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ABSTRACT 

Stratigraphic units of the Salado Formation at the Waste Isolation Pilot Plant (WIPP) disposal 
room horizon includes various layers of halite, polyhalitic halite, argillaceous halite, clay, and 
anhydrite. Current models, including those used in the WlPP Performance Assessment 
calculations, employ a "composite stratigraphy" approach in modeling. This study was 
initiated to evaluate the impact that an explicit representation of detailed stratigraphy around 
the repository may have on fluid flow compared to the simplified "composite stratigraphy" 
models currently employed. Sensitivity of model results to intrinsic permeability anisotropy, 
interbed fracturing, two-phase characteristic curves, and gas-generation rates were studied. 
The results of this study indicate that explicit representation of the stratigraphy maintains 
higher pressures and does not allow as much fluid to leave the disposal room as compared 
to the "composite stratigraphy" approach. However, the differences are relatively small. Gas 
migration distances are also different between the two approaches. However, for the two 
cases in which explicit layering results were considerably different than the composite model 
(anisotropic and vapor-limited), the gas-migration distances for both models were negligible. 
For the cases in which gas migration distances were considerable, van Genuchten/Parker 
and interbed fracture, the differences between the two models were fairly insignificant. 
Overall, this study suggests that explicit representation of the stratigraphy in the WlPP PA 
models is not required for the parameter variations modeled if "global quantities" (e.g., 
disposal room pressures, net brine and gas flux into and out of disposal rooms) are the only 
concern. 
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1 .O INTRODUCTION 

The Waste Isolation Pilot Plant (WIPP) is a Department of Energy (DOE) research 
and development facility designed to demonstrate the safe disposal of transuranic (TRU) 
wastes. T h e  repository is located 50 km (30 miles) east of Carlsbad, NM (Figure 1) and is 
approximately 655 meters below the land surface. The  WlPP disposal horizon lies within the 
Salado Formation, which is comprised of beds of pure and impure halite with thin interbeds 
of anhydrite and related clay seams. Site-characterization and simulation efforts a re  under 
way to evaluate the suitability and safety of the repository. 

Current repository models used in WlPP Sandia  National Laboratories (SNL) 
Performance Assessment (PA) calculations and other subsystem flow models employ a 
simplified stratigraphy representation. Most conceptual models utilize a "composite" halite 
with explicit representation of a few anhydrite interbeds. As determined in a number of 
studies, t he  permeability, porosity, and two-phase characteristic curves of the  anhydrite 
interbeds and adjacent halite layers significantly influence brine flow and g a s  migration in the 
rock units surrounding the repository, indicating that the layering sequence may significantly 
influence the  results. Therefore, this study was  initiated to evaluate the impact that a n  
explicit representation of the detailed stratigraphy around the repository may have on fluid 
flow compared to the simplified models currently employed. 

This study consisted of two conceptual models: a simplified layered model similar to 
that used in PA and other calculations and a detailed layered model. The simplified scheme 
explicitly represented only the anhydrite beds within 10 meters of the  repository horizon 
(combining Anhydrites "a" and "b" into one) with the rest of the  rock represented by a 
composite halite. The  detailed layered model explicitly represented all the layers from 24 
meters above to 12 meters below the repository horizon with different properties for pure 
halite, polyhalitic halite, argillaceous halite, and anhydrite as well as several categories within 
those rock types. This study assumed horizontal strata for both models; the effect that dip 
has  on fluid flow is being investigated. 

1 .I Background 

Site characterization activities at the WIPP, which began in the mid 1970s, have 
focused on the Salado Formation, which is the repository horizon; the Rustler Formation, 
which contains the  primary water-bearing units overlaying the  Salado; and the  Castile 
Formation, located below the Salado, which contains pressurized brine pockets. This 
investigation considers only the Salado Formation. 

1 .I .I Repository Configuration 

Excavation of the repository started in the early 1980s. The repository, located 
approximately 655 meters below the  land surface (384 meters above sea level), consists of 
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an experimental a r ea  at the northern end and a waste  storage area at the southern end 
(Figure 2). The waste storage a rea  is designed to follow a single stratigraphic horizon, which 
has  a gentle dip of approximately I" to the southeast. 

The  waste storage area is designed to have eight waste disposal panels, with each 
panel containing seven rooms. The rooms within the  waste disposal panels a r e  separated 
by rectangular pillars of intact halite about 30.5 meters in width. Each room is rectangular, 
approximately 4.0 meters high by 10.1 meters wide by 91.4 meters long. Access between 
rooms, disposal panels, and the experimental area is through a network of drifts, which are 
rectangular, approximately 4.0 meters high by 7.6 meters wide. Access to the surface is 
provided through four vertical, cylindrical shafts that range from approximately 3.0 to 5.8 
meters in diameter. 

Excavation of the first waste disposal panel is completed. The remaining panels will 
be  excavated as the previous panel is filled with waste. The proposed process for waste  
emplacement is that the contact-handled (CH) TRU waste (in steel drums or  metal boxes) will 
b e  stacked within the rooms of the disposal panels and the remotely handled (RH) TRU 
waste (right-circular canisters) may b e  emplaced in horizontal boreholes in the drift and room 
walls of the  disposal panels. The  panels may b e  backfilled and sealed as they are  filled. 
Seals may be  installed in the panel access drifts, waste  storage access drifts, and in the  
access shafts before the  repository is decommissioned. It is assumed that the  waste, 
backfill, and seals will be consolidated by creep closure of the  surrounding halite upon 
repository decommissioning. 

The  models presented here simulate a single waste disposal room that h a s  been 
backfilled. The waste was  assumed to generate g a s  at a specified rate. Creep closure of 
the  halite (decreasing room porosity) and room expansion based  on increased room 
pressures as gas  is generated (increasing room porosity) were explicitly simulated. 

1 .I .2 Salado Formation Stratigraphy 

The  WlPP is situated within the large sedimentary Delaware Basin. The geologic 
units of interest a t  the WlPP are  Permian in a g e  except for the thin Quaternary and Triassic 
surface deposits. 

The WlPP waste storage a rea  lies in the lower part of the Salado Formation which, at 
the repository horizon, is a n  approximately 600-meter thick unit composed largely of halite, 
with minor amounts of interspersed clay and polyhalite, and interbeds of anhydrite, siltstone, 
and polyhalite. Many of the  interbeds are continuous over most of the  Delaware Basin. 
Forty five of the traceable anhydrite and/or polyhalite interbeds have been designated as 
"Marker Beds" (Jones et al., 1960). The Marker Beds (MB) have been numbered from 100 
to 144, with the numbers increasing with depth into the  Salado. The repository horizon lies 
between MB138 and MB139. 



Air 

Current Excavation 
Planned Excavation l- ------ 
H 
0' 100 200 

(meters) 

Disposal 
Region 

Intake Shaft 

- Operations Region 

r 

< 

TRI- 6334-206-7 

Figure 2. The planned WlPP repository layout. 

4 



The stratigraphy within the  vicinity of the WlPP repository h a s  been described in 
detail by Deal et al. (1989). This description, which covers a 41.2-meter interval of the 
Salado Formation, delineates 36 m'ap units, 3 marker beds, 13 clay seams,  and a n  anhydrite 
("c'l) not given a map unit designation. Figure 3 shows a stratigraphic section with the map 
units, marker beds, and clay seams  delineated. 

Map Units 0 through 15,  describe an  approximate 13.1-meter section of the Salado 
that incorporates the repository horizon. The  waste storage a rea  falls within Map Units 0 
through 6. The experimental area lies within Map Units 7 through 14. Of particular interest in 
this map unit section a re  Map Units 8 and 11, which a re  also referred to as Anhydrites "b" 
and "a," respectively. 

The  remaining 20 map units a re  identified with a prefix followed by a number. The 
prefixes are H (pure halite), AH (argillaceous halite), and PH (polyhalitic halite). The number 
represents that prefixed unit's position within the stratigraphic column from the  base  of the 
stratigraphic sequence. The  base  of the stratigraphic sequence is the halite underlying clay 
B, which is designated Map Unit H-1. 

