transfer, an intrinsic 
permeability of lo-16 square meters would lead to a Nusselt number on 
the order of 2.5. At intrinsic permeabilities less than 4 x lo-17 
square meters (equivalent to a hydraulic conductivity of 4 x 10-8 centi­
meters per second), the Nusselt number is 1.0 and diffusion is the only 
operative mass transport mechanism. Tbe available data on hydraulic 
conductivity of the Castile Formation (10-9 to lo-1° centimeters per 
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second; Sandia, l980b) imply that diffusion should dominate the mass 

transport process in the Castile Formation. The presence of smaller, 

more permeable zones cannot be excluded, however, and the implications 

of such zones may be calculated using Equations (3-8) and (3-9). 

3.2.4 Salt Dissolution Rates 

Two major mechanisms for deep-seated dissolution of salt from halite 

horizons through the agency of an underlying aquifer have been described 

as: 

• Molecular diffusion along grain boundaries and 
through fractures in the intervening anhydrite 
layer. 

• Solute-driven convection, either through a single 
wide fracture or through a permeable porous zone 
or fracture network between the halite and aqui­
fer horizons. 

The dissolution capabilities of the respective mechanisms, shape and 

size of the potential dissolution cavity in particular, will be con­

sidered further. 

The dissolution capabilities discussed 1n Sections 3.2.2 and 3.2.3 are 

summarized in Table 3-1 which presents the hypothetical salt dissolution 

rates for both major mechanisms, their potential combination, and the 

two basic dissolution transport routes: (a) single fracture and (b) 

porous zone. Two cases are identified for single fracture: fracture 

with aperture less than 1.5 millimeters, which cannot support convec­

tion, and fracture with greater aperture. Three cases are identified 

for porous zones with varying intrinsic permeability between lo-l4 to 

lo-17 square meters. 

The rate of diffusive mass transport along a fracture connecting brine 

containing 315 kg/m3 of sodium chloride with diluted (115 kg/m3 NaCl) 

saline groundwater is on the order of 0.06 kg/m2 of fracture per year. 

Considering an equivalent fracture porosity of 0.1 for the anhydrite 
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TABLE 3-l 
HYPOTHETICAL SALT DISSOLUTION RATES 

BASED ON POTENTIAL DISSOLUTION MECHANISMs(!) 

DISSOLUTION 
MECHANISMS 

Single Fracture Induced Dissolution 

• Fracture width insufficient 
to support convection (less 
than 1.5± millimeters) 

• Fracture width sufficient to 
support convection (greater 
than 1.5± millimeters) 

Porous Zone (Fracture Network) 
Induced Dissolution 

• 

• 

• 

In~finsic permeability of 
10 7 m2 

Intrinsic permeability of 
ro-10 m2 

SALT DISSOLUTION RATE 

DIFFUS~ON(Z) 
(kg/m -yr) 

0.06 

0.06 

0.006 

0.006 

0.006 

CONVECJ:ION( 3 ) 
(kg/m -yr) 

0 

0.015 

!.50 

TOT~( 4) 
(kg/m -yr) 

0.06 

0.006 

0.021 

!.50 

TilE 3166 

DISSOLUTION CAVITY 
HEIGHT IN(!9•000 

YEARS 
(em) 

3 

_(7) 

3 

10 

(7) 

(!) 
The potential dissolution mechanisms include salt removal by diffusion and convection. 

(
2
)Diffusion is dependent on the concentration gradient, effective porosity, and molecular diffusion 
coefficient. 

(3) . . . 
Convect1on LS a functlon of the Rayleigh number and Nusselt number. 

(4) . . . The total salt d1ssolut1on rate is the sum of diffuslon and convection processes. 

(S)Dissolution cavity height is based on a geometry (equal width and height) for a single fracture 
as shown in Figure 3-7. The height of the cavity, induced by a porous zone (fracture network), 
is based on cavity development directly above the porous zone as shown in Figure 3-6. 

(6) 
A fracture of less than 1.5 millimeters will preclude convection. 

{7) 1 . . The sa t d~ssolut1on rate for this process is much greater than the salt removal rate by the Bell 
Canyon aquifer. Therefore, the dissolution rate governed by this mechanism could not exist for 10,000 years and is not computed in this table. 
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units separating the halite formations from the underlying aquifer, the 
rate of salt removal across each square meter of rock would then be 
0.006 kilogram per year. This is equal to a rate of removal of halite 
of 3 x 10-6 cubic meters per square meter per year. Thus, the general 
dissolution front would advance upwards at 3 x 10-6 meters per year 

(Figure 3-6), a rate which would have little impact on the WIPP site in 
10,000 years, as indicated in Table 3-1. 

A single fracture which is wide enough (greater than 1.5 millimeter) to 
sustain free convection would be of much greater significance to the 
WIPP site. With a Nusselt number calculated to be about 106 , the rate 
of salt removal would be 6 x 104 kg/m2 of fracture per year, as indicat­
ed An Table 3-1. This corresponds to a halite dissolution rate of 28 
cubic meters per square meter per year. 

The potential dissolution front would probably take the form of a cavity 
whose shape is governed by a very complex mechanism depending on many 
variables. Using the available information from the literature (Jessen, 
1973) and adapting it for the Castile and Salado halite dissolution 
problem, it was determined that the cross-section of the cavity may re­
semble a rounded trapezoid with the base slightly shorter than the 
top. The width to height ratio is estimated to be about 1:1 for pure 
halite and, considering the influence of anhydrite impurities, the ratio 
may be as high as 10:1. To simplify further calculations, a conserva­
tive rectangular tunnel shape (width to height ratio of 1:1) was used. 
If the dissolution front were to propagate as such (Figure 3-7), then 
for a 1.5 millimeter wide fracture it would have advanced less than 0.2 
meter in one year and less than 20 meters in 10,000 years. Despite the 
apparent significance of these values, a simple calculation demonstrates 
that this mechanism cannot be very widespread in the Delaware Basin. 

Using a Bell Canyon aquifer thickness of 30 meters with a porosity of 
0.16, the volume of water underlying each square meter of Castile Forma­
tion is 4.8 cubic meters. This water, if completely saturated in sodium 
chloride, would contain a total of 1.5 x 103 kilograms of salt. The 
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calculated mass flux indicates that such an amount could be supplied in 
just a few months by a large fracture. Thus, if there were many large 
fractures, the aquifer groundwater would become completely saturated in 
a short time and dissolution would cease. Despite the existence of the 
Delaware Basin in its present configuration for four to six million 
years, however, few of the brines in the basin aquifer approach satura­
tion in salt. Instead, a gradual salinity buildup, with distance from 
west (recharge) to east, is observed (Figure 2-5). This implies that 
the fracture transport mechanism cannot operate on a large scale, al­
though it does not preclude the existence of a small number of localized 
fractures. 

Similar conclusions apply to the case of convection in a porous medium 
with high permeability. If the intrinsic permeability were l0-14 square 
meters, then from Equations (3-8) and (3-9) the solute Nusselt number 
would be 2.5 x 102 . This corresponds, for an anhydrite porosity of 0.1, 
to a removal of 1.5 kilograms of salt per square meter per year, as 
shown in Table 3-1. The time to reach complete salt saturation would be 
only on the order of 10,000 years. The presence of undersaturated 
brines and the gradual buildup in concentration across the basin (Figure 
2-5) imply that the anhydrites are, in general, less permeable than 
l0-14 square meters. If the intrinsic permeability of the anhydrite 

-16 were 10 square meters, the Nusselt number would be 2.5, and more than 
106 years would be needed to completely saturate the aquifer with sodium 
chloride. The time period is lengthened by the water recharge and dis­
charge rates which would be significant in this period of time. Thus, a 
small Nusselt number of the order of 2.5 is not precluded by the aquifer 
water quality data. It would lead to a rate of advancement of the dis­
solution front of 1 x 10-S meters per year or 0.1 meter in 10,000 years, 
as indicated in Table 3-1. As discussed above, for permeabilities less 
than 4 x l0-17 square meters, diffusion would be the dominant process. 
As a result, the available data on the Castile Formation hydraulic con-

. . ( -9 -10 .. ducttvtty 10 to 10 centtmeters per second; Sandia, 1980b) suggest 
that diffusion is the dominant process. 
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Vigorous convective transport, either through single fractures 1n anhy­
drite or through a highly permeable layer, could lead to rapid advance­
ment of the salt dissolution front. The gradual change in groundwater 
salinity in the Bell Canyon aquifer across the Delaware Basin implies, 
however, that these vigorous convective mechanisms are not regionally 
important. A slow rate of advancement of the dissolution front associ­
ated with diffusive or weak convective flow through the anhydrite layer 
seems much more likely. A detailed analysis of flow in the basin aqui­
fer (Chapter 4.0) confirms this deduction. However, a small number of 
fractures or high porosity zones is not precluded by these data and will 
be addressed in Chapter 5.0. 

In summary, the mechanisms for dissolution of salt consist of diffusion 
and convection. Conditions required to support dissolution include a 
concentration gradient to drive the diffusion process and a density gra­
dient to initiate convection. Additionally, convection is dependent on 
the fracture size or porous zone (fracture network) permeability. As 
shown in Table 3-1, convection can be substantially greater than diffu­
sion for a fracture greater than 1.5 millimeters, or for intrinsic per­
meabilities greater than lo-16 square meters. However, for conditions 
in the Delaware Basin, the Bell Canyon Formation will limit the dissolu­
tion mechanism because the concentration and density gradient will be 
controlled by the aquifer transport rate. The following chapter addres­
ses the Bell Canyon aquifer transport rate and the application of the 
dissolution mechanisms to the Delaware Basin~ 
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In this chapter, the various salt dissolution mechanisms relative to the 
hydrogeologic and salt transport characteristics of the Delaware Basin 
formations are evaluated. In addition, the salt transport rates in the 
Bell Canyon and Capitan Reef aquifers are analyzed and compared with ex­
isting site-specific data to determine the dominant mode of salt removal 
from the Castile and Salado Formations. The analyses include analytical 
calculations and numerical modeling of mass transport in the Bell Canyon 
aquifer and salt dissolution in the Castile Formation. As discussed in 
Section 3.2.1, calculated dissolution rates in the Castile Formation 
provide conservative estimates of Salado salt removal. 

4.1 METHODOLOGY 

To evaluate the relative importance of the dissolution mechanisms, esti­

mate possible dissolution of halite Ln the Castile and Salado Forma­
tions, and assess mass transport of salt in the Bell Canyon and Capitan 
aquifers, the following methodology has been employed: 

• Establish hydrologic characteristics of the DMG. 

• Examine the existing longitudinal concentration 
profile of chloride in the Bell Canyon aquifer 
and the relationships between chloride and salt 
concentration. 

• Calculate salt transport through the Bell Canyon 
aquifer for various hydrologic conditions and 
salt dissolution mechanisms using analytical and 
numerical methods. 

• Evaluate salt transport potential in the Capitan 
Reef aquifer in relation to possible dissolution 
mechanisms. 

• Assess the sensitivity of the computed salt re­
moval rates to the range of the hydrogeologic and 
geochemical parameter values. 

• Compare calculated salt concentrations with cor­
responding available site-specific data. 
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4.2 HYDROGEOLOGIC DATA AND BASIC ASSUMPTIONS 

The region under consideration in these analyses and the relationships 
of the Castile and Salado Formations to the Bell Canyon and Capitan Reef 
aquifers are shown in Figure 2-5 and in the cross sections of Figures 

4-1 and 4-2. A detailed representation of the Bell Canyon aquifer in 
the vicinity of the WIPP facility is shown in Figure 4-3. It includes 

the Bell Canyon aquifer overlain by an anhydrite layer (Anhydrite I) 70 
to 100 meters thick, followed by the Halite I which is about 115 meters 
thick. The Halite I is overlain by another anhydrite layer (Anhydrite 
II) and by the Halite II. These formations are followed by the upper­
most anhydrite layers (Anhydrites III and IV) and by the Salado Forma­
tion. The WIPP facility is located in the Salado Formation, over 500 

meters above the Bell Canyon aquifer. The geologic section in Figure 
4-3 is 16.5 kilometers in length and was selected as the numerical study 
area due to the availability of chloride concentration data at both ends 
of the cross section. 

