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Disposal System Geometry 1 

A single disposal system geometry is used in the BRAGFLO computational model (see 2 
Appendix PA, Section PA-4.2 BRAGFLO) with four different maps of material properties: one 3 
for undisturbed conditions; one for the E1 intrusion event; in which a borehole penetrates the 4 
panel and a Castile brine reservoir; one for the E2 intrusion event, in which a borehole penetrates 5 
the repository but not a Castile brine reservoir; and one for the E1E2 intrusion event, in which at 6 
least one E1 borehole and one other borehole penetrate a disposal panel (see Section 6.4.13.5).  7 
The geometry and material maps used in BRAGFLO are similar; each is a models for fluid flow 8 
calcu slations that represent  the three-dimensional physical system in a two-dimensional plane 9 
that cuts cutting vertically through the repository and surrounding strata.  Side views of the 10 
vertical cross section and two of the material maps are presented in Figures 6-136-14 and 6-146-11 
15.  In these figures, the boundaries of grid blocks discretized in the model (see Appendix 12 
BRAGFLO, Section 4.5, for details of the finite-difference method) are shown with dashed lines; 13 
each grid block is associated with material properties representing an important feature of the 14 
disposal system.  These associations between grid blocks and material properties are shown by 15 
color and number in the figures.  The two figures differ in that the material property map used 16 
for E1 intrusion events (Figure 6-146-15) includes a material region representing the borehole 17 
(Column 26 Region 1) that is not present in the undisturbed case (Figure 6-14).  The borehole 18 
region vertically transects other material regions and connects the single panel (Rows 10, 11, and 19 
12 on 23Regi ) with the Castile brine reservoir (Rows 1 and 2 Region 30), marker beds, overlying 20 
units, and the surface.  The E2 intrusion event material regions are similar to those of E1, except 21 
that the m deled borehole region does not extend below the repository and therefore does not 22 
contact a brine reservoir. Additionally, the extent of the Castile brine reservoir is different from 

o
23 

undisturbed to disturbed performance.  This difference has no impact on results because no 24 
natura etained that can create a pathway from the Castile to the repository.l FEPs are r25 

Figures 6-136-14 and 6-146-15 show the relationship among material regions in the model and 26 
how connections are made within the finite-difference scheme.  However, by illustrating 27 
equidimensional grid blocks, the volumetric relationship between grid blocks is greatly distorted.  28 
To show the volumetric relationship among nodal blocks and between the repository and host 29 
form  the vertical cross section used in BRAGFLO is shown in Figure 30 
6-16.  An undistorted 1:1 vertical:horizontal scale side view is in the upper left corner of Figure 31 
6-16; at this scale, important model features are not resolvable.  Therefore, two other views are 32 
provided in which the vertical scale has been exaggerated 50:1 

ations, a scaled side view of

to show model features.  Notice 33 
that the modeling system extends more than 15 miles (25 kilometers) to the north and 14 miles 34 
(22.45 km (14 mi)) from the edge of the excavated repository in each direction, north and 35 
south.  The borehole is not centered; rather it is located 24.17 km from the north boundary 36 
and 22.46 km from the south boundary. to the south from the borehole, which intersects the 37 
approximate center of the waste disposal region and includes the uppermost 2,990 feet (911 38 
meters) of rock at the WIPP site. Colors in Figure 6-14 Figure 6-16 colors are consistent with 39 
colors for material regions in Figures 6-136-14 and 6-146-15. 40 

Effects of flow in the third (out-of-plane) dimension are approximated with a two-dimensional 41 
elem ulates convergent or divergent flow to the north and south 42 
cente itory in intact rocks laterally away from the repository.  A top

ent configuration that sim
red on the repos -down (plan) 43 

 the model is shown in Figure 6view of -16 and illustrates the discretization adopted to simulate 44 
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ow.  Colors in Figure 6-16 are consistent with colors for material 
-13 through 6-15 at the repository depth (node rows 8, 9, and 10).  In this 2 

text, the term width corresponds to the x (lateral) dimension of nodes, thickness refers to the y 3 
(vertical) dimension, and depth refers to the z (out-of-plane) dimension.  The effects of the grid 4 
assumptions on fluid flow processes in the Salado are discussed in Appendix PA, Attachment 5 
MASS, Section 4.1. MASS (Section MASS.4 and MASS Attachment 4-1) 6 

Based on observations in the existing excavations, the DOE approximates the regionally variable 7 
dip in the Salado by incorporating a 1-degree dip to the south in the BRAGFLO computational 8 
mesh.  This dip is not indicated in Figures 6-136-14, 6-146-15, and 6-156-16. 9 

The BRAGFLO definition of hydrostratigraphic units follows formation and member divisions.  10 
Inside the Salado, however, further subdivision of hydrostratigraphy has been made based on the 11 
observed in permeability differences between anhydrite-rich interbeds and halite-rich interva12 

This further subdivision has been made only at elevations near the repository horizon, because 13 
only in this region are such distinctions important.  The models and assumptions used to 

ls. 