1.2 Problem Description 

1.2.1 Overview 

G a s  and brine flow within the Salado Formation a re  governed by rock properties 
(intrinsic permeability, porosity, and rock compressibility), fluid properties (phase pressure, 
density, viscosity, saturation, and compressibility) and the two-phase properties (capillary 
pressure and relative permeability). Currently, PA uses  only two rock types in their modeling, 
a composite halite and an  anhydrite. This study was  designed to evaluate the adequacy of 
this "lumped unit" approach in approximating the actual detailed stratigraphy, which h a s  
different rock and two-phase properties in each  layer. Simulations were  performed to 
compare fluid flow in. a n  explicit representation of the stratigraphy around the repository with 
that in the  simplified models currently employed. The  detailed layered model ("LAY") 
explicitly represented all the map units, Anhydrite "c", and Marker Beds 134 through 140 with 
different properties for pure halite, polyhalitic halite, argillaceous halite, and anhydrite as well 
as several categories within these  rock types. The  simplified PA layering scheme (nPALO) 
represented the  anhydrite beds within 10 meters of the repository horizon (combining 
Anhydrites "a" and "b" into one) with o n e  set of properties and the rest of the  rock 
(composite halite) with a different se t  of properties. 

A parametric sensitivity of the two models to five different cases from a "base case" 
(BC) was  evaluated. The  base case and conceptual model parameters were: 

0 

0 

no dip (horizontal stratigraphy); 
gravity with hydrostatic initial pressure distribution relative to 12.5 MPa at MB138; 
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a 

a 

isotropic intrinsic permeabilities; 
upstream weightihg of relative and intrinsic permeability; 
Mixed Brooks and Corey (Appendix B) two-phase characteristic curves; 
specified brine-inundated gas-generation rate; 
no brine consumption due  to gas  generation; 
pressure-time-porosity line interpolation to model room closure d u e  to halite creep 
(Freeze e t  al., 1995b); 
no interbed fracturing; 
fracture connections extending vertically from the disposal room to all units between 
MB138 and Anhydrite "c" and horizontally extending from the room out to 10 meters; 
no disturbed rock zone (DRZ) except for the fracture connections listed above; and 
two-dimensional geometry. 

The  parameter and conceptual model variations analyzed were: 

1. 

2. 

3. 

4. 

5. 

Anisotropic Case- Used anisotropic intrinsic permeabilities in the anhydrite (PAL and 
LAY models), argillaceous halite (LAY model) and the composite halite (PAL model). 
The vertical intrinsic permeabilities were reduced by a factor of 100 for the indicated 
units; 
lnterbed Fracture Case- Used the WlPP PA "nterbed fracture" model (Freeze et al., 
1995a) in the interbeds; 
vG/P Case- Used van GenuchtedParker  (Appendix B) two-phase characteristic 
curves instead of Mixed Brooks and Corey (Appendix B) for the anhydri teharker  
beds;  
Vapor-Limited Case- Used specified vapor-limited instead of specified brine- 
inundated gas-generation rate; and, 
Halite k-0 Case- Used a "zero" intrinsic permeability for the pure halite (only in the 
LAY model). 

The  effect of each  parameter variation was  evaluated separately keeping the  other base  
case values constant; therefore, coupling between various parameter variations was  not 
included in this study.. The  total number of simulations was  eleven. The halite k-0 C a s e  was  
only analyzed for the LAY model because the PAL model did not have a pure halite rock 
type- 

1.2.2 Material Description and Properties 

The detailed layering sequence used in this report was  primarily based upon Deal et 
al.3 (1989) description. Each map unit and anhydrite bed was  correlated with one  of seven 
different material descriptions. The correlation was  based upon physical description, test 
data, and  judgment as summarized by Beauheim and Webb (Appendix A). The seven  
materials used in the LAY model were: 
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a 

a 

pure halite (HALIT) with an intrinsic permeability range from 10-24 to iO-23 me; 
polyhalitic halite low (PHLW) with an intrinsic permeability range from 1 0 2 3  to 
1 0-22 m2; 

a polyhalitic halite (PH ) with an intrinsic permeability range from to m2; 
a argillaceous halite low (ARGLW) with an intrinsic Permeability range from 1 0-22 to 

I 0-21 m2; 
a 

a 

a 

argillaceous halite (ARG) with an intrinsic permeability range from 
argillaceous halite high (ARGHI) with an intrinsic permeability of IO-2o m2; and, 
anhydrite (ANH) with an intrinsic permeability range from 

to 1040 m2; 

to IO-'* m2. 

Individual clay seams were not modeled because their properties are considered to be 
incorporated within the layers with which the clay seams are associated (e.g., Clay G 
properties are incorporated in Anhydrite "b" properties). The PAL model required only two 
material types: 

a 

a anhydrite (ANH) with an intrinsic permeability range from to m2. 
composite halite (COHAL) with an intrinsic permeability of m2; and 

Table 1 shows the stratigraphic units, the material type prescribed to the unit, the thickness 
of the unit, and the assigned elevations for both models. The difference between the PAL 
and LAY models from MU-9 through MU-7 is that the PAL model combines Anhydrites ''a'' 
and "b" into one anhydrite layer, 0.27 meters thick, centered on the Anhydrite "b" location. 
To achieve that thickness for the anhydrite layer, MU-9 and MU-7 unit thicknesses were 
decreased for the PAL model, as noted in Table 1. 

The formation properties used for both models are shown in Table 2. The 
permeabilities are the logarithmic average of the intrinsic Permeability range for each material 
type; unless otherwise noted, intrinsic permeabilities are isotropic. For the units thought to 
demonstrate anisotropic behavior, both the isotropic and anisotropic permeabilities are given; 
the anisotropic permeability denotes the intrinsic permeability in the vertical direction. The 
anisotropic permeabilities were only used in the anisotropic parameter variation. The 
permeability used to. approximate no-flow for the pure halite is also denoted. Threshold 
pressures were scaled to the isotropic intrinsic permeability using a correlation equation 
(Davies, 1991). The two-phase characteristic curves used in this study were the Mixed 
Brooks and Corey (Brooks and Corey,l964; Appendix B) and the van Genuchten/Parker 
(van Genuchten, 1978, 1980; Parker et al., 1987; Appendix B). The Mixed Brooks and 
Corey and the van GenuchtedParker parameters are both listed for the anhydrite interbeds; 
all other materials used the Mixed Brooks and Corey parameters for all cases. A summary of 
the two-phase equations is given in Appendix B. 

Brine and hydrogen are assumed to be the fluids present in this study. The 
approximate fluid properties used in the simulations are listed in Table 3. The specific fluid 
properties were determined internally by the TOUGH2 code from equation-of-state 
relationships (Pruess, 1991) as discussed in Section 1.3.1. In general, brine density was 
assumed to be 1.2 times greater than water (Beauheim et al., 1993). The compressibility of 
brine was assumed to be 2.4 x 10-lo Pa-' (Freeze et al., 1995b). The brine vapor pressure 
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Table 1. Material type, thickness, and elevation of each unit simulated. 
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Shaded units indicate repository horizon. 
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Table 2. Formation material properties. 
- - 

sgr 

- - 
0.2 

- 
0.2 

- 
0.2 

- 
0.2 

- 
0.2 

- 
0.2 

- 
0.2 

- 
0.2 

- 
0.0 

- - 
n 

Material 

I I I I 
Appendix A. All other values for 

Pure Halite 3.2E-24 

(3.2E-29 Hal-0) 
I 0.01 I 3.OE-10 I 0.2 75.7 1 0.7 I Not I :Nod 1 Used 

75.7 

34.1 

0.7 Not Not 
Used Used 

0.7 Not Not 
Used Used 

, 

34.1 I 0.7 I Not 1 Not 1 
Used Used 

Mixed 
Brooks and 

Polyhalitic Halite 
Low 

Polyhalitic Halite 

van Genuchten 
/Parker 

3.2E-23 0.01 3.OE-10 0.2 

3.2E-22 0.01 3.OE-10 0.2 

Argillaceous 
Halite Low 

3.2E-22 Is0 0.01 3.OE-10 0.2 
3.2E-24 Aniso 

15.4 0.7 

T Argillaceous 3.2E-21 Is0 

3.2E-23 Aniso Halite 
0.01 3.OE-10 0.2 

f i f l  
Used Used 

Argillaceous 
Halite High 

1 .OE-20 Is0 0.01 3.OE-10 0.2 

1.OE-22 Aniso 

1 For materials that have anisotropic behavior, the isotropic (Iso) and anisotropic (Aniso) 
intrinsic permeabilities a r e  given. The  anisotropic permeability denotes the  permeability in 
the  vertical direction. The  anisotropic .permeability w a s  only used in the anisotropic 
parameter variation. 