In the remainder of this section, the basic assumptions and relevant 

hydrogeologic parameters in relation to the analytical and numerical 
computations of salt dissolution are discussed. The ranges of values 

are presented for the following parameters: 

• Aquifer thickness 
• Hydraulic conductivity 
• Hydraulic gradient 
• Chloride concentration 

Basic Assumptions 

A basic assumption in the following salt dissolution discussions is that 
steady-state flow and mass transport conditions may be considered to 
exist in the Bell Canyon and Capitan Reef aquifers and the Castile 
Formation. The basis of this assumption is discussed in the following 
paragraphs. 

In the vicinity of the WIPP site, available evidence indicates that 

steady-state flow and transport conditions have been reached. Modeling 
of the flow system, as presented in subsequent sections, has shown that 
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establishment of steady-state conditions required a time period equiva­

lent to the flow travel time through the aquifer. Figure 4-1 presents a 

section of the Bell Canyon aquifer parallel to the direction of flow, 

beginning at the recharge area at the southwest and ending at the Capi­

tan Reef aquifer to the east. Based on this section, the total time 

required for recharging water to reach the Capitan Reef is approximately 

2.5 million years. Since the basin flow system has probably remained 

essentially unchanged during the past four to six million years, steady­

state flow conditions should have been attained. 

Development of steady-state conditions relative to mass transport is de­

pendent on the dissolution mechanism as well as on the Bell Canyon flow 

rate. Since brine density flow is heavily dependent on the aquifer flow 

rate, the mass transport due to this mechanism should require about the 

same time period to establish steady-state conditions. Due to the slow 

rate of mass transfer of dissolved salts by diffusion into underlying 

anhydrite, the rate of dissolution by this method is not significantly 

dependent on the aquifer flow rate. A pure diffusion mechanism could 

have commenced following deposition of halite in the Castile Formation. 

Based on parameters representative for the medium, a period on the order 

of 30 million years would be required for steady-state diffusion to de­

velop through the anhydrite. Considering the period since deposition, 

approximately 250 million years, it is reasonable to assume that salt 

concentrations in the Bell Canyon aquifer reflect essentially steady­

state levels. The effect of the aquifer salinity on the mass transport 

and diffusion rate, and possible changes in steady-state transport con­

ditions, will be addressed in the sensitivity analyses of Section 4.4.4. 

The permeability of the Capitan Reef aquifer is much greater (several 

orders of magnitude) than that of the Bell Canyon aquifer. However, re­

cent extraction of large amounts of water from the Capitan Reef aquifer 

(Hiss, 1975a) has changed the hydraulic gradient in this aquifer. The 

lowering of the potentiometric surface in the Capitan Reef has not in­

fluenced the present flow rate through the Bell Canyon aquifer and is 
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not anticipated to have any major effect because of the very low hydrau­
lic conductivity of the latter. However, this condition will be 
assessed in the analyses of future salt dissolution and mass transport 
in the Delaware Basin by investigating a range of hydraulic gradients 
during the sensitivity analyses. 

Aquifer Thickness 

As discussed in Section 2.2, the thickness of the Bell Canyon Formation 
is estimated as approximately 300 meters; however, much of the data sug­
gest that less than 30 meters of the formation can transmit groundwater. 
For the purposes of the dissolution analyses, effective aquifer thick­
nesses ranging from 10 to 60 meters have been used. 

Hydraulic Conductivity 

Based on laboratory measurements of the core samples (Hiss, 1975a) and 
analysis of drill stem tests in Borehole AEC-7 as discussed in Section 
2.2, the representative hydraulic conductivity of the Bell Canyon 
aquifer ranges from 1.1 to 2.9 meters per year with a weighted average 
value of 1.8 meters per year. An average hydraulic conductivity of 550 
meters per year has been reported for the Capitan Reef aquifer (Hiss, 
1975a). 

Hydraulic Gradient 

Flow in the Bell Canyon aquifer appears to be relatively constant as in­
dicated by the potentiometric surface presented in Figures 2-5 and 4-1. 
From Figure 2-5, the hydraulic gradient in the vicinity of the WIPP site 
was estimated to be 0.0025 meter per meter with an approximate range of 
0.002 to 0.003 meter per meter. 

Groundwater flow in the Capitan Reef aquifer has been substantially 
affected by development of the petroleum industry in the past 45 years. 
The current potentiometric surface indicates flow is generally parallel 
to the reef margin and flows toward the east and south. An average 
gradient of 0.001 to 0.004 meter per meter has been reported for this 
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aquifer (Hiss, 1975a). The reduction or termination of the pumping in 
the Capitan Reef will result in raising the potentiometric surface in 
this aquifer. This in turn will reduce the hydraulic gradient within 
the Capitan Reef and between this aquifer and the Bell Canyon aquifer. 

Chloride Concentrations 

Figure 2-5 presents the chloride concentration contours in the Bell 
Canyon aquifer underlying the Castile Formation. As shown in Figures 
2-5 and 4-1, the concentration of chloride increases in the direction 
of flow to the northeast. The concentration contours observed in the 
basin, as discussed in Section 2.2, increase from approximately 50 kg/m3 

at the southwestern margin to more than 150 kg/m3 in the northeast, 
adjacent the Capitan Reef aquifer. Although a 100 kg/m3 contour is 
shown at the upgradient end of the Bell Canyon aquifer in Figure 2-5, 
none of the measurements presented by Hiss (1975a) confirm such a high 
chloride concentration in this vicinity. The illustrated decrease in 
concentration at the downgradient end of the aquifer is also subject to 
interpretation due to the lack of data. 

The Capitan Reef borders the Salado and Castile Formations north and 
east of the Delaware Basin. The contact between the Capitan Reef and 
Castile and Salado Formations near the northeast margin of the basin is 
shown in Figure 4-2. Based on data compiled by Hiss (1975a), chloride 
concentrations in the Capitan aquifer range from less than 1 kg/m3 to as 
high as 42 kg/m3 , with most values within the range of 5 to 20 kg/m3 in 
this vicinity. Concentrations appear to be greatest at the north margin 
of the Delaware Basin and reduce in the direction of flow (towards the 
southeast). 

4.3 ANALYTICAL EVALUATION OF SALT DISSOLUTION AND TRANSPORT RATES 
In this section, the analytical methods for evaluating the potential 
dissolution of salt and its transport by the Bell Canyon aquifer are 
presented. In addition, the dissolution process associated with the 
Capitan Reef aquifer is discussed. 
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4.3.1 Dissolved Salt Transport in the Bell Canyon Aquifer 

The salt transport rate in the Bell Canyon aquifer depends on the aqui­

fer flow rate and the salt concentration gradient in the direction of 
flow. Various mechanisms might result in halite dissolution and trans­

port to the Bell Canyon. However, the efficiencies of these mechanisms 

are controlled by the capability of the aquifer to convey the dissolved 

salt away from the source such that a concentration gradient at the 

Castile-Bell Canyon interface is maintained. Dissolution will cease if 

(1) the physical conditions necessary for the dissolution mechanism are 

not plausible or (2) the concentration gradient between the source 

(Halite I) and transporting zones (Bell Canyon aquifer) cannot be 

sustained. In the following paragraphs, the range of dissolution rates 

based on hydrologic and geochemical properties of the DMG is examined. 

Flow-Controlled Transport Rate 

The range of characteristic hydrologic values of the Bell Canyon aquifer 

is discussed in Section 4.2 and summarized in Table 2-1. The average 

values are as follows: 

• Effective aquifer thickness 
• Hydraulic conductivity 
• Hydraulic gradient 

30 meters 
1.8,meters/year 

0.0025 meter/meter 

Based on these properties, the flow per unit width in the Bell Canyon 

aquifer is approximately 0.135 cubic meter per year per meter (m3/yr-m). 

The flow rate for various ranges of hydrologic characteristics was 

calculated and is presented in Figure 2-6. According to this figure, 

the plausible flow rate in the Bell Canyon might range from as little as 

0.02 m3/yr-m to a maximum of 0.4 m3/yr-m. 

Taking into account the inference that flow and chloride transport in 

the Bell Canyon aquifer approach steady-state, a mass balance calcula­

tion enables an average rate of salt dissolution in the basin to be es­

timated. At steady-state, the rate of increase of chloride content of 

the Bell Canyon water with distance along the flow path is exactly bal­

anced by dissolution of halite or other chloride minerals. As an 
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approximation, it has been assumed that the chloride buildup in ground­
water is entirely due to dissolution of halite (NaCl) from the overlying 
Castile Formation. This provides an upper bound on the halite dissolu­
tion rate because the Bell Canyon brines are not entirely sodium 
chloride, having a substantial calcium chloride content in addition 
(Lambert, 1977). Based on a flow rate of 0.135 m3/yr-m and the observed 
chloride concentration profiles, the average thickness of salt removal 
in the basin was calculated to range between 0.07 and 0.62 centimeter in 
10,000 years. This corresponds to a chloride concentration difference 
(ac) between upgradient and downgradient ends of the aquifer varying 
from 10 to 100 kg/m3 across the basin, resulting in a salt removal rate 
ranging from 2.2 to 22.2 kg/yr-m, respectively. In reality, most of the 
dissolution will take place upgradient (southwest) where the salt 
concentration gradient between the potential source (Halite I) and the 
Bell Canyon aquifer is greater. The calculated variation of salt 
dissolution along a 16,500 meter section beneath the WIPP facility >s 
presented in Section 4.4.2 which describes numerical model results. 

The potential diffusive and convective mass transport of salt from the 
Castile to the Bell Canyon aquifer was discussed in Section 3.2. It was 
shown that diffusion through the lower anhydrite layer from halite zones 
in the Castile can result in a net vertical mass inflow of NaCl of 
approximately 0.006 kilogram per year per square meter (kg/yr-m2) to the 
Bell Canyon which represents a dissolution rate of 3 centimeters per 
10,000 years (Table 3-l). 

The important assumptions embodied in this calculation were anhydrite 
porosity of 0.1 and concentration difference across the porous zone of 
200 kg/m3 sodium chloride. In the area beneath the WIPP facility, the 
rate of increase of chloride concentration (50 kg/m3 in 16,500 meters; 
Figure 4-3) corresponds to an NaCl dissolution rate of only 0.3 centi­
meter in 10,000 years. The difference between the results of Chapter 
3.0 and the present calculation implies that Anhydrite I has a lower 
effective porosity than 0.1. It may be concluded, however, that the 
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diffusive process is more than adequate to supply the salt being carried 
by the Bell Canyon aquifer. 

The convective mechanism of salt dissolution provides the potential for 
substantially more mass flux into the Bell Canyon aquifer. A fractured 
porous zone could support convection from the first halite layer of the 
Castile Formation down to the Bell Canyon aquifer, a distance of approx-
imately 100 meters. The potential NaCl convective dissolution rate was 
found to be 1.5 kg/yr-m2 for an anhydrite intrinsic permeability of 
10-14 square meters and 0.015 kg/yr-m2 for an intrinsic permeability of 
10-16 square meters. Even with the lower permeability 00-16 square 
meters), convective dissolution would require a chloride concentration 
increase of 1,120 kg/m3 beneath the WIPP site (Figure 4-3), which is 
substantially greater than the existing increase in concentration of 50 
kg/m3 and is well above the level for chloride saturation (190 kg/m3). 
It is possible to conclude that a porous zone of convection can only ex-
ist at isolated locations. 
drite permeability of 10-9 

This is consistent with the measured anhy­

second (lo-18 to to 
l0-19 square meters) (Section 

10-10 

2. 2) . 

centimeters per 

Assuming permeable anhydrite (lo-16 
square meters) and considering all observed mass flux is due to 
convection in a porous or fractured zone, the length of the dissolution 
area could be only about BOO meters. Dissolution will cease beyond this 
point if brine becomes fully saturated, a situation which is not 
apparent in the Bell Canyon aquifer. 

Since diffusion will occur regardless of the presence of continuous 
fractures, it appears that the diffusion mechanism is primarily respon­
sible for the present transport of salt in the Bell Canyon aquifer 
because the existing mass transport is of the same order as that calcu­
lated using the one-dimensional diffusion equation. Dissolution by 
convection must be restricted to a very small area since convective mass 
removal over a large area would far exceed the capacity of the Bell 
Canyon aquifer to remove the dissolved material. 
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4.3.2 Dissolution Associated with the Capitan Reef Aquifer 
Flow and chloride concentration data for the Capitan Reef aquifer were 
discussed in Section 4.2. The total mass transport of chloride in the 
reef aquifer is in the range of 0.3 x 108 to 4.4 x 108 kilogram per year 
(kg/yr) based on an aquifer thickness of 500 meters and width of approx­
imately 20 kilometers (Figure 4-2). As a comparison, assuming the Bell 
Canyon discharges into the reef along a 60-kilometer stretch adjacent 
the northeast basin margin, based on the potentiometric surface shown in 
Figure 2-5, the chloride mass inflow from the Bell Canyon could be as 
high as 1.3 x 106 kg/yr. Over this length of reef margin, diffusion 
from the Castile Formation alone would result 1n a mass through the 
anhydrite flux on the order of 106 kg/yr. Considering diffusion from 
the overlying Salado Formation, through the Artesia Group, to the 
Capitan Reef, the mass flux is also on the order of 106 kg/yr. In 
summary, only about 3 x 106 kg/yr of chloride is accounted for by diffu­
sion and inflow from the Bell Canyon, which is far less than the total 
estimated rate of 20 to 440 x 106 kg/yr. Therefore, it appears that 
another mechanism is contributing to dissolution and mass flux into the 
Capitan Reef aquifer. 