14 
representing the various regions of material properties shown in Figures 6-136-14 and 6-146-15 15 
are discussed beginning in Section 6.4.3 and in Appendix PA, Section 4.2. ces MASS and PAR.  16 
The thickness of hydrostatigraphic units used in BRAGFLO are tabulated in Appendix PAR, 17 
Attachment PAR, Table PAR-49. (Table PAR-57). 18 

6.4.2.2 Culebra Geometry 19 

Although the BRAGFLO model contains a discretization of the Culebra and calculates flow 20 
there, the DOE uses a more detailed representation of this unit to estimate potential radionuclide 21 
releases to the accessible environment resulting from lateral subsurface transport through the 22 
Culebra.  The conceptual model for flow and transport in this geometry is discussed in Section 23 
6.4.6.2.  The boundary and initial conditions applied to this geometry are discussed in Section 24 
6.4.10.2.  MODFLOW-2000 SECOFL2D and SECOTP2D are the computer codes used to 25 
simulate groundwater flow and radionuclide transport in the Culebra.  The SECOFL2D code 26 
was used in the CCA to simulate groundwater flow and has been replaced with MODFLOW-27 
2000.  The groundwater flow and transport conceptual models have not changed; the 28 
implementation of the groundwater model has been updated.  The manner in which this 29 
geometry is linked to the BRAGFLO geometry described in the preceding section is discussed in 30 
Sections 6.4.6.2, 6.4.11, and Appendix PA, Section 4.9. CODELINK (Section CODELINK.6).  31 
The grids used for modeling to model the Culebra are discussed in Section 6.4.6.2 and Appendix 32 
PA, Section 4.8 (see also Appendix PA, Attachments MASS and TFIELD). 33 

6.4.3 The Repository 34 

The repository, as shown in Figure 3-2 (see Chapter 3.0), is represented by areas marked Waste 35 
Panel and rest of repository (RoR) north and south Regions 23 to 27 in Figures 6-136-1436 
6

 and 
-146-15.  These regions include a waste disposal panel(Region 23), panel closures (Region 25 37 

DRF_PCS, CONC_PCS, Anhydrite AB, and DRZ_PCS), two areas that represent the o38 
panels and access drifts in the rest of the waste disposal region (Region 24

ther 
 RoR north and 39 



 

 

M
arch 2004 

6-76 
D

O
E/W

IPP 2004-3231 

Title 40 C
FR

 Part 191 Subparts B
 and C

 C
om

pliance R
ecertification A

pplication 2004  
Figure 6-136-14.  A Side View of the BRAGFLO Elements and Material Regions Used for Simulation of Undisturbed 

Performance  



 

 

Title 40 C
FR

 Part 191 Subparts B
 and C

 C
om

pliance R
ecertification A

pplication 2004 

D
O

E/W
IPP 2004-3231 

6-77 
M

arch 2004 

 
Figure 6-146-15.  A Side View of the BRAGFLO Elements and Material Regions Used to Simulate the E1 Event. 
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Figure 

1 
6-156-16.  A Side View of the BRAGFLO CRA-2004 Geometry Drawn to Scale 2 

 3 
Figure 6-16.  A Top-Down View of a row of Elements in BRAGFLO Used for Undisturbed 4 

ormancePerf  5 
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south), the operations region (Region 26 Ops), and the experimental region at the north end of 
the repository (

1 
Region 27 Exp).  The shaft (Region 2 (which is further subdivided into two 

primary regions marked Upper Shaft and Lower Shaft) 
2 

Regions 3 through 11) intersects the 
repository between the operations region and the experimental region.  The shaft is discussed in

3 
 4 

detail in Section 6.4.4.  For human-intrusion events, the borehole (Region 1) intersects the 
disposal region in the P

waste 5 
panel.  In two-dimensional fluid flow codes, a grid block�s length, 

volume, and cross-sectional area of faces connected to other grid blocks are important model 
feature

6 
7 

s.  For each region of the repository depicted, the BRAGFLO model geometry preserves 8 
the true excavated volume.  Lateral dimensions have been determined to preserve volume and 9 

.  10 
al 11 

12 
13 
14 

retain important cross-sectional areas and distances between defined regions, as discussed below
These simplifications are conservative with respect to fluid contact with waste, which is a critic
factor in determining the quantity of actinides mobilized in the aqueous phase.  The 
simplifications are conservative because (1) all pillars have been removed from the modeled 
panel, resulting in homogeneous waste regions through which fluid can flow directly; and (2) the 
panels in the rest of the repository areas do not have neither pillarsnor closures, resulting in a
large homogeneous region that is assigned an average permeability within the range of those 
experimentally determined 

 15 
16 

permeabilities (see Section 6.4.3.2 and Appendix PA, Appendix 17 
Attachment MASS Section 3.1MASS.5). 