2 Porosity 
3 Compressibility as defined by (l/porosity)@porosity/ilpressure) 

Residual liquid saturation 
5 Residual g a s  saturation 

Threshold pressure 
Pore size distribution parameter 

8 Water retention parameter 
9 Capillary pressure parameter 

4.7 0.7 Not Not 
Used Used 

Anhydrite 1.OE-19 ISO 0.01 6.4E-10 0.2 

1 .OE-21 Aniso 

Composite Halite 1 .OE-21 Is0 
1 .OE-23 Aniso 

I 0.01 I 3.OE-10 I 0.2 

Disposal Room 1 .OE-15 0.66 0.0 0.1 



Table 3. Approximate fluid properties at 30' C and atmospheric pressure. 

Property 

Density (kg/m3) 

Viscosity (Pa-s) 

Compressibility (Pae1) 

Vapor Pressure (Pa) 

Dissolved Gas 
Henry's Constant (Pa) 

Brine 

1,200 at 10 MPa 
(1.2 x Water) 

2.1 x 10-3 

2.4 x 10-1 

3,187.5 
(75% of Water) 

Gas 

0.08 

9.0 x 10-6 

2.9 x 1O1O for Gas in Brine 
(2.9 x Water) 

was assumed to be 75% of water (Webb, 1992). The brine viscosity was assumed to be 
2.1 x 10-3 Pa-s. The gas solubility for gas in brine was assumed to be about four times that 
of water (Freeze et al., 1995b). Hydrogen was assumed to behave as an ideal gas. 

1.2.3 Geometry 

The conceptual model developed for these studies was one where a single disposal 
room of the repository exists in horizontally layered strata of the Salado Formation. The 
strata are considered to be fractured for approximately 10 meters in the vertical and 
horizontal directions from the room boundary. The premise that the fractures extend the 
same distance in both directions may not be consistent with current beliefs (the horizontal 
fracture distance should be less). However, for consistency and the fact that the extent of 
fracturing is not known, 10-meter fracture distance for both directions was chosen. The 
conceptual model is shown in Figure 4. 

Two-dimensional Cartesian geometry of a planar slab in the horizontal (x) and vertical 
(2) direction was used to specify the geometry of this conceptual model. This geometry was 
symmetric about the vertical axis bisecting a single room (half space geometry). The effects 
of adjacent rooms in a panel were not considered. 

1.2.4 Boundary and Initial Conditions 

No-flow (impermeable) conditions were specified at all boundaries and lines of 
symmetry. The lateral and vertical boundaries were extended far enough to minimize 
boundary effects upon the results (less than a five percent change in initial to final gas 
pressure). The initial brine pore pressure throughout the models was based on a hydrostatic 
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Figure 4. Conceptual representation of the room-scale model. 
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pressure gradient (that assumed the Salado Formation was  saturated with brine at a density 
of 1,200 kg/m3) around a brine pore pressure of 12.5 MPa at the center of MB138. The 
initial pore pressure of the room was  0.1 MPa (atmospheric). The initial brine pore pressure 
distribution for the models is shown in Figure 5. The initial g a s  pressure distribution for each 
parametric variation was  dependent upon which two-phase characteristic curves were used. 
The  initial porosity in the  formation w a s  1.0 percent. The  initial g a s  saturation of the 
formation was 0.1 percent. The  initial porosity and g a s  saturation of the room were 66.02 
percent and 99.64 percent, respectively (Freeze et al., 1995a). 

1.2.5 Gas Generation 

G a s  is assumed to be generated from the waste by microbial degradation, anoxic 
corrosion, and radiolysis (Brush, 1990). The  rate at which the g a s  is generated has been 
investigated experimentally (Brush, 1995). There appear  to b e  two bounding rates: gas- 
generation under brine-inundated conditions (all void spaces  within the  backfill material 
surrounding the waste  drums a re  filled with brine) and gas-generation under vapor-limited 
conditions (all void spaces  at 70 percent relative humidity). 

The  total amount of hydrogen g a s  that could be  generated in a waste disposal room 
containing 6,804 drums of waste is estimated to be almost 22,000 kg under brine-inundation 
conditions, and just over 7,500 kg under vapor-limited conditions. Table 4 shows the gas- 
generation rates for the two conditions used in this study. The brine-inundated condition has 
two s t ages  (Brush, 1995). The  first s tage,  lasting for 550 years  where both microbial 
degradation and anoxic corrosion occur, produces an  approximate rate of 1.6 moles per  
drum per year. Microbial degradation ceases at the end  of the first s t age  because  of 
depletion of cellulosics in the waste. The second s tage occurs for another 1,200 years (from 
550 to 1,750 years) at a rate of 0.6 moles per drum per year. The  vapor-limited condition 
has  only a microbial degradation s tage that lasts for 5,500 years with a generation rate of 0.1 
moles per drum per year (Brush, 1995). The specified gas-generation rates (Table 4) a re  the 
median values used in the 1993 WlPP PA analysis (Freeze et  al., 1995a). Anoxic corrosion 
is considered to be, very low under vapor-limited conditions (Brush, 1995) and  is not 
considered. Similarly, g a s  generation from radiolysis is assumed to be minor under both 
conditions (Davies e t  ai., 1991) and is not considered here. 

G a s  generation was  simulated by injecting g a s  into the  room elements. These 
specified rates were independent of the brine availability (Le., the  rates did not change in the 
presence of more o r  less brine in the  room). Also, brine w a s  not consumed by g a s  
generation in these simulations. The brine-inundated rate was the base case rate and was  
used for all the simulations except for the vapor-limited parametric variation. 

1.2.6 Room Closure 

The  walls of the disposal room will either expand or contract d u e  to the  pressure 
within the room and because of salt creep caused by excavation-induced deviatoric stresses 
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Table 4. Simulated gas-generation rates. 

_ _ _ _ ~  ~~ 

Microbial Degradation 
(moles/drurn/year) 

Anoxic Corrosion 
(mol eddru dyear) 

Total Composite Rate 
(moles/drum/year) 

Total H2 Produced (kg) 
(assuming 6804 drums and 0.002016 
kg/mole) 

Totals 

Full Scale Model Room Rate (kgls) 
53.96 m x 10.06 m x 91.44 m room) 

Brine-Inundated 

0-550 years I 550-1,750 years 

0.6 

1.6 

0.6 

0.6 

12,071 9,876 

I 

21,947 

Vapor-Limited I 
0-5,500 years 1 

0.0 

0.1 

0.1 

7,544 

7,5441 

(Butcher and Mendenhall, 1993). In these simulations, the change in room volume was 
approximated with the pressure-time-porosity line-interpolation technique given in Freeze et 
al. (1995b). This technique calculates the porosity of the room at each time step, based 
upon the gas pressure in the room and time. The technique uses a three-dimensional 
dataset (called a porosity surface) of time, room pressure, and room porosity created by the 
mechanical salt creep code, SANCHO (Stone, 1995). Although the technique has certain 
limitations (see Freeze et al., 1995b), it has been shown to yield results similar to other, more 
complex models of’salt creep and room closure (Freeze et al., 1995b). WlPP PA 
calculations currently use the pressure-time-porosity line-interpolation to simulate room 
closure. 

1.2.7 Disturbed Rock Zone 

Rock properties near the repository will be different than the far-field values due to 
stress-induced changes to the rock from repository excavation (Boms and Stormont, 1988). 
The altered rock zone surrounding the repository is referred to as the disturbed rock zone 
(DRZ). The primary mechanism of alteration within the DRZ is expected to be fracturing. 
Fractures will affect the flow properties of the fluids through changes in porosity, permeability 
and saturations within the DRZ. 
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Previous investigations have shown that the flow of brine and gas.around the room is 
extremely sensitive to the properties assigned to the DRZ (Freeze et al., 1995a). As in 
previous studies (Webb, 1991; Freeze et al., 1995a), the approach used in this study to 
model the DRZ approximated fractures by providing permanent, high-permeability pathways 
for brine and gas flow from the room to the surrounding rock without altering the storage and 
saturation properties of the rock. This DRZ model implicitly assumes that an increase in 
permeability is the only important long-term change, with respect to fluid flow, that occurs 
when the DRZ is formed. Fractures were simulated by using direct connections from the 
room to each individual layer within approximately 10 meters from the room. The fractures 
extended from the room directly to each individual layer (room-to-layer fractures) rather than 
a connection from the room to the adjacent layer and then from that layer to the next layer, 
etc. (layer-to-layer fractures). The permeability of the fractures (connections) was 
1 .O x 10-15 m2, the same permeability as the disposal room. The fractures extended 
vertically upward from the room to MB138 and downward to Anhydrite "c." The fractures 
extended 10 meters horizontally from the room. 