As indicated in Figure 3-1, significant deep dissolution has been pos­
tulated by Anderson and Kirkland (1980) at the reef margin in the north­
ern and eastern portions of the Delaware Basin. If one considers the 
potential extent of contact of these features with the Capitan Reef, the 
range of material properties of the Castile and Capitan units, and the 
possible concentration gradient developed at the interface, there is 
evidence to suggest that active convective dissolution of the overlying 
Salado Formation together with the diffusion from halite layers can re­
sult in the observed mass transport rate in the Capitan Reef aquifer. 
While the range of values for the mass transport parameters associated 
with convection is too large to state conclusively that convective dis­
solution is responsible for the concentrations observed in the Capitan 
Reef, it is clear that diffusion alone is not sufficient. Furthermore, 
the presence of deep dissolution features at the reef margin suggests 
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that, at preferred locations, dissolution may be associated with convec­
tive as well as diffusive mechanisms. It appears, therefore, that dif­
fusion alone is adequate to explain mass transport in the Bell Canyon 
aquifer, but that both convective and diffusive mechanisms must apply 
above the reef. 

4.4 NUMERICAL MODELING OF SALT REMOVAL POTENTIAL 
The purpose of the numerical modeling is to simulate salt dissolution in 
the Castile Formation and potential removal by the Bell Canyon aquifer. 
The ma1n difference between the numerical and analytical approaches is 
that the former enables estimates of the effects of hydrodynamic disper­
sion and of transient conditions to be evaluated while the latter does 
not. This also permits a detailed sensitivity analysis to be made and 
incorporates the two-dimensional aspects of the problem. 

The methodology for and the results of the simulation are presented in 
the following sections. The modeling methodology and basic assumptions 
are provided in Section 4.4.1 and the results of the simulation and its 
comparison with observed data are presented in Section 4.4.2. The sen­
sitivity of dissolution rates to the relevant hydrologic and geochemical 
input parameters is discussed in Section 4.4.3. Theories related to 
salt transport simulation techniques are reviewed and the relevant gov­
erning equations describing these processes are given in Appendix A. 

4.4.1 Modeling Methodology and Implementation 
The amount of salt that can be removed from the Castile Formation along 
a certain horizontal distance is controlled by the dissolution mecha­
nism, the hydraulic conductivity of the Bell Canyon aquifer, and the 
saturation concentration level. These are in turn related to the con-
centration gradient along the direction of flow. For example, the 
steady-state salt removal rate (mass per unit time) from halite layers, 
regardless of whether diffusive or convective transport dominates, can­
not be greater than the product of the aquifer flow rate, Q, and the 
concentration difference, ~C, between the upgradient and downgradient 
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ends of the section under consideration (i.e., salt removal rate= 
Q x ~C). As a result, quantitative theories for material removal from 
beneath the WIPP site must be consistent with the mass transport 
capacity of the Bell Canyon aquifer. 

The preliminary calculations in Sections 4.3 and 3.2 indicate that salt 
removal by molecular diffusion in the basin dominates over any of the 
convective mechanisms considered. Removal rates from the Castile Forma­
tion based on convective transport mechanisms are estimated to be slg­
nificantly greater than the salt transport capacity of the Bell Canyon 
aquifer. The numerical modeling described herein was performed in order 
to include the two-dimensional aspects of the transport problem using a 
more detailed representation of the DMG hydrogeology than was used for 
the simple analytical calculations. The results of this simulation are 
then compared with analytical solutions and reported field data. 

The numerical model representation of the flow and salt transport regime 
is shown in Figure 4-3. The modeled section is a portion of the Bell 
Canyon and Castile Formations shown in Figure 4-1. Figure 4-3 illus­
trates the alternate layers of halite and anhydrite which are present in 
these formations. A D'Appolonia computer program code named GEOFLOW was 
used to simulate the potential salt removal rate. The program GEOFLOW 
consists of two subprograms. The first program, a hydrodynamic model, 
computes potentiometric heads and, consequently, velocity vectors in the 
domain of interest. The second program, a mass transport model, util­
izes velocity vectors and mass transport parameters to compute mass con­
centration in the same domain. The Bell Canyon aquifer and a portion of 
the Castile Formation were divided into parallelograms to form a grid 
consisting of nodes and elements which approximate the geometry of the 
actual system. The grid system has 1,422 nodes and 1,180 elements. 
Parameters such as velocity, potentiometric head, and concentration were 
computed at each node by solving the flow and mass transport equations 
presented in Appendix A. Because of the very low groundwater velocity 
of the Bell Canyon and the long simulation period, the effect of fluid 
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density variation on calculation of the chloride concentration was 
neglected. 

The vertical dimensions of the finite element grid (Figure 4-3) were 
kept variable so that the effects of the aquifer and the diffusion zone 
thicknesses could be investigated. The term hy1 represents the vertical 
grid spacing in the Bell Canyon aquifer and hy2 is the vertical spacing 
in the diffusion zone above the top of the aquifer. To be consistent 
with the parameter values used in Section 3.2 and considering the effec­
tive thickness of the Bell Canyon aquifer (Section 2.2), the grid used 
for the simulation represents an aquifer thickness of 30 meters. The 
upper section of the grid includes the lower portion of the Castile 
Formation which consists of a 70-meter-thick zone of anhydrite and 30 
meters of the Halite I above it. Modifications of this grid (i.e., 
different values for hy1 and hy2) were used for portions of the 
sensitivity analysis. 

The model assumes that dissolved chloride is diffused through the Cas­
tile anhydrite into the Bell Canyon aquifer and is transported away from 
the site. The concentration boundary condition at the top of the grid 
was set equal to the saturated concentration of chloride in water (ap­
proximately 190 kg/m3). The fluid entering the aquifer at the upgradi­
ent portion was assumed to have a chloride level of 100 kg/m3 based on 
reported data obtained from Figures 2-5 and 4-1. Constant potentiomet­
ric head boundary conditions were maintained at the ends of the grid 
system and no-flow boundaries were specified along the top of the 
Castile and bottom of the Bell Canyon. Table 4-1 contains the parameter 
values used for the simulation of salt removal from the Castile 
Formation. Since variability exists in some of these parameters, a 
sensitivity analysis (Section 4.4.3) was performed to determine the 
effects of varying each parameter over a range of values. In this 
manner, the extremes of potential salt dissolution rates were obtained. 
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TABLE 4-1 
MODEL INPUT PARAMETERS FOR NUMERICAL COMPUTATIONS(!) 

INPUT PARAMETER 

Hydraulic Conductivity of Bell 
Canyon Aquifer, K 

Effective Porosity of Bell 
Canyon Aquifer, ne 

Molecular Diffusion 
Coefficient, Dm 

Longitudinal Dispersivity of 
Bell Canyon Aquifer, I1:_ 

Transverse Dispersivity of Bell 
Canyon Aquifer, Dr 

Retardation Factor for 
Chloride, Rd 

Effective thickness of Be 11 
Canyon Aquifer, b 

Thickness of Diffurifn Zone in 
Castile Formations 2 

Hydraulic Gradient, i 

Upgradient Chloride Concentration 
Boundary Condition in Bell Canyon 
Aquifer, Cu 

Halite Density 

VALUE 

1.8 

0.16 

8. 7 X 10-3 

3.048 

3.048 

1.0 

30 

100 

0. 0025 

100 

2' 160 

(1) 
Refer to Appendix A for parameter definitions. 

UNITS 

Meters per year 
(m/yr) 

Dimensionless 

Square meters per year 
(m2/yr) 

Meters (m) 

!1eters (m) 

Dimension less 

Meters (m) 

Meters (m) 

Meters per meter (m/m) 

Kilograms per jubic 
meter (kg/m ) 

Kilograms per jubic 
meter ( kg/m ) 

(2) 
Refer to Figure 4-3 for location of diffusion zone. 
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4.4.2 Results 

The simulation yields velocity distribution through the Bell Canyon 
aquifer, the chloride concentration distribution, and the resulting 
halite dissolution rate from the Castile Formation per unit width of 
aquifer normal to the flow direction. The computed steady-state distri­
bution of chloride in the lower anhydrite layer of the Castile Formation 
and the top 30 meters of the Bell Canyon Formation is presented in Fig­
ure 4-4. This figure illustrates the transport of chloride into the 
aquifer with a resulting increase in concentration from 100 kg/m3 at the 
upgradient end to an average value of approximately 155 kg/m3 at the 
downgradient section. A negligible vertical variation of chloride con­
centrations is observed throughout the simulated section. For this two­
dimensional modeling, a value of the molecular diffusion coefficient 
equal to 0.0087 square meter per year (m2/yr) (2.8 x 10-6 cm2/sec) was 
selected so as to reproduce the general increase in chloride 
concentration beneath the WIPP facility indicated by available field 
data (Figures 4-1 and 4-3). Since chloride diffuses through the Castile 
anhydrite, the magnitude of the diffusion coefficient is the key 
indicator of whether diffusion is a valid mechanism to explain the 
existing dissolution rates near the WIPP site. Accepted values for the 
chloride diffusion coefficient in groundwater range from 0.003 to 0.03 
m2/yr (Freeze and Cherry, 1979), which indicates that the value of 
0.0087 m2/yr determined in the modeling is valid for a diffusion 
process. It is, however, to some extent empirical since the effective 
porosity and tortuosity of the medium are included in the model. 

For the results shown in Figure 4-4, the steady-state velocity distri­
bution in the aquifer is uniform at a flow rate of 0.135 m3/yr-m and the 
mass transport rate of chloride at the downgradient end is 20.9 kg/yr-m, 
representing a mass increase of 7.4 kg/yr-m chloride from the upgradient 
end. This increase in mass rate from upgradient to downgradient 
sections corresponds to an average vertical removal of 0.34 centimeter 
of salt per 10,000 years or 0.09 meter per 250,000 years from the 
Castile Formation along the 16,500-meter section shown in Figure 4-3. 
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The actual rate, which varies as a function of horizontal location, is 
dependent upon the vertical concentration gradient between the halite 
layer and the concentrations in the aquifer. In particular, the salt 
flux into the Bell Canyon is a function of the vertical concentration 
gradient at the interface between the Castile Formation and the 
aquifer. A plot of the variation of NaCl mass transfer into the Bell 
Canyon (i.e., salt dissolution from the Castile) is also given in Figure 
4-4. .The higher dissolution is along upgradient portions of the section 
where the difference between concentrations in the Castile and Bell 
Canyon Formations is greatest, and it decreases as concentration within 
the Bell Canyon aquifer increases. As chloride accumulates in the 
direction of flow, the dissolution rate gradually subsides. 

The results presented in this section were obtained by performing numer­
ical computations using the input parameter values listed in Table 4-1. 
The results of this numerical simulation, together with the analytical 
calculations, indicate that a diffusive transport mechanism is a valid 
explanation for the observed chloride concentrations in the Bell Canyon 
aquifer. The input values were selected based on the best available and 
representative hydrogeologic and geochemical data for the WIPP site and 
its vicinity and, where no site-specific field data existed, conser­
vative literature values were selected. To reduce any uncertainty on 
evaluation of salt removal rate associated with existing data and to 
assess the response of the model to various parameters, a sensitivity 
analysi~ was performed. In this analysis, the variations in average 
salt dissolution rate with respect to ranges of input parameters were 
determined. The results of the sensitivity computations are presented 
in Appendix B and summarized in the following section. 

4.4.3 Sensitivity Analysis 

A sensitivity analysis was performed to determine the range of potential 
salt dissolution rates beneath the WIPP site as determined by the vari­
ability of the parameters that control the dissolution. Two major cate­
gories were considered in salt dissolution evaluation: 
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• Diffusion-controlled salt dissolution and 

• Salt removal controlled by the Bell Canyon 
aquifer. 