The single panel that is represented individually (Panel 

18 

Region 23) is discretized to simulate 
radial flow to and from the borehole that intersects it.  In the CCA grid, the distance from
borehole to the shaft was 1260 m (4133.8 ft), the true distance from the shaft to the 
of the waste disposal region.  In the current grid, the distance is 1097 m (3599 ft).  The 
distance was reduced during the re-gridding process that accounted for the Option D pa
closures and refinements to represent two RoRs (see Appendix PA

19 
 the 20 

south end 21 
22 

nel 23 
, Attachment MASS, Section 24 

4.2.4).   The true distance from the south end of the waste disposal region to the waste handling 25 
shaft is preserved in the model as the distance from the south end of the modeled panel to the 26 
modeled single shaft.  In BRAGFLO, the single panel region is the southernmost portion of the 
repository.  It occupies this position because separate modeling activities indicate that slightly
larger releases may result from a panel in this position than from alternative placements (see 
Vaughn et al. 1995). 

27 
 28 

29 
30 

Panel closures were originally represented generically, since there were four options for the 31 
 use 32 

33 
34 

Option D panel closures (see Appendix PA, Section 4.2.8, Attachment MASS, and Chapter 35 

panel closure design.  A condition of the original WIPP certification requires the DOE to
the Option D panel closure design constructed with Salado Mass Concrete (SMC).  The 
closure representation for this analysis is modified in the models to better represent the 

9.0).  The panel closure between the panel and the rest of the repository has a cross-sectional 36 
37 area equal to the cross-sectional area of the drifts between panels.  The length and total volume 

of modeled panel closures is consistent with their Option D design.  The panel closure between 
the rest of the repository and the operations regions has a cross-sectional area equal to the cross-
sectional area of the drifts between the north end of the waste disposal region and the operations 
regions.  Because there are two closures between the waste disposal region and the shafts in the 
operations regions, the modeled panel closures between the rest of the repository and the 
operations

38 
39 
40 
41 
42 

 regions have a length and volume consistent with two panel closures. 43 
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A number of submodels have been defined within the repository region and are described in t
section.  The submodels that have been defined for repository processes are Creep Closure
(6.4.3.1), Repository Fluid Flow (6.4.3.2), Gas Generation (6.4.3.3), Chemical Conditions i
Repository (6.4.3.4), Dissolved Actinide Source Term (6.4.3.5), and Source Term for Colloid
Actinides (6.4.3.6). 

6.4.3.1 

his 1 
 2 
n the 3 

al 4 
5 

Creep Closure 

Salt creep occurs naturally in the Salado halite in response to deviatoric stress.  Inward creep of 
rock and the repository response is 

6 

7 
a process generally referred to as creep closure.  Creep 

closure of excavated regions begins immediately because of excavation-induced deviatoric 
stress.  If the rooms were empty, closure would proceed to the point where the void volume 
created by the excavation would be eliminated as the surrounding formation returns to a uniform 
stress state.  In the waste disposal region, waste consolidation 

8 
9 

10 
11 

will continues until loading in th
surrounding rock is uniform, at which point salt creep and waste consolidation ceases.  The 
amount of waste consolidatio

e 12 
13 

n that occurs and the time it takes to consolidate are governed by 14 
properties of the waste (waste strength, modulus, etc.), properties of the surrounding rock, the 15 
dimensions and location of the room, and the quantities of fluids present in the room. 

Fluids that could affect closure are brine that may enter the repository from the Salado or an 
intrusion borehole, air present in the repository when it is sealed, and gas produced by reacti
occurring during waste degradation.  Closure and consolidation can be slowed by fluid pressure
in the repository.  This can be quantified according to the principle of effective stress: 

 σ

16 

17 
ons 18 

 19 
20 

) 21 

e stress caused by the weight of the overburden (an essentially constant value), p is 22 

T = σe+ p , (6.11

where σT is th
the pressure of the repository pore fluid, and σe is the stress that is applied to the waste matrix.  
In this formulation, the waste is considered a skeleton structure containing pore fluids.  As the 
pore pressure increases, an increasing amount of overburden stress is supported by pore fluid 
pressure, p 

23 
24 
25 

ρ, and less overburden stress is supported by the strength of the waste matrix.  W ste 
consolidation will cease when the sum of the stresses felt by the waste matrix and fluid pre
reaches lithostatic pressure.  If gas and brine quantities in the repository stabilize, creep closu
will act to establish a constant pressure and pore volume. 