WlPP PA calculations use a different approach to model the DRZ. PA calculations 
use a "DRZ Zone" where the DRZ is defined as a separate material type with specified 
material properties independent of the strata within which the DRZ is assumed to reside. 
Because this study was intended to evaluate strata affects upon fluid migration, the PA DRZ 
model was not investigated. 

1.2.8 lnterbed Fracturing 

Pressures in the repository may increase to levels which could induce fracturing in the 
anhydrite layers. A model was developed for WlPP PA that would account for pressure- 
dependent alteration of the anhydrite interbeds (Freeze et al., 1995a). The interbed 
fracturing model is based upon a given minimum "alteration" pressure for each anhydrite 
layer. At pore pressures below the alteration pressure, the unit will have a constant 
compressibility and permeability, and porosity changes are determined using the standard 
integral equations based upon the pore pressure and compressibility of the unit. When pore 
pressures exceed the alteration pressure, the compressibility of the unit is assumed to 
increase linearly with pressure. Porosity is enlarged exponentially with the compressibility 
increase, and the permeability increases by the magnitude of the porosity increase raised to 
a power. This conceptual model for interbed fracturing was reviewed and endorsed by the 
Fracture Expert Group (FxG), convened by Sandia National Laboratories (SNL), as a 
"reasonable first approximation" of the process of fracturing and its effect on fluid flow 
(Freeze et al, 1995a). 

The model allows for alteration of the anhydrite's compressibility, porosity, and 
permeability from an alteration pressure to a maximum pressure. For pressures greater than 
the maximum pressure, a constant compressibility, porosity, and permeability are used. The 
parameter values assigned to the anhydrite beds for the interbed fracture model correspond 
to the median parameter values given by Stoelzel et al. in Freeze et al. (1995a). A drawback 
of the interbed fracture model is that it cannot account for capillary pressures, thus no 
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capillary pressures, nor threshold pressures, were assigned to the  anhydrite beds. T h e  
minimum and maximum alteration. pressures  were 0.1 MPa and 2.5 MPa, respectively, 
above each  bed’s initial hydrostat‘ic pressure. The maximum alteration porosity was  0.10 
(initial porosity for all anhydrite beds was  0.01). The maximum alteration intrinsic permeability 
was I x 10-11 m2- 

1.3 Modeling Approach 

1.3.1 Analysis Code 

These  layering studies were conducted with the code TOUGH2lEOS8 (Freeze et al., 
1995b), version 1.22 (April, 1994). TOUGH2lEOS8 was  adapted from TOUGH2 (Pruess, 
1987; Pruess, 1991), with modifications to include preconditioned conjugate gradient solvers, 
the  interbed fracture model and a room closure model. This version of the  code  is 
maintained under the INTERA Inc. Quality Assurance (QA) program (QA CIN 097B-44C- 
003D) which has  been found to meet SNL WlPP QAP 19-1, Rev. F requirements. 

TOUGH2 is a numerical simulator for multi-dimensional, coupled fluid and heat flow of 
multiphase, multicomponent mixtures in porous media. Fluid flow in TOUGH2 is represented 
with a multiphase expansion of Darcy’s law using relative permeability and capillary pressure 
relationships to describe interference between phases. Henry’s law is used to represent the 
solubility of g a s  in liquid water. For the analyses presented here, isothermal conditions were 
prescribed. 

Various equation-of-state (EOS) packages a r e  used with TOUGH2. T h e  EOS 
package used for these studies was the EOS8 module (Freeze et al., 1995a), a three-phase, 
three-component module modified for these studies to simulate two-phases, brine and 
hydrogen. 

The  integral finite difference method used in TOUGH2 avoids any reference to a 
global coordinate system, allowing the user to develop regular or irregular discretizations in 
space.  If a regular grid-block system is used, the integral finite difference method is 
completely equivalent to a standard finite difference method. Time s teps  a re  defined using a 
fully-implicit, backward finite difference scheme. The coupled non-linear equations a re  solved 
using a Newton-Raphson iterative technique. The  linear equations at each  iteration a r e  
solved using a direct solution approach or  a conjugate gradient method using one  of three 
preconditioners for the matrix developed by Moridis and Pruess (1995). The TOUGH2lEOS8 
salt c reep  and room closure approximation model is one-where  the change  in room 
porosityhoid volume is approximated using a pressure-time-porosity line interpolation 
technique given in Freeze et al. (1995b), as discussed previously. The TOUGH2lEOS8 PA 
interbed fracture model alters compressibility, porosity, and permeability of a domain, as 
discussed in Section 1.2.8. This study was  conducted on a Hewlett Packard Apollo series 
735. Modifications to the code to allow it to operate successfully on a UNIXlo environment 
were also made. 

lo UNlX is a trademark of AT&T Bell Laboratories. 
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1.3.2 Integral Finite Difference Mesh 

Two two-dimensional, rect ihear  meshes were designed for the analysis. Originally 
one mesh was  used to simulate both models to eliminate discretization issues as the cause  
for differences between the two models. However, in the interbed fracture case ,  problems 
arose in the PAL model at the Anhydrite "a" and "b" location (the anhydrite was  defined with 
three rows of elements). During that analysis, each row element in the PAL model w a s  
"fracturing" at a different rate producing "unusual" results. Because the scope  of this study 
did not allow for investigation into the root cause  of these "unusual" results, two meshes  
were developed; one  for the PAL model and one for the LAY model. 

T h e  lateral extent of the model was  30,000 meters while .the vertical extent was  
601.6 meters. The vertical discretization is shown in Appendix C. The lateral and vertical 
extent of the grid was  selected to minimize any boundary effects upon the simulations. The 
thickness (y dimension) of the grid was  91.44 meters. The grid for the LAY model consisted 
of 25 element divisions in the horizontal (x) direction and 70 element divisions in the vertical 
(z) direction, totaling 1750 elements (Figure 6). Figure 7 shows a section of the mesh from 
st50 meters in the vertical dimension and out to 1,000 meters from the disposal room center 
in the  lateral direction. The  grid for the PAL model consisted of 25 element divisions in t h e  
horizontal direction and 68 element divisions in the vertical direction, totaling 1700 elements. 
The only difference between the two meshes is in the vertical dimension located at the  
Anhydrite "b" location (4.41 meters above the  room center). The  PAL model calls for 
Anhydrites "a" and "b" to be  combined into one  anhydrite layer of 0.27 meters thick at the  
existing Anhydrite "b" location. To accomplish this, the 0.11 meter and 0.10 meter row of 
elements above and below the 0.06 meter Anhydrite "b" elements, in the LAY model, were 
combined into one  row of elements of 0.27 meter thick for the PAL model. Thus, the PAL 
model has only one  row of elements defined for what is defined in the LAY model by three 
rows of elements. 

The  disposal room was  represented by eight elements that totaled 5.03 meters wide 
in the lateral direction, with varied thicknesses in the vertical dimension. Connections from 
the top room element. to each of the 22 elements vertically above (MB138 location) the room 
top and connections from the bottom room element to each of the eight elements vertically 
below (Anhydrite "c" location in the LAY model) the  room bottom, were made  to simulate 
vertical fractures from the  room into the surrounding matrix. Horizontal connections from 
each room element to the next two columns of elements in the s a m e  row were added to 
simulate horizontal fractures from the room. 

1.3.3 Material Representations 

The  meshes for the LAY and PAL simulations were essentially the  same;  however, 
the material identification for each element differed. Figures 8 and 9 show the mesh for each 
model within 20 meters from the disposal room center. For the LAY simulations, Figure 8 
shows the material property assigned to each element for the  given mesh section. For the  
PAL model (Figure 9), the  composite halite material property was  assigned to all elements 
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not labeled as either disposal room or  a n  anhydrite bed. Appendix C describes the vertical 
distribution of the material properties within the mesh. 