THE 3166 

The sensitivity of diffusion-controlled dissolution was determined using 
the numerical model discussed in Section 4.4.3. Salt removal controlled 
by the Bell Canyon aquifer was addressed by considering only the mass 
transport capacity of the underlying aquifer and longitudinal concentra­
tion gradient, but not the mechanism for salt removal. 

Based on the results of the analyses presented in Appendix B, the fol­
lowing conclusions are made: 

• The effects of neglecting density variations, as 
related to the diffusion-controlled dissolution 
results given in Section 4.4.2, are insignifi­
cant. However, the numerical simulation of salt 
removal by density-flow (convective) mechanisms 
would require that density variations be included 
as part of the model. 

• For diffusion-controlled salt dissolution (i.e., 
results in Section 4.4.3), the increase in dis­
solution due to a change in any one parameter 
(Table 4-1) should not exceed 130 percent. 
Therefore, the average vertical removal of salt 
from the Castile Formation is not expected to be 
greater than approximately 0.2 meter per 250,000 
years (less than 1 centimeter per 10,000 years) 
if salt removal remains controlled by diffusion. 

• If convective mechanisms of salt removal (density 
flow) occur, the dissolution rate could be much 
greater than the rate for diffusion-controlled 
removal. The upper bound on convective-dissolu­
tion rates would be determined by the salt trans­
port capacity of the Bell Canyon aquifer. Under 
these conditions, the average vertical removal of 
salt from the Castile and Salado Formations 
should not exceed 8 centimeters per 10,000 years. 
This rate does not consider the possibility of 
more intense localized dissolution features. 
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4.5 COMPARISON OF THE RESULTS 

In the initial sections of this chapter, analytical calculations for 
average mass flow rates in the Bell Canyon and Capitan Reef aquifers and 
average dissolution rates in the Castile and Salado Formations were pre­
sented. Results from numerical simulations of the flow and transport 
characteristics of these media were also outlined in order to give a 
more detailed description of salt dissolution and transport in strati­
graphic units underlying the WIPP facility. Both analytical and 
numerical calculations indicate that salt dissolution by continuous 

diffusion along the 16,500-meter section beneath the WIPP facility could 
produce the observed chloride concentrations in the Bell Canyon 

aquifer. Although localized convective dissolution may be present, it 
is unlikely that convection occurs over a widespread area because the 
associated large mass dissolution rate would far exceed the capacity of 
the aquifer to remove the dissolved salt. 

In terms of vertical propagation of a uniform cavity underlying the WIPP 
facility, the current dissolution rate was estimated to be in the range 
of 0.2 to 0.5 centimeter per 10,000 years (5 to 13 centimeters per 
250,000 years) on the average over the 16,500-meter length of the sec­
tion shown in Figure 4-3. However, as indicated, dissolution will be 
higher in the western direction where the chloride concentration is 

lower than the north-northeastern direction when chloride concentration 
in the Bell Canyon has almost reached full saturation. Future varia­
tions from these estimates due to various changes of hydrogeologic and 
geochemical parameters were evaluated and the results are presented in 
Appendix B. 

Based on observed mass transport rates ~n the Capitan Reef and existing 
deep-seated dissolution features (breccia pipes), convective mechanisms 
such as brine density flow may be occurring at the reef margin. The 
deep-seated dissolution features are observed more than 20 kilometers 
away from the WIPP fa~ility. They may be associated with vertical con­

vective dissolution. Since this mechanism appears to be associated with 
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the specific hydrologic conditions at the reef margin, the present or 
potential future salt removal in the Captian Reef aquifer will not have 
an effect on salt removal beneath the WIPP facility. 

To this point, dissolution rates have been discussed only relative to an 
essentially uniform dissolution along the total length of sections from 
which salt removal might occur. A more conservative and also implaus­

ible estimate relative to the future integrity of the WIPP facility in­
volves concentrating the Bell Canyon Formation's potential salt trans­
port capacity over a much smaller area beneath the site. For example, 
it might include investigating the dissolution from a hypothetical 

cylindrically shaped porous zone of relatively high permeability 
material in the Castile and Salado Formations which lies beneath the 
site. A second implausible potential mechanism is dissolution through a 
continuous fracture of large vertical extent. Both of these processes 
can be driven by density flow transport which removes material from 

halite layers by convection and diffusion. These computations, imposed 
in addition to the existing diffusion-type dissolution presently 
occurring3 will provide an implausible "worst case11 analysis of the 
potential dissolution effects on the WIPP facility. These analyses are 
discussed in Chapter 5.0. 
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5.0 ASSESSMENT OF SALT DISSOLUTION 

The analytical calculations and numerical simulations presented in the 
previous chapters provide important information toward understanding the 
salt dissolution mechanisms occurring in the vicinity of the WIPP 
site. An assessment of the impact of salt dissolution on the site 
integrity must include consideration of the potential solution cavity 
that may form in the Castile or Salado Formations due to the anticipated 
dissolution rates~ In addition, 11worst case11 dissolution processes 
which consider salt removal from a concentrated area beneath the WIPP 
facility as a function of the maximum Bell Canyon mass transport 
capacity should be considered. These worst case dissolution processes 
consist of convective transport of salt from halite layers through 
either a fracture or porous zone, as identified in Section 3.2~ In the 
following sections, estimates of the range of likely rates of salt 
removal will be presented. These estimates will be followed by a 
discussion of the size of solution cavities which might be opened 
beneath the WIPP site from a worst case event and an assessment of the 
potential structural impacts relative to the WIPP facility. 

5.1 EXTENT AND RATE OF GENERAL DISSOLUTION IN THE CASTILE FORMATION 
The results of analytical calculations and numerical modeling relative 
to the potential average salt dissolution rate along a 16,500-meter 
length of section beneath the WIPP site were presented in Sections 4.3 
and 4.4. In this section, the results from the previous chapters are 
evaluated to determine the potential range of average dissolution rates, 
and therefore cavity sizes, that could occur beneath the WIPP facility 
along an extended length assuming continuation of steady-state condi­
tions. Dissolution associated with a more vigorous mechanism is consid­
ered in the worst case analysis presented in the following section. 

The extent of possible variation ~n the average dissolution rate has 
been investigated in two separate ways. The first approach assumes that 
the rate of dissolution is solely controlled by the rate at which the 

82 



 

 Information Only 

TME 3166 

aquifer transports salt away from the dissolving areas. This method ~s 

independent of the actual dissolution mechanism and requires the 
assumption that the system remains at a steady state. The second 
approach assumes that a specific mechanism (diffusion in this case) 
operates and that the dissolution rate is affected both by the aquifer 
properties and by the dissolution mechanism. 

The first approach is associated with the flow rate, Q, in the Bell Can­
yon aquifer and the reported changes of chloride concentration shown in 
Figure 4-1. From this figure, the average concentration variation, C, 
along a certain section can be determined. Therefore, from Equation 
(B-2) in Appendix B, the salt removal rate is directly proportional to 
the flow rate provided the dissolution mechanism would not restrict the 
vertical mass flux of salt to the Bell Canyon aquifer. Since the flow 
rate is dependent on the hydraulic conductivity, hydraulic gradient, and 
aquifer thickness, a fractional change in any one of these values pro­
duces a similar change in the salt dissolution rate. By varying the 
values for the parameters in Equation (B-2), the possible range of dis­
solution rates may be calculated. This type of approach is useful 
because it facilitates an understanding of the effect of possible param­
eter ranges on the calculated mass transport and also allows conserva­
tive estimation of the impacts of potential future changes in the flow 
system (e.g., hydraulic gradient) on the dissolution rate. The sensi­
tivity analysis is presented in detail in Appendix B and summarized 
here. The analysis is conservative because the dissolution mechanism 
is assumed not to restrict the rate at which salt can be dissolved and 
transported. For a Bell Canyon aquifer flow rate of 0.135 m3/yr-m and a 
chloride concentration increase of 55 kg/m3 (numerical model results), 
the average dissolution cavity height in 10,000 years would be 0.34 
centimeter. Figure 5-l presents the average dissolution zone height 
variation with time for a continuous solution ·zone formed in the Halite 
I overlying the Bell Canyon aquifer. If the aquifer thickness is as­
sumed to be 60 meters rather than 30 meters, the average salt removal 
corresponding to a 55-kg/m3 chloride increase would be 0.68 centimeter 
per 10,000 years and 17 centimeters in 250,000 years. 
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As discussed previously, the potentiometric surface in the Capitan Reef 
aquifer has been affected by the pumping of water for oil field flooding 
operations and will ultimately influence the hydraulic gradient in the 
Bell Canyon aquifer near the reef. Similar to the assessment of the 
impact of effective aquifer thickness, an increase in flow rate due to a 
change in hydraulic gradient might change the mass transport of salt in 
the Bell Canyon aquifer. Based on the current potentiometric surface in 
the Capitan Reef aquifer as shown in Figure 2-5, the hydraulic gradient 
could increase in the Bell Canyon aquifer near the WIPP facility to 
0.004 meter per meter. However, due to the low permeability of the Bell 
Canyon aquifer and hence its slow response time, the actual development 
of this gradient throughout the aquifer would require a period equiva­
lent to the time of travel through the section, about 2.5 million years. 
Even if it is assumed that the gradient increases to 0.004 meter per 
meter, the calculated dissolution cavity would still be about one 
centimeter in 10,000 years. 

These results reflect maximum obtainable dissolution rates based on the 
Bell Canyon aquifer characteristics. They do not consider the actual 
dissolution process (i.e., diffusion or convection) which may limit the 
inflow of dissolved halite. 

The second approach to data interpretation considers the actual dissolu­
tion process and involves the sensitivity of the parameters associated 
with the modeling of the Castile Formation in addition to the Bell Can­
yon aquifer. Section 4.4.3 presented the results of numerical modeling 
of diffusion of chloride from halite layers in the Castile to the Bell 
Canyon aquifer. Analysis of the interrelationships between parameters 
and their effects on salt dissolution as discussed in Section 4.4.4 
identified the important factors in the salt dissolution process occur­
ring at the site and established the sensitivity of the dissolution rate 
to variation in parameter values. As indicated in Appendix B, the dis­
solution rate based on diffusion in the Castile is not linearly related 
to the Bell Canyon aquifer flow rate in that, at increased flow rates, 
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the dissolution rate does not increase as rapidly. This is illustrated 
in Figure 5-2 which compares the dissolution rate based solely on aqui­
fer flow rate, as discussed in the preceding paragraph, and the dissolu­
tion rate as a function of aquifer flow rate in which the diffusion pro­
cess limits the availability of the salt to be transported by the Bell 
Canyon aquifer. 

The sensitivity of salt dissolution to future changes in flow and diffu­
sion parameters was discussed in Section 4.4.4. The conclusion that can 
be drawn from these results is that the potential dissolution rate due 
to a change in a single parameter within its possible range of values is 
not expected to increase dissolution by more than a factor of two above 
the estimate given in Section 4.4.3 (0.34 centimeter in 10,000 years). 
As a result of these computations, it is apparent that the area of 
greatest potential uncertainty involves interpretation of the existing 
total flow rate and concentration distribution in the Bell Canyon Forma­
tion. Based on the discussions in Section 4.4.4 and Appendix B, the 
present maximum dissolution rate could conservatively be estimated to be 
one centimeter in 10,000 years over the 16,500-meter study section be­
neath the site (Figure 5-2). The structural consequences of the forma­
tion of such a cavity are assessed in Section 5.3. 

Based on the observed concentrations of chloride (Figure 2-5) and the 
discussion of Section 4.3, convective dissolution in the Castile over­
lying the Bell Canyon aquifer is probably not the dominant mechanism. 
However, as discussed in Section 4.3, dissolution at the Capitan Reef 
margin in the Castile and Salado may be associated with the convective 
mechanism and is consistent with observed deep dissolution features 
which suggest a more vigorous dissolution process than diffusion. An 
assessment of the potential halite removal rates due to convective dis­
solution, should conditions in the Bell Canyon aquifer change to promote 
this process, is addressed in the following sections concerning worst 
case scenar1os. 
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5. 2 ANALYSIS OF ''WORST CASE" DISSOLUTION POTENTIAL 

In Section 5.1, results of computations concerning potential average 

dissolution beneath the WIPP site were discussed. The previous analysis 

has indicated that the diffusion mechanism is dominant in controlling 

the rate of halite dissolution above the Bell Canyon aquifer. However, 

the possibility of the existence or future formation of isolated frac­

tures which would promote more vigorous dissolution must be addressed. 