In summary, creep closure of waste disposal areas will cause their volu

a26 
ssure 27 

re 28 
29 

me to decrease as the 30 
31 
32 

33 
e 34 

Salado deforms to consolidate and encapsulate the waste, changing waste porosity and 
permeability.  Resistance to creep closure will be caused by waste strength and fluid pressure. 

Three major material-response models are required for closure analyses.  The first model 
describes how the halite creeps as a function of time and stress.  The second model describes th
state of consolidation of the waste consolidation as a function of applied stress.  A third 
constitutive model is used to model inelastic behavior of anhydrite marker beds (see Append
PA, Attachment MASS, Section 13.0 

35 
ix 36 

PORSURF, PORSURF Attachment 1). 37 

38 
39 

Halite deformation is predicted using a multimechanism deformation steady-state creep model 
with work hardening and recovery transient response.  For the conditions of the WIPP, creep 
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mechanisms are governed by the temperature and shear stress at a given location in the 
surroundings at any time.  Although WIPP conditions are expected to be nearly isothermal at the 
ambient natural underground temperature, several 

1 
2 

of the mechanisms can be active at the same 
time because of the large range of stress states that occur around underground 

3 
rooms and shafts.  4 

The focus of the model�s mechanistic part of the model is definition of steady-state creep strain, 5 
6 
7 

8 
re 9 

10 
11 

odel, multimechanism deformation model, and the inelastic 12 
constitutive model for anhydrite were numerically implemented in the SANTOS computer code 13 

with transient creep strain described through a multiplier on the steady-state rate, thus 
accommodating both transient changes in stress loading and unloading. 

The volumetric plasticity model is the mathematical model for room closure and waste 
consolidation.  The model is discussed further and the experimental data used in this model a
summarized and interpreted in Butcher and Mendenhall (1992), Butcher et al. (1991, 65-76) 
and Luker et al. (1991). 

The volumetric plasticity m

to calculate the closure of disposal rooms for performance assessmentPA (Appendix PA, 
Attachment PORSURF. 

14 
PORSURF, PORSURF Attachment 1).  SANTOS is described in 15 

Appendix PORSURF (Section PORSURF.3) 

As a boundary condition, SANTOS requires 

16 

estimates of the fluid pressure estimates and henc
the quantity of gas present in a disposal room.  These estimates are obtained using the average 
stoichiometry model of gas generation (Section 6.4.3.3) with different rates of gas generation 
that reflect different assumptions about the quantity of brine 

e 17 
18 
19 

that might be available in a w
disposal room.  The different rates of gas generation used in SANTOS bound the possible 
conditions for gas content in the repository.  With the volumetric plasticity model and the fluid
pressure boundary condition, SANTOS calculates the pore volume of the disposal room through 
time. 

In 

aste 20 
21 

 22 
23 
24 

performance assessmentPA, SANTOS calculates the time-dependent effects on volume as a 
result of creep closure. calculated by SANTOS

25 
 These effects are linked to the fluid-flow code 26 

BRAGFLO b me) to (1) 27 
time after sealing and (2) gas pressure.  At the beginning of a time step, BRAGFLO evaluates the 28 
pressure of a cell in the waste disposal regions; the pressure is sensitive to brine and gas flow and 29 
the previous pore l.  The code then co oro  to f30 
a iven time and pressure.  The vo e in the cell is 31 
i onsistency with gas generation, fluid movem nd 32 
r Additional details about the porosity surface method are included in 33 
A

y a porosity surface, which is a look-up table relating porosity (void volu

volume of the cel nsults the p sity surface ind the 
ppropriate void volume of the cell for a g id volum
teratively adjusted during a time step for c
epository pressure.  

ent, a

ppendix PA, Attachment PORSURF. BRAGFLO (Section 4.11) and Appendix PORSURF 34 
(Sections PORSURF.1, PORSURF.2, and PORSURF Attachments 1 through 6).  The porosity 35 
s  effect urface method of incorporating the dynamic of creep closure�s dynamic effect in36 
p

 
erformance assessmentPA has been compared to m
omputa

ore complex techniqu that are 37 
c tionally impractical in a performance assessment

es 
PA (Freeze et al. 1995).  In these 38 

c d was found to be a reasonable representation of omparisons, the porosity surface metho39 
reasonably represent behavior observed in more complex models. 40 