1.3.4 Analysis Process 

The basic analysis consisted of simulating fluid movement in and out of a backfilled 
disposal room that was initially at atmospheric pressure (0.1 MPa). The  simulations ran for a 
period of 10,000 years. T h e  performance measures used to evaluate the  parameter 
variations were: 

Disposal room g a s  pressure; 
Net brine accumulation in the disposal room; and, 
G a s  migration distance. 

G a s  migration distance is a n  indicator of g a s  flow away from the disposal room. However, 
the simulated g a s  migration distances provided from these analyses should not be used for 
comparisons with regulatory standards. The  simulations performed for these analyses a re  
scoping in nature and use  simplified geometries and systems. The  migration distances 
provided here a re  for evaluating models and parameters only and are  not appropriate to be 
used otherwise. 
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2.0 RESULTS 

Eleven simulations tes ted  the  sensitivity of the room-scale system under two 
stratigraphic layering schemes to parametric variations in two-phase characteristics curves, 
gas-generation rate, anisotropy, permeability in the pure halite (only for the detailed layering 
simulations), and interbed fracturing. The 11 simulations consisted of six with detailed 
layering (LAY model) and five simulations using the PA "composite stratigraphy" approach 
(PAL model). 

As discussed in Section 1.3.2, the  meshes  for the  PAL and LAY models differ 
slightly. To check that the differences between the meshes were not influencing the  results, 
all the PAL parametric variations were run with both meshes. Only the  interbed fracture 
parameter variation showed any difference in results. Thus, the differences in parametric 
variation results can be attributed to model differences rather than due  to mesh differences 
except for the interbed fracture case. 

The  analyses were run on a Hewlett Packard Apollo Series  735. The  CPU time 
required for each  run is listed in Table 5. The CPU times listed a re  for the runs conducted 
during this analysis. The times should not be  used for direct comparison to PA calculations 
because the  discretization between this analysis and the PA model is considerably different. 
In most cases, the layering model required significantly more CPU time than the simplified 
model, as expected. Post processing was  done on a Macintosh@ llci with various software, 
including KaleidaGraphm and Spyglass@ Transf0rrn.l I l2, 

Table 5. The  CPU time required for each simulation executed on a Hewlett 
Packard Apollo Series 735. 

I 1 

1 -I Macintosh@ is a registered trademark of Apple Computer Inc., Cupertino, California. 
KaleidaGraphm is a trademark of Synergy Software, Reading, Pennsylvania. 
Spyglass@ Transform is a registered trademark of Spyglass Inc., Champaign, Illinois. 
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2.1 Disposal Room Gas Pressure 

The disposal room gas pressure histories for all cases are shown in Figure 10. The 
initial room pressure was 0.1 MPa. The gas pressure within the  disposal room is shown by 
this study (and by Webb, 1991, and Freeze et al., 1995a) to be sensitive to gas-generation 
rate, two-phase flow characteristic curves, and fracturing characteristics of the strata 
surrounding the disposal room. A s  shown in the figure, there are distinct differences 
between the parameter variations; however, the differences between models (PAL vs. LAY) 
are relatively small for any single parameter set. 

The trend of the room pressure was essentially the same for the base case, van 
GenuchtedParker (vG/P), anisotropic and the pure halite no permeability (halite k-0) 
parameter variations, which were modeled using the brine-inundated gas-generation rate. 
The basic trend shows an increase in room pressure at a steady rate up to 550 years (the 
time when brine-inundated gas-generation rate changed from 1.6 to 0.6 moles/drum/year). 
The pressure continues to increase, albeit at a slower rate, until a peak pressure of about 
20.6 MPa is reached at around 1,000 years, after which time the pressure in the room 
decreases as gas is released. The van GenuchtedParker cases have lower long-term 
pressures, since the gas phase in these cases is more mobile than in the Brooks-Corey 
cases. This allows more gas to migrate out of the room and into the anhydrite beds at a 
faster rate, thus reducing the long-term room pressure. 

25 I , I  1 I I [  I I 1  1 , 1 I I  1 I I 1 

Figure I O .  Disposal room gas pressure history for all cases over the 10,000 year simulation 
period. 



In the interbed fracturing cases ,  disposal room pressures deviate significantly from 
the  other brine-inundated rate cases at approximately 350 years. At that time, the g a s  
pressure within the room is 13.9 MPa. The alteration of the interbeds start at approximately 
320 years when the pressure reached about 12.6 MPa. Once 14.7 MPa is achieved at 450 
years, close to the  maximum alteration pressure of the interbeds (about 15 MPa), the beds 
fracture adequately to achieve a n  increased permeability of almost five orders of magnitude 
and  a n  increased specific s torage of approximately five times greater  than the initial 
conditions. Because of this increased mobility and storativity within the  interbeds, the  
disposal room pressure remains just below 14.7 MPa. 

The  vapor-limited gas-generation rate cases have a different profile than the cases 
modeled with the  brine-inundated gas-generation rate. The  pressure trend can b e  described 
as a slow, gradual pressure rise to about 16 MPa at 5,500 years (the year g a s  generation 
ceases). The  pressure then begins a slow, almost imperceptible decay. The difference in 
the  profiles between the  different g a s  generation cases is expected considering the  
difference in the rates at which the gas is generated; for the first 550 years the vapor-limited 
gas-generation rate is only 6.25 percent of the brine-inundated gas-generation rate. 

There is very little difference between the PAL and LAY models disposal room g a s  
pressure for each  parametric variation. Generally, the difference between the two models 
can b e  seen  in a slightly higher gas  pressure in the disposal room for the LAY model. This 
behavior can b e  attributed to the  room and the  anhydrite beds  being predominantly 
surrounded by somewhat "tighter" beds compared to the PAL model. The tighter beds in 
the LAY model keep the brine from flowing into the surrounding strata as easily as for the  
PAL model, maintaining higher g a s  pressures in the disposal room. This behavior is similar 
to the brine sink effect described in Webb (1991). Table 6 displays the  peak disposal room 
g a s  pressures and Table 7 displays the  disposal room g a s  pressures at the end  of each  
simulation (10,000 years). There were no differences in peak room pressure between 
models. Slight differences did occur in the model end pressures, however all parametric 
variations are within 1.1 MPa of each  other at the end  of the simulation. The greatest 
difference is in the van GenuchtedParker  parametric variation, followed by the  interbed 
fracture case. The  rest of the parametric variations show little difference to the model used. 

The  differences between the two models a re  more apparent in the porosity history 
and disposal room net g a s  mass, which are shown in Figures 11 and 12, respectively. The  
peak and end-of-simulation values for porosity and g a s  mass  a re  shown in Tables 8 through 
11. The porosity and net g a s  accumulation in the room histories a re  consistent with the g a s  
pressure history. Overall, the  LAY model cases maintain their porosity and retain more g a s  
than the PAL models except for the  anisotropic and vapor-limited cases. This is consistent 
with the observation that the tighter strata of the LAY model doesn't allow the fluids to expel 
from the disposal room as efficiently as the PAL model. 



Table 6. Disposal room peak gas pressures. 

Parameter PAL LAY A Pressure Ratio 

PAL-LAY 

(MPa) (MPa) (MPa) LAY : PAL 

Base Case 20.6 20.6 0.0 1.00 : 1 

Anisotropic 20.7 20.7 0.0 1.00 : 1 

lnterbed Fracture 14.7 14.7 0.0 1-00 : 1 

20.3 20.3 0.0 1.00 : 1 van GenuchtedParker 

Vapor-Limited 16.2 16.2 0.0 1.00 : 1 

-- - Halite k-0 - 20.6 - 

Parameter 

Base Case 

Anisotropic . 

lnterbed Fracture 

van Genuchteflarker 

Vapor-Limited 

Halite k-0 

Table 7. Disposal room gas pressures at 10,000 years. 

PAL LAY A Pressure Ratio 

PAL-LAY 

(MPa) (MPa) (MPa) LAY : PAL 

18.7 18.8 -0.1 1.01 : 1 

18.8 18.8 0.0 1.00 : 1 

13.3 14.1 -0.8 1.06 : 1 

17.0 18.1 -I .I 1.06 : 1 

15.9 15.8 0.1 0.99 : 1 

18.8 - 
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Figure 11. Porosity changes within the disposal room for all cases over the 10,000 year 
simulation period. 