This section presents a methodology for determining a "worst case" esti­

mate of very localized salt dissolution that, although implausible, is 

imposed over a much smaller plan area than considered in Section 5.1. 

Two types of mechanisms for removing halite are evaluated: 

• Dissolution through a continuous fracture of 
large vertical extent 

• Dissolution through a cylindrically shaped porous 
zone. 

These two mechanisms are illustrated in Figure 5-3 with the results of 

the salt removal analyses presented in Figures 5-4 and 5-S. 

5.2.1 Dissolution Through a Fracture 

Figure 5-3(A) shows a diagram of a potential fracture-induced dissolu­

tion cavity. Based on discussions in Section 3.2 and the relationship 

defined by Equations (3-1), (3-5), and (3-6), dissolved salt could be 

removed from a halite layer and discharged into the Bell Canyon aquifer 

through convection and diffusion in a single continuous fracture. The 

rate at which dissolved salt could be removed is a function of the 

Rayleigh and Nusselt numbers [Equations (3-5) and (3-6)], the fracture 

width, and the capacity of the aquifer to transport the additional mass 

away (downgradient) from the fracture. The shape of a dissolution cav­

ity formed by this process will depend on the material characteristics 

of the halite layer, especially homogeneity and purity. The Halite I is 

not pure and contains, with varying degree, anhydrite laminae and thin 

clay partings. These impurities will cause the potential cavity to 

advance mostly in the horizontal direction rather than in the vertical 
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direction. However, to provide a representative geometry, the dissolu­
tion is assumed to propagate uniformly in a radial fashion away from the 
fracture so as to form a cylindrical cavity originating at the bottom of 
a halite layer. The density gradient which drives the convection 
mechanism is dependent on the vertical concentration gradient associated 
with saturated brine in the halite layer and the observed salinity 
values in the Bell Canyon aquifer. Similar to the procedure used to 
estimate average salt dissolution, the rate at which salt can be removed 
from the fracture (i.e., the dissolution rate) is assumed to equal the 
product of the aquifer flow rate and the downgradient increase in salt 
concentration above the concentration existing directly below the 
fracture. For the worst case analysis, the downgradient chloride 
concentration is the maximum or saturation value, 190 kg/m3 (315 kg/m3 
salt concentration). As demonstrated in Section 4.4.3, a one­
dimensional analysis such as this which does not incorporate the effects 
of horizontal flow in the Bell Canyon on the vertical concentration 
gradient is sufficient to evaluate the potential implication of the 
worst case scenario. 

Figure 5-4(A) illustrates the rate of development of a cylindrical 
cavity for a chloride removal rate of 10 kg/yr-m (16 kg/yr-m salt re­
moval rate). The dissolution rate is based on an aquifer flow rate of 
0.135 m3 /yr-m and a chloride concentration increase from 120 kg/m3 

beneath the fracture to 190 kg/m3 downgradient of the fracture. Figure 
5-4(B) illustrates the potential cavity sizes in 10,000 years for a 
range of chloride removal rates. Also shown are the minimum fracture 
widths required to transport the indicated chloride removal rates. For 
a given removal rate, the fracture width is the minimum width that could 
transport the indicated amount of chloride from the dissolution zone 
down to the Bell Canyon (100 meters) by a combination of convective and 
diffusive mechanisms. The magnitudes of convective and diffusive tran­
sport that could develop were determined by combining Equations (3-1), 
(3-5), and (3-6) to give an analytical expression for total salt tran­
sport through a fracture as a function of the diffusion coefficient, 
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fracture height, fluid viscosity, concentration difference between the 
top and bottom of the fracture, and the fracture width. By 
chloride concentration difference constant at 70 kg/m3 (190 

holding the 
3 to 120 kg/m 

variation) and equating salt transported through the fracture with salt 
removed by the aquifer, the fracture width becomes a linear function of 
the Bell Canyon aquifer salt removal rate. For a particular salt re­
moval rate, a larger fracture than indicated on the curve of Figure 5-4 
would produce the same dissolution rate. 

A chloride removal rate of 10 kg/yr-m (equivalent to a halite dissolu­
tion rate of about 16 kg/yr-m) requires a minimum fracture width on the 
order of 0.3 millimeter and may result in a dissolution cavity, based on 
the geometry shown in Figure 5-3, with a radius of approximately 7 
meters in 10,000 years for the implausible worst case. Figure 5-6 
illustrates the computed hypothetical cavity relative to the stra­
tigraphy beneath the WIPP facility. The computed width of fracture is a 
minimum value required to sustain the indicated chloride transport 
rate. If the fracture width were greater than the minimum value, the 
rate of salt removal would be unchanged. This is because the dissolu­
tion rate is limited to 16 kg/yr-m due to the Bell Canyon aquifer salt 
removal capacity. 

As discussed above, the worst case analysis for a fracture-induced 
cavity beneath the WIPP facility allows the aquifer transport rate to 
control the rate of dissolution in the Halite I. To assess the most 
critical conditions, the maximum Bell Canyon transport rate was utilized 
in the computations. However, because the dissolution and mass inflow 
from the fracture will raise the aquifer concentration, a reduction in 
the dissolution rate, which is dependent on the concentration gradient 
across the anhydrite, will occur. Figure 5-7 illustrates the influence 
of the mass flow rate into the aquifer and accompanying increase in 
aquifer concentration on the dissolution rate. Figure 5-7(A) presents 
the dissolution rate and radius of a hypothetical cavity beneath the 
WIPP facility. As indicated in the figures, a reduction in 

93 



 

 Information Only 

z 
3:>­
<IID 

"' 0 

<I<! 

"'"' Oa: 
;20 

SALADO FORMATION 
HALITE 

ANHYDRITE ==--==-=--= 
HALITE 

-L....L.~E 
HALITE n 

HALITE I 

(A) FI'!ACTIJRE INDUCED DISSOLUTION 

NOTES: 

I. SEE FIGURE 5-3 FOR WORST 
CASE DISSOLUTION SCttEMES. 

2. SEE FIGURE 2-1 FOR DETAILED 
STRATIGRAPHIC COLUMN OF 
SITE VICINITY. 

3. CAVITY SIZES ARE CALCULATED 
POR 101000 YEAR PERIOD. 

SCALE 

~·~~~~~~~--I~OO~~~~~~·~fMIT~ ! I 
0 ZOO 400 600 FEET 

1$1 1253 HERCUlENE. A.&.B SMITH CO .. PGH .. PA 

TME 3166 

SALADO FORMATION 
HAUTE 

L HALITE ZONE t 
J ABOVE ... ~'!HYDRJTE_; 

ANHYDRITE 
~...z::::-.... ~...=-= 

I ' 
HAUTE 

I 
1 I 

AQUIFER/ j. CANYON 

CASE "A" 1 
DISSOLUTION 

THROUGH A FRACTURE 
HALITE II 

94 

(B) POROUS ZONE INDUCED DISSOLUTION 

Fl GURE 5-6 

ILLUSTRATION OF 
HYPOTHETICAL SOWTION CAVITIES 

FOR 
IMPLAUSIBLE WORST CASE DISSOLUTION 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
ALBUQUERQUE, NEW MEXICO 

D~LONIA 



 

 Information Only 

"' "' 

I< 10 

~ 
" ' a "' i:'i-,_>-
'~ "'-' ,_ 
«'-' 6 a: it 
"' 0"-
...J"-

~~ 
~I 4 
~ct;: 

"'"' "'z zw 

AQUIFER 

~ 

om 2 r-----+---------~------r-------t------+------~ ~;-
...J 
0 

"' "' a oL-----~----~----~----~----~~----J 
0 2,000 4,000 6,000 B,CK)Q ropoo 12,000 

TIME (YEARS! 

7 
V>-
<r>- 6 Wf-
i;J;;i 
!;1 5 

>-"' 
f-"- 4 -o._ 

~it 
3 

~~ 
2 <nW 

::oz -w "'m "'-0: 

~ --
~ r---

-------
-

/ 

/ ! 0 
0 2,000 4,000 6,()(X) 8,000 10,000 12,000 

TIME I YEARS) 

(A) FRACTURES BENEATH WIPP FACILITY 

10 

d:: 

"' a 
"' >--,,_ 
V)f-
:;;-
<t=i a:u 6 
g~ 
:::!·& "'-->: 
"':!: 4 

~s 
z/5 
Qm 2 

3166 

MOTES: 

I. SEE FIGURE 5-6 FOR STRATIGRAPHY 
URDEKLYIRG WlPP FACILITY. 

2. TfiE DISSOLUTION RAT! ARD RADIUS 
OF CAVITY FOR FRACTURES B!HBATH 
THE WIPP FACILITY ARE BASED OR 
Ali UPGII.ADI!NT AQUIFER CHLQRIDE 
COIICENTRATION OF 120 IG/M"' AND 
FLOW RATE OF 0.135 Hl/YR-M. >-­

::0 
...J 3. THE DISSOLUTION RATE AND RADIUS ~ OF CAVITY FOR FRACTURES UP<;RADI--1 
Ul !NT AND BENEATH THE W!PP FACIL-0 0 L--....l----'----~----'-----'-----1 lTY ARE BASED ON AN UPGR.ADI!MT 

"'-o:,_ 
Ulf-
f--w=i 
"'-' -« ,_u: 
f-[1_ 
-o._ >-
5>= 
u;:!: 
ot;: 
cnw 
::oz 
-w "'m "'-0: 

0 2,000 4,000 6,000 8,000 10,000 12,000 AQUIFER CRLOil~DE CONCENTRATION 
OF 151.5 KG/K AND PLOW RATE OF Tl ME (YEARS) 0.135 M3/YR-K. 

7 

6 1--

5 

4 

3 

2 

/ 
f--

0 
0 2,000 

-
~~-r 

4,000 6{)00 8,000 

TIME (YEARS) 

4, COMPUTATION OF THE DISSOLUTION 
RATE AND RADIUS OF CAVITY AR! 
BASED ON IHSTANTAREOUS MIXING 
THROUGHotrr nt! 30 METER AQUIFER 
THICJCNESS AND A OOin'ROL VOLUME 
30 METERS IN LI!:NGI'H. A SMALLER 
CONTROL VOLUME WOULD RI!:SULT IN 
DEVELOPMENT OF THE STEADY STATE 
DISSOLUTION RATE AT AN EARLIER 
TIME. 

FIGURE 5-7 

PREPARED FOR 

(B) FRACTURES UPGRADIENT AND BENEATH WIPP 
FACILITY 

WESTINGHOUSE ELECTRIC CCfiPQRATJON 
ALBUQUERQUE , NEW MEXICO 



 

 Information Only 

TME 3166 

the dissolution rate and cavity development occurs during the initial 
4,000 years following initiation of mass transport through the assumed 
fractures due to a rapid increase in aquifer concentration. Beyond this 
time, the dissolution rate is essentially constant, resulting in a more 
gradually increasing cavity radius. In comparison with the worst case 
analysis in which the maximum aquifer chloride transport rate of 10 
kg/yr-m is considered constant, Figure 5-7(A) illustrates a decrease in 
the transport rate to a steady-state value of approximately 4.2 kg/yr-m 

and the development of a hypothetical cavity radius of about 5 meters in 
10,000 years. 

An investigation was also conducted in which the dissolution associated 

with fractures directly beneath and also upgradient of the WIPP facility 
would be controlled by the maximum aquifer transport rate. The results 
of this analysis are shown in Figure 5-7(B) which includes the 

hypothetical time rate of dissolution and cavity development beneath the 
WIPP facility considering the influence of mass inflow from fractures 
upgradient of the facility. Should fractures be present upgradient, an 
increase in concentration in the aquifer would be encountered with the 
result of decreasing the dissolution rate beneath the WIPP facility due 
to the reduced concentration gradient scross the anhydrite. As 
indicated in Figure 5-7(B), the dissolution rate is less than 50 percent 
of the rate presented in Figure 5-7(A) and the radius of a hypothetical 
cavity would be less than four meters. 

An assessment of the impact of a solution cavity, which may be associ­

ated with this scenario, on the integrity of the underground WIPP facil­
ity is presented in Section 5.3. The following section addresses the 

second worst case scenario, dissolution through a porous zone. 