T mns 40 to  Regions 26 and 27he operations area and experimental area (Colu  45  in Figures 6-14 41 
and 6-15, respectively) are modeled as unfilled after closure in this performance assessmentPA.  42 
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The operations and experimental areas These regions ar cted to clo in less tha1 
y trast to th egion contai g waste (Va hn 2 
e reas are assumed to be �pre-closed� and are assigned a constant low 3 
p ime fram4 

Additional modeling co types (com cted waste forms) and was5 
containers (pipe overpacks) do not impact the 6 
m used in th A is used i his analysi7 

6

e expe se n 200 
ears and do not require a porosity surface, in con
t al. 1995).  These a

e r nin ug

orosity (18 percent) over the entire regulatory t e.   

nfirmed that new waste 
adequacy of the original porosity surface 

pa te 

odeled in the CCA PA.  The porosity surface e CC n t s. 

.4.3.2 Repository Fluid Flow 8 

F9 
w afts, an  fluid flow een the r tory 10 
a ssessing g  generation rates (Section 6.4.3.3), 11 
r sure, and the mobility of clides in the disposal system.  Additional 12 
d ppendix PA, Appendix, 

luid flow modeling within the repository is concerned with (1) fluid flow
aste, (2) fluid flow to and from the Salado and sh

 and distribution in the 
 betwd (3) eposi

nd intrusion boreholes.  These are important in a
epository pres

as
 radionu

iscussion of this topic is provided in A Section PA-4.2. MASS (Section 13 
MASS.7).14 

D ion of pillars, rooms, drifts, 15 
pa

isposal region fluid flow is affected by the geometrical associat
nel closures, possible borehole locations, the time- endent properties of waste areas dep16 

r e, flow interactions with other parts of the disposal system, and 17 
reactions that generate gas.  As described in Section 6.4.3.1, creep closure changes disposal 18 
region porosity.  Depending on material properties and conditions, brine may flow into the 19 

esulting from creep closur

disposal region by moving down shafts and through the DRZ or operations region, or, during
disturbed conditions, through a borehole.  Brine contained in the Salado may flow to the waste
disposal region because of pressure gradients created by the excavation.  Brine flow into the 
repository may be reduced as repository pressure increases, and brine may be expelled from the 
repository if pressure in the repository exc

 20 
 21 

22 
23 

eeds brine pressure in the immediately surrounding 24 
rock or borehole.  Gas may be generated as wa ressure increase.  Gas 25 
may flow away from the ofracturing processes 26 
in the DRZ and anhydrite interbeds. into lower pressure areas, which may include disturbed 

ste decomposes, causing a p
 waste area to the anhydrite marker beds by hydr

27 
areas surrounding the reposit , the shafts, or an intrusion bo .ory, the interbeds rehole   Gas flow 28 
into inta cause of the expected high threshold pressure of 29 
halite (s30 

Fluid flow i  system is conceptualized using principles of mul low, except 31 
for Culebra port modeling.  In multiphase flow, a residual br ation (Sbr), is 32 
defined,  at which the brine phase has a n lative 33 
permeab e is immobile.  In accordance with two-phase flow 34 
theory, the r osal system corresponds to the gas saturation 35 
necessar ela  permeability; below this satur36 
generated g  multiphase flow techniques adopted by the DOE are described 37 
in Appendix PA, Section 4.2 and Attachment MASS, Section 3.0. Appendix BRAGFLO 

ct, halite-rich rock is not expected be
ee Section 6.4.5.1). 

n the disposal tiphase f
 flow and trans ine satur

 which is the minimum saturation onzero re
ility; below this saturation, brin

esidual gas saturation (Sgr) in the disp
y to create an incipient gas-phase r tive ation, waste-

as is immobile.  The
38 

(Section 4.8).39 

The intr fluence repository system performance 40 
by affec e.  Tests reported by Luker et al. (1991, 41 

insic permeability of waste at a given time can in
ting the flow rate of gas or brine through the wast
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693-702) on simulated waste have shown material permeabilities from about of 10−12 to 10−16 m
on waste compacted under a lithostatic load.  