Figure 12. Disposal room net gas accumulation history for all cases over the 10,000 year 
simulation period. 
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Table 8. Disposal room minimum porosity and peak porosity after minimum achieved. 

Parameter 

Base Case (min) 

Anisotropic (min) 

lnterbed Fracture (min) 
( m a )  

van GenuchtedParker (min) 
(ma)o 

Vapor-Limited (min) 
( m a )  

( m a )  

( m a )  

.- ‘ PAL LAY A Porosity 
PAL-LAY 

(“4 (“w (“% 

19.7 19.7 0.0 
37.8 38.4 -0.6 

19.6 19.6 0.0 
39.8 39.5 0.3 

19.7 19.7 0.0 
20.2 20.3 LO.1 

19.7 19.7 0.0 
31.2 33.1 -1.9 

11.1 11.1 0.0 
17.3 17.3 0.0 

Halite k-0 (min) 

Ratio 

LAY : PAL 

1.00 : 1 
1.01 : 1 

1.00 : 1 
0.99 : I 

1.00 : 1 
1.00 : 1 

1.00 : 1 
1.06 : 1 

1.00 : 1 
1.00 : 1 

- - - 19.7 - - 38.5 - 

Table 9. Disposal room porosity at 10,000 years. 

I I I I I 
I I I I 1 Halite k-0 34.8 - 



Table 10. Disposal room peak net mass of gas. 

Vapor-Limited 

Halite k-0 - 20,574 - - 

Table 11. Disposal room net mass of gas at 10,000 years. 

I I I - 18,386 - Halite k-0 
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T h e  disposal room porosity results shown in Figure 11 show s o m e  unexpected 
behavior for the interbed fracture case for both models. Figure 10 shows that the disposal 
room pressure peaks at approximately 14.7 MPa at about 450 years and then slowly decays 
thereafter. The disposal room porosity shows the expected trends early, as the room closes 
quickly during the first 100 years or so and then stabilizes as the room pressure increases 
(Figure 11). However, the behavior after fracturing at about 320 years  is unexpected. 
Although the room pressure remains essentially constant from 400 to 700 years, the room 
porosity decreases significantly. The onset of fracturing has  produced additional gas-storage 
volume in the interbeds. The  room volume is sensitive to room pressure; therefore, as g a s  
m a s s  leaves through the  simulated fractured interbeds, the room volume decreases ,  
maintaining high pressure. In reality, fracture-induced gas-storage volume may form slowly 
which would mitigate room expansion, but would not "steal" existing storage volume from the 
room. 

, This difficulty is not unlike the human intrusion scenario discussed by Butcher and 
Mendenhall (1 993) regarding implementation of the porosity surface. When a significant 
amount of g a s  leaves the room (as occurs in the  human intrusion scenario) Butcher and  
Mendenhall recommend that the porosity surface should be  revised to reflect this change. A 
similar problem occurs, although to a much smaller extent, when interbeds fracture, in that a 
significant amount of g a s  may rapidly leave the room. Since interbed fracturing is postulated 
to occur under a number of circumstances, the  utility of this porosity surface revision 
approach recommended by Butcher and Mendenhall should b e  evaluated to try to alleviate 
this unexpected room behavior. 

2.2 Disposal Room Net Brine Accumulation 

The disposal room net  brine mass  accumulation (initial brine m a s s  of about  
10,400 kg was  subtracted from overall mass  accumulation) for all cases over the 10,000 year 
simulations a re  shown in Figure 13. The  differences in the  parametric variations are 
apparent. The variation in brine accumulation due to the models used is also noticeable. 
Brine flow into and qut of the  disposal room is shown by this study to be  most sensitive to 
gas-generation rate, fracturing characteristics of the strata surrounding the disposal room, 
and strata anisotropy. 

The maximum net accumulation of brine in the disposal room occurred under the  
vapor-limited parametric variation. The  net accumulation of I 18,000 kg of brine occurred at 
1,750 years  into the simulation. That is approximately three times greater than the  
maximum amount of brine accumulated for the  lnterbed fracture case, the next parametric 
variation for most brine accumulation. The  least brine inflow condition occurred for the 
anisotropic cases. 

The disposal room net  brine accumulation history for t h e  base c a s e ,  van  
GenuchtedParker, and halite k-0 parametric variations a re  very similar. The history of the 
brine flow for these  cases indicate that brine flowed into the disposal room for approximately 
the first 150 to 300 years, then out of the room into the strata for the next 350 to 750 years, 
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Figure 13. Brine accumulation within the  disposal room for all cases over the  10,000 
year simulation period. The  conversion from mass  to volume is based on a n  
assumption that the  brine is incompressible and has a density of 1,200 
kg/m3. 

followed by no significant brine flow until t h e  end  of the simulation. T h e  van  
GenuchtedParker PAL model deviated from the no-flow trend at the end of the  simulation 
with flow from the room into the strata starting a t  about 6,000 years and continuing until the  
end of the simulation. This is emphasized by Tables 12 and 13: the  peak accumulation of 
brine was greater for the van Genuchten/Parker PAL model; however, at the end  of the  
simulation, the van Genuchten/Parker LAY model had more brine accumulated in the  
disposal room, with less brine outflow. 

Comparison of net brine accumulation in the PAL versus LAY models for each 
parametric variation showed more brine accumulated in the disposal room for the LAY model 
than the PAL model for all parametric variations except the base case. In approximately the 

first 500 years of the simulation, the brine inflow into the room and g a s  pressures were about 
the s a m e  between the two models. However, once pressures within the room began to 
stabilize and decline, brine began to flow out of the room at a greater rate for the PAL 
models; the tighter beds of the LAY model restricted flow of brine and g a s  retaining more 
brine in the room. This is consistent with what was  shown in the disposal room pressure 
results. 

Tables 12 and 13 display the disposal room peak accumulation of net brine and the 
net mass  of brine at the end of the simulation (10,000 years), respectively. As shown by the 
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tables, t h e  peak and final brine masses  a re  within about 11 percent of each  other for all 
parametric variations except for the anisotropic case. The  anisotropic M Y  model deviated 
from the  PAL model with a high initial brine inflow from the polyhalitic halite low strata that 
surrounds most of the disposal room, caused by changes in the vertical permeability of the 
argillaceous halite surrounding the polyhalitic halite low strata. Anisotropy decreased the 
vertical permeability of the argillaceous halite by two orders of magnitude, to 1 x m2, 
which is equal to the permeability of the polyhalitic halite low strata . Therefore, the brine 
stored in the polyhalitic halite low strata was forced into the room rather than flowing into the 
surrounding argillaceous halite layers. 

Table 12. Disposal room peak accumulation of brine. 

Halite k-0 - 29,140 I - I I 

Table 13. Disposal room net mass  of brine at 10,000 years. 

Halite k-0 
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. Table 14 displays the relative contribution of net brine flow in each  model from the 
designated unit to the disposal room for the various parameter variations. In the LAY model, 
brine flowed predominantly (approximately 80 percent of the time) from the  anhydrite 
interbeds into the room for all cases except for the anisotropic case; the contribution of brine 
flow directly from the  other units into the  room was considerably less than for the  PAL 
models. However, these  statistics d o  not show the  relative contribution of net brine flow 
between the  other units and the anhydrite interbeds, which does occur. In the PAL model, 
the  contributions of brine flow into the  room from the anhydrite interbeds and  from the 
composite halite were about the same. The  predominant reason for the  greater brine inflow 
from the interbeds in the LAY model is because there a re  five interbeds (ten inflow surfaces 
from the  surrounding strata) instead of three interbeds (six inflow surfaces  from the  
surrounding strata) in the PAL model. 

2.3 Gas Migration Distance 

G a s  migration distance is defined as the distance from the center of the room out to 
the edge  of the  mobile g a s  phase in a particular unit. For all the parameter variations used 
in this study, except the van GenuchteWParker case, the edge  of the mobile g a s  phase  is 
defined as where the g a s  saturation, Sg,  is equal to 0.20. Because all the g a s  is mobile in 
the van GenuchtedParker parameter variation, the edge of the mobile g a s  phase is defined 
as where the g a s  saturation is equal to 0.02. The migration distances a re  presented here to 
illustrate the possible effect of alternative models and assumptions on processes that might 
occur at the WIPP. Because of the simplified geometries employed in these simulations, it is 
not appropriate to compare these migration distances to the standard for regulatory 
compliance. 