5.2.2 Dissolution Through a Porous Zone 

Figure 5-3(B) presents a diagram of a potential cavity formed by convec­
tion and diffusion through a zone of relatively porous material. The 
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physical meaning of mass transport through such a porous zone may be in­
terpreted as simply movement through a porous medium, such as the anhy­
drite, or movement through a fractured zone of material with higher per­
meability. The quantity of salt that could be removed from a region 
overlying such a zone is a function of the Rayleigh and Nusselt numbers 
for flow through a cylindrically shaped porous zone [Equations (3-8) and 
(3-9)], the zone diameter, and the capacity of the Bell Canyon aquifer 
to transport the additional mass downgradient from the porous zone. As 
with the fracture, the geometry of a cavity produced by this process is 
dependent on many complex factors. However, the minimum areal extent 
(i.e., diameter) of the zone can be determined [Equation (3-4)] so that 
the maximum total height of a solution cavity can then be calculated by 
knowing the mass transport capacity of the Bell Canyon aquifer. For the 
computations that were performed, it was assumed that the dissolution 
front above the porous zone would propagate in a predominantly vertical 
direction due to the large horizontal area (as compared to a fracture) 
over which dissolution takes place. 

Similar to the analysis presented in Section 5.2.1, the maximum chloride 
transport rate based on existing aquifer characteristics is approximate­
ly 10 kg/yr-m, corresponding to a halite dissolution rate of about 16 
kg/yr-m. As discussed in Section 3.2.4 and presented in Table 3-1, the 
removal of salt by diffusion is approximately equal to removal by con­
vection for an intrinsic permeability of 4 x l0-17 square meters (ap­
proximately equivalent to a hydraulic conductivity of 4 x 10-lO meters 
per second). At greater permeabilities, convection dominates and, at 
lesser permeabilities, diffusion is dominant. As may be expected, for 
large-diameter zones (and small permeabilities), the height of a poten­

tial salt cavity approaches the average height calculated with the 
numerical model (0.34 centimeter in 10,000 years) as presented in Sec­
tion 5.1 for average dissolution beneath the site. 

The results of the calculations are presented in Figure 5-5. Figure 
5-5(A) illustrates the dependence of the porous zone diameter and height 
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on the intrinsic permeability of the porous zone for a Bell Canyon chlo­

ride transport rate of 10 kg/yr-m. These curves show the maximum poten­

tial size (height and diameter) of a cavity for a wide range of permea­

bility characteristics of the anhydrite unit. Figure 5-5(B) illustrates 

the hypothetical maximum potential cavity sizes based on the possible 

range of aquifer chloride removal rates due to parameter variability. 

For a chloride transport rate of 10 kg/yr-m, the diameter of a 

cylindrical cavity as depicted in Figure 5-3 was calculated to be 

approximately 93 meters and the height was determined to be 1 meter in 

10,000 years for an intrinsic permeability of lo-14 square meters in the 

Castile anhydrite. Figure 5-6 presents the hypothetical cavity in 

relation to the overlying stratigraphy in the vicinity of the WIPP 

facility. Selection of this intrinsic permeability is believed 

representative of the worst case analysis since this value reflects a 

high degree of fracturing (approximately equivalent to a hydraulic 

conductivity of 10-7 meters per second). A discussion of the 

implications for the underground WIPP facility of the generation of 

dissolution cavities follows in the next section. 

5.3 IMPLICATION OF DISSOLUTION ON THE UNDERGROUND WIPP FACILITY 

The effects of development of solution cavities in a halite layer, as 

determined above, have been assessed by considering the physical 

phenomena associated with development, support, and stabilization of a 

potential void. The three cases presented above which must be addressed 

are: 

• Average dissolution cavity development over the 
Delaware Basin area due to diffusion of halite to 
the underlying aquifer resulting in a potential 
cavity height of less than 10 centimeters in 
10,000 years. 

• Implausible worst case dissolution cavity devel­
opment under the WIPP facility due to convection 
and diffusion through a fracture of large verti­
cal extent resulting in a cylindrical cavity 
(Figure 5-6) with a radius of 7 meters in 10,000 
years. 
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• Implausible worst case dissolution cavity devel­
opment under the WIPP facility due to convection 
and diffusion through a porous or fractured zone 
of large horizontal and vertical extent resulting 
in a cavity (Figure 5-6) with a diameter of 93 
meters and a height of 1 meter in 10,000 years. 

TME 3166 

The purpose of this assessment is to identify the significance of the 
present diffusion rate and the potential effects of the worst case sce­
narios. While a more detailed rock mechanics study would be required to 
analyze and quantify the effects of a void on the overburden stresses, 
the considerations discussed herein address the physical phenomena which 
would mitigate the influence of a dissolution cavity on the underground 
WIPP facility. 

Several factors influence the development of a dissolution cavity. The 
development will be retarded due to the overburden pressures which can 
initiate creep and flowage of salt into a void. The rate of creep is 
dependent on the difference in pressure associated with the brine-filled 
cavity and the lithostatic pressure imposed by the overburden as well as 
the material properties of the halite. The stress associated with this 
pressure difference is difficult to predict and consequently an 
assessment of the effect of creep during development of the cavity has 
not been quantified at this time. Considering a fracture of large 
continuous extent, corresponding to the second case identified above, 
halite at depths associated with the Castile Formation would tend to 
"heal" such a fracture and limit convective diffusion from the salt unit 
as well as retard cavity development. Similar mechanisms would 
influence the ability of a fracture network to sustain a significant 
dissolution rate. 

Should development of a cavity be encountered, the rock overburden may 
provide support to prevent collapse and influence of overlying halite 
units. Consideration of support of a possible cavity is more appropri­
ate for the higher dissolution rates associated with the worst case 
scenarios. It can be anticipated that should a brine-filled solution 
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cavity develop in the Halite I due to deep-seated dissolution, the over­

burden would provide some support in mitigating subsidence propagation. 

Stabilization of a cavity can occur due to creep and flowage of salt. 

The extent of influence of this stabilizing mechanism on the overburden 

is dependent on the stratigraphy and properties of the overlying halite 

and anhydrite as well as the size of the cavity and rate of creep which 

is significantly affected by the deviatoric stress. However, the brine 

pressures in a cavity would decrease the deviatoric stresses around the 

cavity, hence slowing its closure due to creep. 

As indicated above and discussed in detail in Section 5.1, the average 

dissolution rate may be anticipated to result in a cavity at the Halite 

I horizon throughout the Delaware Basin of less than 10 centimeters in 

10,000 years, provided mechanisms such as creep do not eliminate or re­

tard development. The underground WIPP facility is more than 400 meters 

above the Halite I horizon. Based on the physical phenomena associated 

with development, support, and stabilization of a solution cavity, a 

dissolution ·zone of 10 centimeters cannot be anticipated to have an 

effect on the site integrity. 

Figure 5-6 presents the potential implausible worst case dissolution 

cavities (fracture and porous zone induced) relative to the stratigraphy 

underlying the underground WIPP facility. Dissolution under the im­

plausible worst case conditions analyzed could result in development of 

a cavity with a 7:meter radius considering a fracture induced mechanism 

and a cavity 1 meter in height for a porous zone (93 meters in diameter) 

in 10,000 years. As ~s evident in Figure 5-6, more than 400 meters of 

overburden exist between the implausible worst case potential cavities 

and the floor of the WlPP underground facility. As a result, the propa­

gation of the dissolution front would cause a creep deformation of the 

overburden salt prompting closure of the cavities. Considering the 

extremely small volume of salt removed in comparison with the total 

strata thickness, the vertical propagation of this deformation would 
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probably be limited to the lower section of the Halite I. As a result, 
development of a cavity based on the present dissolution rate as applied 
over the basin area, or associated with the worst case conditi.ons 
considered here, is not anticipated to influence the performance of the 
underground WIPP facility. 
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6.0 CONCLUSIONS 

The site geology and specific geologic evidence of dissolution of salt 
deposits in the Delaware Basin have been reviewed. The origin (near­
surface as opposed to deep-seated) and rate of dissolution, as reported 
by various investigators (Anderson, 1978; Bachman, 1974), together with 
geochemical data in the Bell Canyon and Capitan Reef aquifers, clearly 
suggest that some deep-seated dissolution is present in the basin. A 
study of the potential mechanisms for deep-seated dissolution, molecular 
diffusion, and convective transport indicates that their solution 
capabilities are plausible relative to the geochemical and physical 
evidence of salt removal. 

To demonstrate the dissolution capabilities of the salt removal mech­
anisms, one-dimensional analytical equations describing the mechanisms 

and their interrelationship have been applied to the Delaware Basin. 
Two-dimensional numerical modeling of flow and mass transport has pro­
vided a more precise study of salt dissolution in the Castile Formation 
and mass transfer to the Bell Canyon aquifer. The results of the model­
>ng are consistent with observed chloride concentration levels in the 
Bell Canyon aquifer. 

The potential solution zone which may develop based on the present dis­
solution rate as calculated in this study was determined from the ana­

lytical and numerical studies. In addition, two implausible worst case 
scenarios we~e also developed and the sizes of associated solution cavl­
ties estimated. Based on the calculated solution cavities, the possible 
implications of development of a dissolution cavity at the Halite I 
horizon on the integrity of the underground WIPP facility were assessed. 

Based on this study, as summarized above, the following conclusions have 
been developed: 
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• Observed features which provide evidence for 
deep-seated dissolution are located at the 
Capitan Reef margin and consist primarily of 
breccia pipes. The origin of other dissolution 
features observed in the basin is open to 
interpretation although near-surface rather than 
deep-seated dissolution appears more plausible. 

• The residence time of groundwater in the Bell 
Canyon aquifer is relatively long, with a flow 
rate which requires more than two million years 
to travel from recharge near the west reef margin 
to discharge at the east section of the Capitan 
Reef. 

• The potential dissolution mechanisms include dif­
fusion and convection from halite layers to 
underlying aquifers. Computation of the present 
dissolution rate based on observed chloride 
concentration levels in the Bell Canyon indicates 
that diffusion and possibly very weak convection 
result in the removal of halite from the 
Castile. However, convection may be considerably 
more significant at locations adjacent to the 
Capitan Reef aquifer. 

• Evaluation of the present DMG hydrogeologic and 
geochemical conditions and review of their poten­
tial range of values indicate that halite disso­
lution associated with the Bell Canyon aquifer 
will not impact the underground WIPP facility. A 
solution zone of less than 10 centimeters in 
height was calculated based on the maximum disso­
lution rate in 10,000 years. 

• Based on an analysis of potential changes in the 
hydrologic characteristics (i.e., hydraulic gra­
dient) of the Bell Canyon aquifer, a possible in­
crease in flow rate of one order of magnitude in 
the future would not impact the WIPP facility 
over the period of investigation, 10,000 years. 

• Based on an analysis of the maximum potential 
dissolution rate associated with convective and 
diffusive dissolution mechanisms at the Bell 
Canyon aquifer-Castile Formation interface (i.e., 
worst case), no impact should be observed at the 
underground WIPP facility during the period of 
investigation, 10,000 years. 
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As part of this study, the salt dissolution mechanisms consisting of 
diffusion and convection have been investigated. Chapter 3.0 has ad­
dressed hypotheses based on these mechamisms, and the significance of 
the parameters which influence the diffusion and convection processes 
was presented. As is evident from this study, brine density flow or 
convective dissolution is a potential mechanism for removal of halite 
and its occurrence in the Delaware Basin is possible in areas overlying 
and at the Capitan Reef aquifer margin. However, the geochemical data 
from the Bell Canyon aquifer suggest that, if convective dissolution is 
a phenomenon related to this aquifer, it is not significant and results 
in dissolution at a rate no greater than that associated with the 
diffusive dissolution mechanism. Furthermore, the very low flow rate of 
the Bell Canyon aquifer and the associated salt transport rate indicate 
that significant convective dissolution of halite in the overlying 
Castile and Salado Formations would be prevented due to the inability of 
the aquifer to maintain the density gradient for any significant time 
period. 
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In this appendix, theories related to salt transport simulation 
techniques and the governing equations for flow and mass transport 
through a porous media in a two-dimensional vertical plane are pre­
sented. Numerical techniques are summarized in Section A.l and the 
governing equations which include density variations are given in 
Section A.2. Section A.3 contains the governing equations where density 
variations are neglected. 

A.l REVIEW OF NUMERICAL SIMULATION TECHNIQUES 
Modeling of the effects of salt water (i.e., seawater or brine) merging 
with relatively fresh water in an aquifer has received considerable at­
tention and has been studied in two different ways. The first approach 
considers that the salt and fresh waters are two immiscible fluids sepa­
rated by an abrupt interface. The second approach considers them to be 
miscible fluids without formation of a distinct interface. 