2 1 
Performance assessmentPA assigns a waste 2 

permeability of the waste as a constant at 2.4 1.7 × 10−13 m2 (Table 6-8 Table 6-10).  Th
permeability value was adopted from the value used in the PA verification test (EPA 1998, 
TSD V-B-14).

is 3 
4 

is representative of the average value of compacted waste. Use of a constant value 5 
rather than a variable has been found acceptable (Vaughn et al. 1995).6 

Because two-phase relationships have not been measured for waste, performance assessmentPA
determines a range of possible two-phase conditions for the repository by applying the LHS 
technique to parameters within the Brooks-Corey two-phase equations.  These and other 
parameters in the disposal room and repository flow model are shown in Tables 

 7 
8 
9 

6-86-10 and 6-10 
96-11.  Details about the two-phase equations and parameters used in performance 11 
assessmentPA are included in Appendix PA, Section 4.2; Attachment MASS, Section 3.0; 12 
BRAGFLO (Sections 4.8 and 4.9) and Attachment Appendix PAR (Parameters 6 and 7). 

Material properties in the waste are assumed to be homogeneous and are distributed in the 
BRAGFLO model 

13 

14 
in to cells whose volumes are much larger than an individual waste container. 15 

ng 16 
ockets 17 

18 
19 

 20 

Two processes that may occur on scales smaller than the cell volumes in BRAGFLO are wicki
(the retention of brine in a capillary fringe) and puddling (the capture of brine in isolated p
of waste caused by waste heterogeneity).  Wicking is accounted for in the gas generation model 
(Section 6.4.3.3).  Vaughn et al. (1995) found that puddling can be neglected. 

The experimental and operations regions (Columns 44 and 45 and 40 through 42, respectively,
Regions 26 and 27 in Figures 6-14 and 6-15) are represented in performance assessmentPA
a porosity of 18 percent and a permeability of 10

 with 21 
22 −11 m2 as a conservative upper bound.  For 

postoperational performance, the panel closures (Columns 31, 35, and 39 Region 25 in Figures 23 
6-14 and 6-15) are represented with a porosity of 5 7.5 percent and a median permeability of 24 
1.78 × 10−1910!15 m2, as discussed in Appendix MASS (MASS Attachment 7-1) Appendix PA, 25 
Section 4.2, Attachment PAR, Parameter 10, and Attachment MASS, Section 19.0. 26 

6.4.3.3 Gas Generation 27 

ll be produced in the repository bybecause ofGas wi  a variet  reactions, p28 
een

y of chemical rimarily 
those occurring among betw  brine, metals, microbes, cellulosics, and sim r materialsila , 29 
plastics, and rubber materials, and via liberation releases of the dissolved gases produced by 30 
these reactions to the gaseous to the gas phase.  The dominant processes are anoxic corrosion of 31 
metals steels and other Fe-based alloys in the waste conta
consumption 

iners, and the waste and microbial 32 
degradation of cellulosics, plastics, and rubbers  materials in the waste.  Anoxic 33 

corrosion of steels and other Fe-based alloys reactions will occur between brine and steel, and 34 
aluminumAl, and aluminum Al-base alloys, producing b
producing H

y w  brine will occu35 ater in the r, 
2.  Microbial degradation consumption of cellulosics, plastic, and rubber materials 36 

could may produce a variety of gases; however, for the curr in  eent waste ventory and xpected 37 
conditions, CO  and CH  2 4 (methane) are expected to be the dominate (as predicted at the time of 38 
the CCA). gases for the process.  Radiolysis has been was demonstrated by laboratory 39 

gnificant (see Appendix MASS, Section MASS.8;experiment and model calculations to be insi  40 
Appendix SCR, Section SCR.2.5.1.3).Appendix PA, Attachment SCR, FEP W15 and W53).    41 
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Table 6-106-8.  Repositorya1 and Panel Closures arameter lues   P  Va

Parameter (units) Maximum Minimum Med r ian o
Con t stan

Permeability, k (square meters) � Waste Region � � 2.41.70 × 10−13

Permeability, k (square meters) � Operations and � � 1
Experimental Regions 

0−11

Permeability (square meters) � Panel Closures 1 ×  10−17 2.00 ×  10−21 1.78  
1
 ×  10−19

0!15

Initial Effective Porosity (percent) � Waste Region � � 84.8 
Effective Porosity (percent) � Operations and Experimental 
Regions 

� � 18.0 

Effective Porosity (percent) � Panel Closures � � 
7
5 
.5

Threshold Pressure, Pt (pascals) � Repositorya 1 � � 0 
Threshold Pressure, Pt (pascals) � Panel Closuresb 2 � � 1.7