Gas  migration distance is shown by this study to be most sensitive to the two-phase 
flow characteristic curves and the fracturing characteristics of the strata. Table 15 presents 
the g a s  migration distances for all the interbeds at the end of the 10,000 year simulations. 
Table 16 displays the relative contribution of gas flow from the room to each  designated unit 
for each model and the various parameter variations. As indicated by the statistics shown in 
the  table, g a s  flowed predominantly into the anhydrite interbeds with very little flowing into 
the other units for either model. 

The  maximum g a s  migration distance occurred in MB138 for all simulations. The  PAL 
models show that the  g a s  migration distance is a function of pore pressure differential 
between the  interbed and  the  disposal room. MB138 has  the greatest gas migration 
distance and is the bed with the lowest initial pore pressure; MB139 has the  least g a s  
migration distance and  i s a e  bed with the highest initial pore pressure. The LAY models 
show that g a s  migration distance is also a function of the type of material (strata) surrounding 
the anhydrite layer. The reason for his is that for gas  to migrate, the brine essentially has  "to 
move out of the way," and this can only occur if the brine is able to flow into the surrounding 
strata. Therefore, the  less permeable the strata surrounding the anhydrite bed is, the less 
g a s  migration occurs down the anhydrite layer. For the LAY models the ranking of g a s  
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Table 14. The relative contribution of net brine flow (for each model) from each designated 
unit to the disposal room for the various parameter simulations over the 10,000 
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Table 15. The  g a s  migration distances for all the interbeds at the end of the 10,000 
year simulation. 

Base  Case Aniostropic lnterbed van Vapor- Halite k-0 
Fracture Genuchten! Limited (m) (m) 

(m) Parker (m) 
(m) (m) 

LAY 
MB138 61 2.0 366.0 1,273.4 2,978.3 183.9 614.8 
MB139 223.6 153.4 448.2 2,651.3 53.4 11 9.0 
Anh "a1' 230.9 251.4 534.4 2,731.5 3.6 231 -8 

Anh "b" 178.3 82.5 230.7 2,373.5 2.9 177.0 
Anh "c" 540.5 227.0 452.1 2,845.6 3.5 538.5 

PAL 
MB138 
Anh 'la'' and "b" 463.7 122.7 367.1 2,766.7 37.9 
MB139 373.1 82.6 222.9 2,689.5 22.9 

648.9 208.1 1,572.2 2,886.7 63.6 - 
- 
- 

migration distances is usually MB138, followed by either Anhydrite 'ell or "a1'" then MB139 
and finally Anhydrite "b." The strata above MB138 and Anhydrites "a" and 'cll is polyhalitic 
halite, whereas the strata above MB139 is polyhalitic halite low (an order of magnitude less 
permeable than polyhalitic halite), and the  strata above Anhydrite "b" is pure halite (two 
orders of magnitude less permeable than polyhalitic halite). The strata below MB138 is 
argillaceous halite, which is a n  order of magnitude more permeable than the strata below 
Anhydrites ''a" and "c," which are argillaceous halite low. 

Figure 14 shows the gas  migration distance history for MB138 and Table 17 displays 
the g a s  migration distances for MB138 at 10,000 years. The differences in the parametric 
variations a re  apparent. The cases using the van GenuchtedParker parameter variation 
produced the greatest g a s  migration distances followed by the interbed fracture cases. The 
difference in g a s  migration distance due  to the models used is also perceptible. The  LAY 
models that produced greater MB138 g a s  migration distances than the  PAL models were 
the  anisotropic, vapor-limited, and van Genuchten/Parker cases. Qualitatively, t he  model 
that had the greater'disposal room g a s  pressure a t  the end of the simulation produced the 
greater g a s  migration distances. 

The  difference in gas-migration distance is most pronounced in the interbed fracture 
case. A contributing factor may be  that each model has  a different number of interbeds, and 
interbed fracturing c a u s e s  significant changes in the interbed permeability and porosity. 
Small differences in timing of fracturing alters the permeability and porosity changes in any 
given interbed. Additional complications a re  the room porosity-change anomaly discussed 
earlier and  the  mesh differences between the models. With the potential importance of 
interbed fracturing, these  differences should be investigated further. 
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Table 16. The relative contribution of g a s  flow from the disposal room to each designated 
unit for the various models and parameter cases over the 10,000-year simulation. 
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Figure 14. The gas  migration distance history for MB138. 

Parameter PAL LAY A Distance 
PAL-LAY 

(m) (m) (m) 

Base Case 648.9 61 2.0 36.9 

Table 17. Gas migration distance in MB138 at 10,000 years. 

Ratio 

LAY : PAL 

0.94: 1 

Anisotropic 208.1 366.0 -1 57.9 1.76 : 1 

I 0.81 : 1 lnterbed Fracture I 1572.2 I 1273.4 I 298.8 
I I I 

van GenuchtedParker 1.03 : 1 2886.7 2978.3 -91 -6 

I I I -1 20.3 2.89 : 1 Vapor-Limited 63.6 183.9 I 
I 

Halite k-0 I - - 61 4.8 
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3.0 DISCUSSION AND CONCLUSIONS 

This study was  performed to evaluate the impact that a n  explicit representation of the 
stratigraphy around the repository may have on simulations of fluid flow, compared to the 
simplified models currently employed in WlPP PA calculations. Sensitivity of the  model to 
intrinsic permeability anisotropy, interbed fracturing, two-phase characteristic curves, and gas- 
generation rates were studied. The  results of this study indicate that for most parametric 
variations studied here, the explicit representation of the stratigraphy will maintain somewhat 
higher pressures and will allow less fluid to leave the disposal room as compared to the  
"composite stratigraphy" approach. This is attributed to the relatively "tighter" strata of the 
explicit representation model, which allows less fluid movement out of the disposal room. 
However, the magnitude of the differences are relatively small The .explicit representation of 
the stratigraphy also affects g a s  migration as compared to the "composite stratigraphy" 
approach. However, in the two cases where the layering scheme results were considerably 
different than the  composite model, anisotropic and vapor-limited, the g a s  migration 
distances for both models a re  negligible. For the cases in which g a s  migration distances are 
considerable, van Genuchten/Parker and interbed fracture, the differences between the two 
models are fairly insignificant. 

This study suggests  that explicit representation of the stratigraphy in the WlPP PA 
models is not required for t he  parameter variations modeled if "global quantities" (e.g., 
disposal room pressures, net brine and g a s  flux into and out of disposal room) a re  the only 
concern. However, "details" (e.g., where the fluids a re  coming from and where they go) are 
subtly different between the two models; thus, explicit representation of the stratigraphy may 
be significant if such issues a re  considered important in performance measures. 
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Memorandum on Stratigraphy for Detailed Layering Study 
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Sandia National Laboratories 
Albuquerque, New Mexico 871 85 

date: March 18, 1994 

to: P.B. Davies, 6115 

P& .W. Webb, 6115 

subject: Stratigraphy for Detailed Layering Studies 

A number of current studies including Reference 1 are addressing the detailed stratigraphy 
surrounding the repository to evaluate brine inflow and repository performance. The 
general stratigraphy is shown in Figure 1; descriptions of the layers and additional 
distances are given in Reference 2. Note that a typical waste disposal room goes from the 
upper portion of Map Unit 0 to the lower part of Map Unit 6. Properties of each of these 
units have been developed for the above studies based on physical descriptions, test data, 
and judgement. The layers and the appropriate properties are listed in Tables 1 and 2; 
these are often different than the description in Figure 1 and in Reference 2. Modification 
of these values may occur as more data become available. 