Diffusion is an important process in a zone where salt water mixes with 
fresh water (Lee and Cheng, 1974). Because the immiscible fluid ap­
proach does not take into account the effects of diffusion between the 
two fluid phases, it should be used only when the influence of diffusion 
is relatively small. It would, for example, be appropriate for a very 
short time scale. However, the effect of diffusion should be included 
(e.g., Rumer and Shiau, 1968) in the evaluation of salt water merging 
with fresh water over the long time periods (tens of thousands of years) 
addressed in this study. Therefore, the miscible fluid approach, which 
incorporates the diffusion mechanism, is used in this study to evaluate 
the transport of salt into and through the Bell Canyon aquifer. 
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The Miscible Fluids Approach 

The mixing of two miscible fluids is usually referred to as hydrodynamic 

dispersion. In the context of this investigation, saturated brine from 

the Castile Formation may be considered to mix with the unsaturated 

groundwater in the Bell Canyon Formation. 

Simulations of hydrodynamic dispersion can be divided into two 

categories--density-dependent and density-independent cases. In a 

density-dependent case, groundwater density varies as a function of the 

salt concentration. In a density-independent case, groundwater density 

is assumed constant and is independent of the salt concentration. The 

major difference between these two categories in terms of the governing 

equations for salt transport is that in the density-independent case the 

potentiometric head, the sum of water pressure and elevation heads, is a 

valid physical quantity, but this is not necessarily true in the 

density-dependent case (Bear, 1972). This difference results in two 

somewhat different governing equations describing the physical 

phenomena. However, the basic theories remain the same for both 

cases. In addition, for relatively shallow and long aquifers where 

variation of salt concentration with distance is small, the two methods 

will produce similar results. 

In the following paragraphs, important and general features of hydro­

dynamic dispersion for density-independent cases are reviewed first. 

Then, density-dependent transport is discussed as a special case of 

hydrodynamic dispersion. 

Density-Independent Hydrodynamic Dispersion 

The physical processes that control the salt concentration >n an aquifer 

are convection and hydrodynamic dispersion. Convection is the component 

of salt movement attributable to transport by flowing groundwater. 

Hydrodynamic dispersion occurs as a result of mechanical mixing and 

molecular diffusion (Freeze and Cherry, 1979). 
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It is usually simulated by using a lumped parameter called the hydrody­

namic dispersion coefficient (or simply dispersion coefficient). This 

dispersion coefficient consists of two parts (Scheidegger, 1961): (1) 

the mechanical dispersion coefficient, which incorporates the mechanical 

dispersion mechanism and is dependent on groundwater velocity and dis­

persivity, and (2) the molecular diffusion coefficient, which represents 

the molecular diffusion mechanism and is relatively constant for a spe­

cific ionic species in a given medium. In a two-dimensional problem, 

there is a longitudinal and transverse dispersivity. The longitudinal 

dispersivity is defined as the dispersivity in the direction of flow, 

and the transverse in the direction normal to flow. Definitions of the 

dispersion coefficient and the complete density-independent mass 

transport equations are given in Section A.2. The dispersion 

coefficients observed in the field can be several orders of magnitude 

larger than those obtained by laboratory tests with similar materials 

(Fried, 1975; Konikow and Bredehoeft, 1974). This large difference is 

attributable to the fact that hydraulic conductivity under field 

conditions is usually nonhomogeneous. A nonhomogeneous aquifer contains 

different materials with significantly different hydraulic 

conductivities. A stochastic analysis was performed by Gelhar, et al. 

(1979), to study the dispersive process in a nonhomogeneous porous 

medium. They indicated that the dispersion coefficient for large times 

is in the form of the product of the mean velocity and a dispersivity. 

This conclusion agrees in principle with the relationship between the 

dispersion coefficient and velocity developed by other investigators 

(e.g., Scheidegger, 1961; Bear, 1972). 

Several analytical solutions exist for evaluation of dispersion in 

groundwater. Most of these treat the flow field as steady state and 

uniform. A comprehensive review of analytical models is given by Bear 

(1972). An analytical solution for velocity-dependent dispersion was 

developed by Tang and Baba (1979). 
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Numerical techniques have been widely employed to investigate dispersion 
problems in complex groundwater systems. The finite difference and 
finite element schemes are the two most popular numerical methods used 
to simulate field conditions of hydrodynamic dispersion. A large number 
of articles dealing with numerical simulation of mass transport in 
groundwater can be located in various technical journals and reports. 
Only a few of these papers are cited in this report. 

Density-Dependent Hydrodynamic Dispersion 

In general, variations in salt concentration cause changes in the 
groundwater density which, in turn, can affect the flow regime (i.e., 
velocity distribution). However, at relatively low concentrations, 
groundwater density is often assumed to be constant (Bear, 1972). The 
other mechanisms, such as hydrodynamic dispersion, that affect the con­
centration distribution in the density-independent case also apply to 
the density-dependent problem. 

A large amount of work has been performed in studying problems of sea­
water encroaching fresh water aquifers. Seawater has a density about 
three percent higher than that of fresh water. For this density con­
trast, seawater encroachment has been studied by considering groundwater 
density as a variable (Pinder and Cooper, 1970; Lee and Cheng, 1974; 
Segol, et a1., 1975; and Segal and Pinder, 1976). Pinder and Cooper 
(1970) and Lee and Cheng (1974) presented results which demonstrated the 
development of a recirculation process where seawater reverses its di­
rection due to density variations. Lee and Cheng (1974) also indicated 
that 10 percent or more of the intruded seawater flows back toward the 
sea through the recirculation. However, investigations of similar prob­
lems considering groundwater density as constant fail to depict the 
recirculation phenomenon (i.e., Romoser and Knapp, 1977). 

Sego1, et al. (1975), and Segol and Pinder (1976) also solved transient 
seawater intrusion problems. In their results, they indicated that flow 
recirculation could be neglected only for small groundwater velocities. 
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Among these density-dependent simulations, no attempt has been made to 
examine the significance and influence of ignoring the density 
variations4 

Summary 

Density-dependent simulations of salt water intruding a fresh water 
aquifer have indicated the potential for a recirculation phenomenon in 
which various flow patterns are established due to vertical and horizon­
tal variations of fluid density. The resulting changes in flow patterns 
can affect the distribution of salt in the aquifer and the rate of salt 
influx into the aquifer. In order to understand the implications of 
ignoring or including density variations for a particular problem, the 
most direct method is to perform the computations using both assumptions 
and then compare the results. The implications can also often be deter­
mined by analyzing the relevent equations, understanding the assumptions 
involved in using the equation, and investigating the application of the 
theories and equations to the problem. 

A.2 DENSITY-DEPENDENT FLOW AND MASS TRANSPORT 

The governing equation of groundwater flow in a two-dimensional vertical 
plane is (Pinder and Gray, 1977): 

where 

a 
ax 

Pk 
[~ (~)] 

11 ax 
a +­az 

pk 0 zz on [-- <~ + pg)] 
)l az 

p = the fluid pressure (M/1T2 ); 

kxx = the principal intrinsic permeabi 1 i ty of the medium 
x-direction (12); 

kzz = the principal intrinsic permeability of the medium 
z-direction (12 ); 

)l = the dynamic viscosity of fluid (M/1T); 

p = the fluid density (M/13 ); 

Ps = the density of the source (sink) fluid (M/13) t 

g = the acceleration due to gravity (1/T2 ); 

X = the horizontal Cartesian coordinate (1); 
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z = the vertical Cartesian coordinate (L); 
n = the porosity (dimensionless); 
Q = the strength of source or sink (L2 /TL2); and 
t = time. 

apn It is possible to express the term, ~· in Equation (A-1) as a function 
of pressure and concentration if the density is considered variable 
(e.g., Reddell and Sunada, 1970). However, in the simulation of 
density-dependent flow, the movement of solute is so slow relative to 
the pressure propagation that the pressure response can be considered 
instantaneous. Also, the concentration change with respect to time can 
be considered negligible compared to other terms in this equation. 
Based on these two assumptions, the governing equation of density­
dependent flow results in (Segal, et al., 1975): 

a +-az 
pk a 

[----E. (~ + pg) l 
~ oz = 0 (A-2) 

Equation (A-2) with pertinent boundary conditions is solved to obtain 
the fluid pressure in the domain of interest. After fluid pressure is 
determined, the velocities can he evaluated by Darcy's equation (Bear, 
1972): 

and 

where 

k 
(!£) v XX = 

X n )1 ax (A-3a) 
e 

k 
(~ v zz + pg) = 

z n )1 az e 
(A-3b) 

= the velocities of fluid flowing through pores 
(L/T), in the x and z directions, respectively, and 

ne = the effective porosity of the medium. 

After solving for the pore velocities, mass concentrations can be come 
puted. The equation describing the distribution of mass concentration 
in a two-dimensional vertical pla~e is (Segal, et al., 1975): 
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a (D ~) + 2_ (D ~) - 2_ (V C) - 2_ (V C) ax xxax 3z zzaz 3x X 3z Z 

ac =-at (A-4) 

where 

C =the mass concentration (M/L3); and 

= th~ hydrodynamic dispersion coefficients 
(L /T), in the x and z directions, respectively. 

The hydrodynamic dispersion coefficients for an isotropic medium in a 
two-dimensional vertical plane can be written as (Bear, 1972): 

and 

where 

v v v v 
* X X D __!_____! + D DL --+ DdT XX v2 T v2 

v v v v 
* D ~+ z z D = DL --+ DdT zz T v2 v2 

V = magnitude of the groundwater velocity (L/T) = 
(V 2 + V 2) 1/2 

X Z ' 

DL = the longitudinal dispersion coefficient (L2 /T), 
DT =the transverse dispersion coefficient (L2/T), 
D~ =the molecular diffusion coefficient (L2/T), and 
T the tortuosity of the medium (dimensionless). 

(A-S) 

(A-6) 

The longitudinal and transverse dispersion coefficients are defined by: 

where 

(A-7) 

(A-8) 

a 1 =the longitudinal dispersivity in the direction of flow (L), 
and 

122 



 

 Information Only 

] 

TME 3166 

= the transverse dispersivity normal to the direction of 
flow (L). 

Since the groundwater density changes as a result of salt concentration, 
an equation of state, which relates the groundwater density to salt 
concentration, is needed ~n addition to the governing equations of flow 
and salt transport. The equation of state in this study is approximated 
by (Hiss, 1975): 

where 

S = 6.466 X 10-7 C + 1.002 

C =the total dissolved solid concentration (mg/1), and 
s = the specific gravity of brine being the ratio of brine 

density to pure water density (dimensionless). 

A.3 DENSITY-INDEPENDENT FLOW AND MASS TRANSPORT 

(A-9) 

If the fluid density is considered constant, the govern~ng equation for 
flow (A-1) can be further formulated into a more concise form by intro­
ducing the following quantities: 

where 

and 

p 
lj> = -+ z pg 

lj> =the potentiometric head (L), 
p 

the pressure head (L), and -= pg 
Z =the elevation head (L). 

pgk 
K 

XX = 
XX Jl 

pgk 
K = zz 

zz Jl 
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where 

; the principal hydraulic conductivities (L/T) 
along the x- and z-directions, respectively. 

By introducing~. ~x' and Kyy into Equation (A-1), the time derivative apn · ff · · S term~ can be presented as a funct1on of storage coe 1c1ent, J 

potentiometric head, and aquifer thickness, b (Todd, 1959; DeWiest, 
1965). As a result, Equation (A-1) can be written in the following 
form: 

a (K ~) + _i_ (K ~) h XX a X a Z Z Z a Z 

· s a~ Q ;-­
b at (A-ll) 

In Equation (A-ll), the density of source fluid is assumed to be equal 
to the density of fluid in the aquifer. Equation (A-ll) is the govern­
ing equation of flow in density-independent cases. 

The governing equation for mass transport in the density-independent 
case is identical to Equation (A-4), which is the mass transport 
equation in the density-dependent condition. 
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The results of sensitivity analyses performed to determine the signif­

icance of various parameters on the salt dissolution rate are presented 

in this appendix. The appendix is organized in two sections. In 

Section B.l, the variation of dissolution rate with respect to diffusion 

controlled mechanisms is discussed. In Section B.2, the significance of 

the mass transport capacity of the Bell Canyon aquifer on salt removal 

is discussed. 