8.6
2 × 106 
7 × 104

Residual Brine Saturation, Sbr (unitless) � Repository 0.552 0 0.276 
Residual Brine Saturation, Sbr (unitless) � Operations and � � 0 
Experimental Regions 
Residual Brine Saturation, Sbr (unitless) � Panel Closures 0.60 0 0.20 
Residual Gas Saturation, Sgr (unitless) � Repository 0.15 0 0.075 
Residual Gas Saturation, Sgr (unitless) � Operations and � � 0 
Experimental Regions 
Residual Gas Saturation, Sgr (unitless) � Panel Closures 0.40 0 0.20 
Pore Distribution Parameter, λ (unitless) � Repository 5.78 1.44 2.89 
Pore Distribution Parameter, λ (unitless) � Operations and 
Experimental Regions 

� � 0.7 

Pore Distribution Parameter, λ (unitless) � Panel Closures 8.10 0.11 0.94 
Maximum Capillary Pressure (pascals) � Repository and 
Panel Closures 

� � 108

Pore Compressibility (1/pascals) � Repository c 3 � � 0 
Pore Compressibility (1/pascals) � Panel Closures � � 2.64 × 10!9  

6 ×  10−11

a 1 Unless specifically listed, Repository refers to operations, experimental, and waste regions. 
b 2 PCT_EXP Threshold pressure (Pt) determined from the relationship:  Pt = PCT_A · k  where PCT_A and PCT_EXP are constants and k is the 

permeability. 
c 3 Accounted for in porosity surface. 

Gas generation will affect repository pressure, which is important in other submodels of the 
disposal system, such as those calculating creep closure (Section 6.4.3.1), interbed fracturing 
(Section 6.4.5.2), two-phase flow (Section 6.4.3.2), and the radionuclide releases associated
spallings during an 

1 
2 

 with 3 
inadvertent drilling intrusion (Section 6.4.7).  Thus, gas generation must be 4 

estimated in performance assessmentPA. 5 
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Table 6-116-9.  BRAGFLO Fluid Properties  

Parameter (units) Value 
Reference Temperature (kelvin)a 1 300.15 
Liquid Density (kilograms per cubic meter)a,b 1,2 at  

Atmospheric Pressure 1,220.0 
8 megapascals 1,223.0 
15 megapascals 1,225.7 

Liquid Viscosity (pascals * seconds)b 2 2.1 × 10−3

Liquid Compressibility (1/pascals)b 2 3.1 × 10−10

Gas Density (kilograms per cubic meter)a,b 1,2 at:  
Atmospheric Pressure 0.0818 
8 megapascals 6.17 
15 megapascals 11.1 

Gas Viscosity (pascals * seconds)b 2 8.93 × 10−6

a 1 These values applied to fluids in all material regions in BRAGFLO. 
b 2 See Appendix PA BRAGFLO (Section 4.24.4) for equations of state. 

Perform nce assessmenta PA uses the average-stoichiometry model to estimate gas generation 1 
occurring in the waste-disposal region.  This model was developed for WIPP performance 2 
assessmentPA based on gas-generation experiments performed for the WIPP (see CCA 
Appendix MASS, Section MASS.8 and MASS Attachment 8-2).  The average-stoichiometry 
model accounts for 

3 
4 

the formation of gas formed by anoxic corrosion of steels and other Fe-
based alloys, and microbial consumption 

5 
degradation of cellulosics, including plastics, and 

rubber
6 

s materials.  For the purpose of calculating repository pressure and gas flow, the d
and viscosity of the generated gas are assumed to be those of H .  In the average-stoichiom
model, gas is assumed to be generated at a rate dependent on the availability of brine in the 
computational cell.  Gas can be generated by anoxic corrosion in all realizations, and is assumed 
to be generated by microbial activity 

ensity 7 
etry 8 

9 
10 

2

degradation in half of the realizations.  The average-
stoichiometry model is based on experimental data on the rates of gas generation from anoxic 
corrosion of steels and microbial consumption 

11 
12 

degradation of papers under inundated and humid 
conditions.  These data were used to develop ranges of possible gas-generation rates, as shown

13 
 in 14 

Table 6-10 Table 6-12.  In BRAGFLO, a gas-generation rate is determined from the rates
in 

 listed 15 
Table 6-10 Table 6-12 by a linear-interpolation method that combines humid and inundated 16 

rates based on the effective liquid saturation (Appendix PA BRAGFLO, Section PA-4.2.5 4.13).   17 

The effective liquid saturation in a computational cell in of BRAGFLO for the purpose of gas 
generation is the computed liquid saturation in that cell plus an adjustment 

18 
to account for

uncertainty in the capillary rise (wicking) characteristics of the waste.  Refer to Attachment PA
Sections PA-4.2.5 and PA-4.2.6 

 19 
, 20 

4.13 and 7.2.9, Attachment Appendices PAR (Parameter 8) and 21 
BRAGFLO for details on the treatment of wicking in the gas-generation model. 