References 
1. Memo to P.B. Davies from S.W. Webb, "Study to Investigate the Effect of 
Stratigraphy on Repository Performance, 'I March 14, 1994. 
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Table 1 
Stratigraphic Layering Properties 

Stratimaphic Unit (Map Unit) 

MB-137 
PH-7 
H-9 
PH-6 
AH4 
H-8 
PH-5 
AH-3 
H-7 
H-6 
MB-138 
AH-2 
H-5 
AH-1 
Mu-15 
Mu-14 
MU-13 
Mu-12 
Anhydrite "a" - MU-11 
Mu-10 
MU-9 
Anhydrite "b" - MU-8 
MU-7 
MU-6 
MU-5 
MU4 
MU-3 
MU-2 . 
MU-1 
MU-0 

PH-4 
MB-139 
H-4 
PH-3 
H-3 
PH-2 
H-2 
PH- 1 
Anhydrite 'IC" 

H-1 

Material Description 

Anhydrite 
Polyhalitic Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Argillaceous Halite 
Argillaceous Halite 
Polyhalitic Halite 
Argillaceous Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Anhydrite 
Argillaceous Halite 
Halite 
Argillaceous Halite - High 
Polyhalitic Halite 
Polyhalitic Halite 
Argillaceous Halite 
Polyhalitic Halite 
Anhydrite 
Argillaceous Halite - Low 
Halite 
Anhydrite 
Argillaceous Halite 
Polyhalitic Halite - Low 
Polyhalitic Halite - Low 
Argillaceous Halite 
Polyhalitic Halite - Low 
Argillaceous Halite 
Polyhalitic Halite - Low 
Top 0.6 m - Argillaceous Eiaiite 
Bottom 1.7 m - Polyhalitic Halite - Low 
Polyhalitic Halite - Low 
Anhydrite 
Polyhalitic Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Polyhalitic Halite 
Anhydrite 
Argillaceous Halite - Low 
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Tabie 2 
Material Property Ranges 

Material DescriDtion Permeability Range (m2) 

Halite 10-24 - 10-z 
Polyhalitic Halite - Low - 
Polyhalitic Halite 10-22 - 10-21 
Argillaceous Halite - Low - 
Argillaceous Halite 10-21 - 10-20 
Argillaceous Halite - High 
Anhydrite 10-20 - 10-18 



Appendix B: 

Two-Phase Characteristic Curves 
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Appendix B 
Two-Phase Characteristic Curves 

The two-phase characteristic curves employed in this study are  summarized below: 

Mixed Brooks and Corey 

Two separate effective saturations a re  defined as 

s-s, s, =- 
1-s, 

and, 
s-s, 
Sc - Sr 

S, =-. 

where S, is the original Brooks and Corey definition while Si is a modified definition. S, and S, are  
the residual liquid saturation and critical gas  flow saturations, respectively. S, is simply the saturation 
at  which gas  flow starts and is equal to 1 .O - S,, , where Sgr is the residual g a s  saturation. 

The capillary pressure relationship is 

or 

x 

se =(%) 

‘d P, =- 

where Pd and P, are the displacement pressure and the capillary pressure, respectively, and h is 

called the pore-size distribution parameter. 

The wetting phase relative permeability expression is given by 

while the nonwetting phase relationship is 
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van Genuchteflarker 

The effective saturation used by van 'Genuchten is 

s-s, s, =- 
Ss -Sr 

where S, S,, and Ss are  the saturation, residual liquid saturation, and full saturation value, 

respectively. 

The restricted form of the water retention equation gives the capillary pressure equation 

1)1-, . (B-8) p, = - (s,-'l" - 1 
a 

where a and rn are  a fitting parameters. 

The van Genuchten wetting phase relative permeability expression is 

(B-9) 
m 2  

kr,w=s,o.5 (l-(l-s; /m) ) . 

van Genuchten does not address nonwetting phase relative permeability. The Parker e t  at. (1987) 
nonwetting phase relative permeability expression is 

k,,,, = (1 - sey2 (1 - s p y  . (B-I 0) 



Appendix C: 

Discretization in the Vertical Dimension 
for the LAY and PAL Models 
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LAY Model Vertical Discretization 

Stratigraphic Unit 

p" 

ARG ICOMPOSITE -~ . . , I , ,̂ , _ ^ - - ~ -  . 

t MB-1 36 IANH 
, - - - c  -._, *._ . - ,".A.I "._ lcoMPoS'TE I ARG 

AH-4, H-8,CLAY MI&M2 ARG 
PH-5 PH 

I 

MB-138, CLAY K ANH 
AH-2 ARG __ - _---- I,-* -~ '- ' 
H-5 HALITE 
AH-1, CLAY J ARGHI 
MU-15, MU-14, CLAY I PH 

MU-13 ARG 

~ - -  _ _  ,~ -. ., . _-__,__I--_. I_ 

I 

MU-I1 (ANH A), CLAY H 
MU-10 ARGLW 

ANH 
. - I I MU-9 I HALITE 

I I 

I I 

3.301 404.291 21.82 

I-----+--- * 
---1.30/ 391.621 

1.21 390.32 
---I_ -- . -  - 

I I 

0.221 389.11 I 6.64 

78.84 2 556.47 172.02 
26.28 3 477.63 93.18 
8.76 4 451.35 66.90 
3.49 5 442.59 58.14 
8.76 6 439.10 54.65 
8.76 7 430.34 45.89 
3.56 8 421.58 37.13 
6.29 9 418.02 33.57 
2.50 10 411.73 27.28 
0.80 11 409.23 24.78 
0.40 12 408.43 23.98 
0.80 13 408.03 23.58 
2.94 14 407.23 22.78 
3.30 15 404.29 19.84 
1.12 16 400.99 16.54 
1.47 17 399.87 15.42 
1.20 18 398.40 13.95 
0.76 19 397.20 12.75 
0.44 20 396.44 11.96 
0.22 21 396.00 11.55 
0.50 22 395.78 11.33 

1.331 271 392.951 
1.30 28 391.62 
0.77 29 390.32 
0.44 30 389.55 5.10 
0.221 31 I 389.11 I 4.66 

0.44 34 387.65 
0.22 35 387.21 
0.11 36 386.99 
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LAY Model Vertical Discretization 
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Stratigraphic Unit 

ANH 
ARG 

0.06 
0.70 

386.88 4.41 0.06 
386.82 4.35 0.10 

I 
MU-2 ~ARG 

.. I _  

. -  
MU-6, MU-5, CLAY F 
-I__ 

. .  . .  
_ I  

MU4 

PHLW --- 
_ -  

ARG 

MU-0, PH-4 IPHLW I-- 
MU-1 
MU-0 (TOP) 

PHLW 
ARG 

I I 

. .  

MB-139, CLAY E 
H-2,3&4,PH-I ,2&3,CLAY D _-__ ____ ._--- "-- 

. .  

- . .  ~ . .  
ANH C, CLAY B 

H-I 

ANH 
PH 
I-"..---- 

. .  

ANH 
ARG 

HALITE 
IHatite I--- 

0.06 370.57 -11.90 
3.69 370.51 -11.96 

. .  . . .  , , .  . .  
. . I  i ': 

COMPOSITE 

0.06 
0.12 

I I 

3.70 
4.39 

19.39 
__I__ 

1.85 
366.82 -15.65 3.70 
363.12 -19.35 4.39 
358.73 -23.74 8.00 
_I___ ----- 

11.39 

I_- I 0.20 

. \ "  

. . ~- .. 

COMPOSITE 
MB-140 

1 -  ' .I ,I ;:A; 

2.04 386.12 3.65 

" .  

ARG 
ANH 

-r---lTl 0.74 
0.37 

0.76 384.08 1.61 0.76 

161.24 

* 
0.61 382.40 -0.07 

339.34 -43.13 11.39 
22.78 
45.56 
81.51 

--~-- 

2.681 381.791 -0.681 1.30 

C-4 

- 
L 
0 
9 

z 
% m 
-I 

5 
5 

- - 
3i  
3€ 
3: 
4c 
41 
44 
4: 
4 
4: 
4E 
47 
4€ 
4: 
5c 
51 
54 
5: 
5 L  

5: 
5E 
57 
56 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 

- - 

- 

- 
- 
- 

- 

- 
- - 
- - 
- - 

- - 
- - 

- 

- 

- 

- 

1 

382.40 

376.56 -3.93 
372.49 -8.00 
371.05 -9.44 

370.39 -1 0.1 0 
370.03 -1 0.46 
368.67 -1 1.82 
366.82 -13.67 
363.12 -17.37 
358.73 -21.76 
350.73 -29.76 
339.34 -41.15 
327.95 -52.54 
305.17 -75.32 
259.61 -120.88 



PAL Model Vertical Discretization 

Stratigraphic Unit 

. . - . ._ _._ COMPOSITE . .  

MB-134 
HALITE 

,_l,l_ - -  
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CO HAL 1.91 393.42 10.95 
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_I_ -_1 1111 ~X~ 
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-.--l -I_- -- 
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S 
m 
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421.58 37.1: 
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PAL Model Vertical Discrc 
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