B.l SENSITIVITY OF DIFFUSION-CONTROLLED DISSOLUTION PARAMETERS 

As discussed in various sections of the text, the Bell Canyon aquifer is 

separated from the Halite I by an impervious, relatively low solubility 

anhydrite. Furthermore, among various salt dissolution mechanisms, the 

diffusion process is the dominant factor in removal of salt from Halite 

I into the Bell Canyon aquifer. In this section, the significance of 

various parameters on diffusion-controlled salt dissolution mechanisms 

is evaluated and their relative importance identified. The types of 

input parameters required for the modeling of diffusion-controlled 

dissolution and the ranges of values investigated for the sensitivity 

analysis are shown in Table B-1. The ranges were established based on 

the available site data, literature values, and experience with the 

nature of the input data. The following parameters are used in this 

analysis: 

• Hydraulic conductivity, K, of the Bell Canyon 
aquifer 

• Effective porosity, 
aquifer 

of the Bell Canyon 

• Molecular diffusion coefficient, Dm' of chloride 
in the Castile Formation 

• Longitudinal and transverse dispersivity of the 
Bell Canyon aquifer (DL and DT, respectively) 
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TABLE B-1 
NUMERICAL MODEL INPUT PARAMErERS 

FOR SENSITIVITY ANALYSIS(!) 

INPUT PARAMETERS(Z) RANGE 
OF VALUES 

TME 3166 

UNITS 

Hydraulic Conductivity 0.5 to 18.0 Meters per year of Bell Canyon Aquifer, K 

Effective Porosity of 
Bell Canyon Aquifer, ne 

Molecular Diffusion Co­
efficient, Dm 

Longitudinal Dispersivity 
of Bell Canyon Aquifer, ~ 

Transverse Dispersivity 
of Bell Canyon Aquifer, DT 

Ratio of Longitudinal to 
Trans~~5se Dispersivity, 
DL/DT 

Effect Thickness of Aquifer, b 

Thickness of Diffusion Zone(4) 
in Castile Formation 

Hydraulic Gradient, i 

Upgradient Chloride Concentra­
tion Boundary Condition in 
Bell Canyon Aquifer, Cu 

0.05 to 0.25 

2. 7 X 10-3 -~0 
13.6 X 10 

0.3048 to 
30.48 

0.3048 to 
30.48 

0.1 to 10.0 

30 to 300 

100 to 600 

0.0013 to 
0.0039 

0 to 150 

(1) 
Refer to Appendix A for parameter definitions. 

(m/yr) 

Dimensionless 

Square ~ters 
year (m /yr) 

Meters (m) 

Meters (m) 

Dimensionless 

Meters (m) 

Meters (m) 

Meters per 
meter (m/m) 

Kilograms per 
cubic meter 
(kg/m3 ) 

per 

(Z) f h f . . . 1 . Range o t e parameter values selected or sens1t1v1ty ana ys1s are 

(3) 

for identifying the significance of key parameters on the dissolution rate. These ranges do not represent the variation of these 
parameters either in the Bell Canyon aquifer or the Castile 
Formation. 

For DL/DT = 0.1, DL = 3.048m and DT = 30.48m. 
For DL/DT = 1.0, D1 = 3.048m and DT 3.048m, also DL- DT = 0.3048m 

and D1 = DT = 30.48m. 
For D1/DT = 10.0, DL = 30.48m and DT = 3.048m. 

(4) f . . Re er to Flgure 4-3 for location of diffus1on zone. 

130 



 

 Information Only 

0 

' 

• Ratio of longitudinal to transverse dispersivity, 
DL/DT 

• Thickness of the Bell Canyon aquifer, b 

• Thickness of the diffusion zone between the 
halite and the Bell Canyon Formation 

• Upgradient concentration boundary condition for 
chloride, Cu 

TME 3166 

The results of the analyses are graphically presented in Figure B-1 and 
are summarized in Table B-2. This table relates the percentage change 
(in relation to the values in Table 4-1) in an input parameter to the 
resulting percentage change in average salt dissolution rate. The 
graphs in Figure B-1 show the relationship between the changes in the 
salt dissolution rate and the individual parameters shown in Table 4-1. 
The vertical axes of the graphs are nondimensionalized with the average 
salt dissolution height (0.34 centimeter per 10,000 years) obtained from 
the modeling described in Section 4.4.3. This average salt dissolution 
height is based on parameters which are considered most representative 
of conditions at the WIPP site. The graphs can be used to determine 
what effect the change in a parameter such as hydraulic conductivity, 
effective porosity, or molecular diffusion coefficient will have on the 
salt dissolution height. As shown in Figure B-l(A), an increase in Bell 
Canyon aquifer hydraulic conductivity from 1.8 to 18.0 meters per year 
would result in a 17 percent increase in dissolution height (H/Href• 
dimensionless dissolution rate, increases from 1.0 to 1.17). Similar 
effects due to other parameter variations can be seen from the 
additional curves in Figure B-1. 

Based on the results presented in Figure B-1 and Table B-2, the 
following conclusions related to diffusion-controlled dissolution of 
salt in the Castile Formation can be made: 

• The dissolution rate is sensitive to the hydrau­
lic conductivity of the Bell Canyon aquifer. 
Since flow is also directly proportional to the 
hydraulic gradient, the effects of relative 
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INPUT PARAH!TER(2) 

Hydraulic conductivity 
of Bell Canyon aquifer, 
K 

Molecular diffusion 
coefficient, Da 

Effective porosity of 
Bell Canyon aquifer, "• 

Disperaivity coefficient 
of 'Bell Canyon 
aquife/ 3) 

Ratio of longitudinal 
to transverse disper-
sivity, DL/"r 

Thickness of diffusi(n zone 
in Castile Formation 4) 

Effective thickness of 
Aquifer, b 

Upgradient chloride con-
centration boundary condi-
tion in Se 11 Canyon aquifer, 
c, 

Hydraulic gradient, i 

TABLE B-2 
SUMMARY OF THE RESULTS OF SENSITIVITY(J.NALYSIS 

OF SALT DISSOLUTION PARAMETERS 1) 

VALUE 

0.5 
1.8* 
18.0 

2. hl0-3 

8.7:d0-J* 
13.6xl0-3 

0.05 
0.16* 
0.25 

.3048 
3.048* 
30.48 

0.1 
1.0* 
10.0 

100* 
300 
600 

30* 
100 
300 

0 
100* 
150 

0.0013 
0.0025* 
0.0039 

UNITS 

lietera per 
year (m./yr) 

Square meters 

Pc:2 J.;"!ra)r 

Dimensionless 

Meters (m) 

Dimensionless 

Meters (m) 

Meters (m) 

Kilograms pee 
cubic meter 

(kg/mh 

Meters per 
meter (m/m) 

'PERCENTAGE CHANCE OF 
INPUT PARAMETER FROM 

BASE VALIJE 

-72 

+900 

-68 

+56 

-69 

+56 

-90 

+900 

-90 

+900 

+200 
+500 

+233 
+900 

-100 

+50 

-48 

+56 

SALT DISSOLUTION 
REIGHT (centimeters 
per 10,000 years) 

0.14 
0.34* 
0.40 

0.13 
0.34'* 
0.42 

C.l2 
0.34* 
0.42 

0.34 
0.34* 
0.34 

0.34 
0,34* 
0.34 

0.34* 
0.13 
0.05 

0.34* 
0.52 
0.62 

0.77 
0.34* 
0.12 

0.25 
0.34* 
0.37 

*Indicates base value from Table 4-1. 

(I) 
Refer to Appendi1 A for parameter definitions. 

(2) 

THE 3166 

PERCENTAGE CHANGE OF 
SALT DISSOLUTION RATE 

FR.OM BASE VALIJE 

-57 

+17 

-61 

+24 

-63 

+26 

+0 

+0 

+0 

+0 

-61 

-·· 
+55 
+86 

+129 

-64 

-25 

+10 

Range of parameter values selected for sensitivity analysis are for identifying the significance of key parameters on the dissolution rate. These ranges do not represent the variation of these parameters either in the Rell Canyon aquifer or the Castile Formation. 
(3) 

Equal longitudinal and transverse disperaivities are used. 
(4) 

Refer to Figure 4-3 for location of diffusion zone. 
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changes in flow rate can be inferred using Figure 
B-l(A). 

The variability Ln effective porosity [Figure 
B-l(B)) of the Bell Canyon aquifer is also an 
important factor in the salt dissolution rate, 
but its variation is not expected to produce more 
than a 65 percent change. 

The effective aquifer thickness of the Bell Can­
yon Formation is also a significant parameter in 
the dissolution rate. Most of the available data 
suggest that this thickness is about 30 meters. 
An increase in thickness to 300 meters would re­
sult in a 80 to 90 percent increase in dissolu­
tion rate [Figure B-l(C)). 

The dissolution rate decreases as the thickness 
of the diffusion zone increases. 
thickness exceeds 400 meters, the 
less pronounced [Figure B-l(D)]. 

However, as the 
effect becomes 

• The dissolution rate increases with the increase 
of the molecular diffusion coefficient. For 
example, a 56 percent increase in molecular 
diffusion will result in a 25 percent increase in 
dissolution rate [Figure B-l(E)]. 

• The dispersivity of the Bell Canyon aquifer does 
not significantly influence the dissolution rate 
[Figures B-l(F) and (G)). 

• The dissolution rate is directly proportional to 
the chloride (salt) concentration of the Bell 
Canyon aquifer [Figure B-l(H)]. Lower chloride 
levels will result in more dissolution from the 
Castile Formation. The greatest rate of salt 
removal would occur if fresh water exists in the 
aquifer beneath the WIPP site. This. could poten­
tially double the dissolution rat~rPresented in 
Section 4.4.3. ' 

TME 3166 

The significance of the sensitivity analysis with respect to the in­

tegrity of the WIPP site is discussed in Section 5.1. 
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B.2 SENSITIVITY OF DISSOLUTION CONTROLLED BY THE BELL CANYON AQUIFER 

The salt dissolution rate is also affected by the Bell Canyon aquifer 

salt transport rate. In this case, the rate of removal can conserva­

tively be correlated with the mass transport capacity of the Bell Canyon 

aquifer because the amount of dissolved salt is restricted by the amount 

that can be transported away from the dissolution zone. As a result, an 

important factor in evaluating and interpreting existing data is the 

Bell Canyon aquifer flow rate, Q. It is defined by: 

Q = Kib (B-1) 

where 

Q = the flow rate per unit width Cm3/m-yr), 

K = the hydraulic conductivity (m/yr), 

i = the hydraulic gradient (m/m), and 

b = the aquifer thickness (m). 

The salt transport rate within any segment of the aquifer, hM, is equal 

to the salt dissolution rate from the Castile at that specific section. 

It can be stated as: 

hM = QhC = KibhC (B-2) 

where hC is the concentration difference (kg/m3) between the two ends of 

the segment. Therefore, given the concentration variation shown in Fig­

ures 2-5 and 4-1 based on observed data for the WIPP site, the actual 

salt dissolution rate can be calculated. However, it is linearly depen­

dent on flow rate which is a function of hydraulic conductivity, hydrau­

lic gradient, and aquifer thickness. Figure B-2 illustrates the rela­

tionship between the potential average dissolution rate with flow rate 

for aquifer thicknesses between 30 and 300 meters and for ranges of K 

and i outlined in Table B-1. For a 300-meter effective aquifer thick­

ness, the current dissolution rate could be as large as 6 centimeters 

per 10,000 years compared to 0.34 centimeter as presented in Section 

4.3.3. 
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.4 .8 1.2 1.6 2.0 2.4 2.8 
POTENTIAL FLOW RATE THROUGH BELL 

CANYON AQUIFER (METER3/ YEAR-METER) 

NOTES: 

I. THE AVERAGE DISSOLUTION HEIGHT IS 
BASED ON A CHLORIDE CONCENTRATION 
INCREASE OF 50 Kg/m3 OVER AN AQUIFER 
LENGTH OF 16, 500m. THE DENSITY OF 
HALITE IS EQUAL TO 2160 Kg/m3_ 

2. REFER TO NOTE 3 OF FIGURE B-1, FOR REASONS 
IN SELECTING THE RANGE OF THE PARAMETER 
VALUES. 

lSI 1253 HE.kCul..t:.NE. "aB SMITH CO., PGH. PA L.T1530.I079 
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FIGURE B-2 

AVERAGE DISSOLUTION HEIGHT VARIATION 
WITH BELL CANYON FLOW RATE 

PREPARED FOR 

WESTINGHOUSE ELECTRIC CORPORATION 
ALBUQUERQUE, NEW MEXICO 

D~POLONIA 