Anoxic corrosion is represented by a generic equation given in Appendix PA 

22 

BRAGFLO 
(Section PA-4.2.4 

23 
4.13).  This equation accounts for corrosion only for corrosion of the st

and other Fe-based alloys 
eels 24 

content in the repository by the reaction expected to dominate.  25 
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Table 6-126-10.  Average-Stoichiometry Gas Generation Model Parameter Values 1 

Parameter (units) Maximum Minimum Median or 
Constant 

Inundated Corro −14sion Rate for Steel without CO2 Present (meters per 
second) 

3.17 × 10
1.59 x 10-14

0 1.59 
7.94 × 10!145

Humid Corrosion Rate for Steel � � 0 
Probability of Microbial Consumption Degradation of Plastics and 
Rubbers Materials in the Waste in the Event of Significant Microbial 
Gas Generation (see Figure PAR-1) where 0 represents corrosion and 
no significant microbial gas generation. 1 represents cellulosic 
degradation only, and 2 represents cellulosic, plastic, and rubber 
degradationconsumption 

2 0 2 

Rate for Microbial Activity Degradation Under Humid Conditions 
(mole per kilogram( second) 

1.27 × 10!9 0 6.34 × 10!10

Rate for Microbial Activity Degradation under Brine-Inundated 
Conditions (mole per kilogram( second) 

9.51 × 10!9 3.17 × 10!10 4.92 × 10!9

Factor β for Microbial Reaction Rates (unitless) 1.0 0 0.5 
Anoxic Corrosion Stoichiometric Factor X (unitless) � � 1.0 
Average Density of Cellulosics Materials in CH-TRU Waste 
(kilograms per cubic meter) 

� � 58 
54.0

Average Density of Cellulosics Materials in RH-TRU Waste 
(kilograms per cubic meter) 

� � 4.5 
17.0

Average Density of IronSteels and Other Fe-Based MaterialsAlloys 
in CH-TRU Waste (kilograms per cubic meter) 

� � 110.0 
170.0

Average Density of IronSteels and Other Fe-Based MaterialsAlloys 
in RH-TRU Waste (kilograms per cubic meter) 

� � 110.0 
100.0

Average Density of Plastics Materials in CH-TRU Waste (kilograms 
per cubic meter) 

� � 42.0 
34.0

Average Density of Plastics Materials in RH-TRU Waste (kilograms 
per cubic meter) 

� � 4.9 
15.0

Average Density of Rubber Materials in CH-TRU Waste (kilograms � � 14.0 
10.0per cubic meter) 

Average Density of Rubber Materials in RH-TRU Waste (kilograms 
per cubic meter) 

� � 3.1 
3.3

Bulk Density of IronSteel Containers, CH-TRU Waste (kilograms 
per cubic meter) 

� � 170.0 
139.0

Bulk Density of IronSteel Containers, RH-TRU Waste (kilograms 
per cubic meter) 

� � 480.0 
2.59 × 103

Bulk Density of Plastic Liners, CH-TRU Waste (kilograms per cubic 
meter) 

� � 16.0 
26.0

Bulk Density of Plastic Liners, RH-TRU Waste (kilograms per cubic 
meter) 

� � 1.4 
3.1

Total Volume of CH-TRU Waste (cubic meters) � � 1.69 × 105

Total Volume of RH-TRU Waste (cubic meters) � � 7.08 × 103

Wicking Saturation (unitless) 1.0 0 0.5 
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B luminumecause the total quantity of a Al and aluminum Al-base alloys is a small compared 1 
the quantity of iron

to 
steels and other Fe-based metalsalloys, corrosion of aluminumAl is omitted 2 

for simplicity.  The steels and other Fe-based alloys are content of the repository is depleted 
separately in each computational cell (that is, a cell-by-cell basis), and gas generation can 
continue in cells, depending on parameter values, until all the steels and other Fe-based allo

3 
4 

ys 5 
in a cell is are consumed.  Brine in cells is consumed as gas generation proceeds.  If a cell has a 6 

7 brine saturation equal to zero, it cannot produce gas by anoxic corrosion. 

It is assumed that there is no passivation of anoxic corrosion of steels or other Fe-bas
by CO

ed alloys 8 
2 and H2S produced by microbial activity degradation because microbial gas generation is 

too slow and also because CO
9 

2 will be removed from the gaseous phase by reaction with 
reacting with MgO

10 
 backfill.  Details of the equations and parameter values are given in 

Appendix PA, 
11 

and Attachment PAR (Parameters 1 through 5) and Appendix BARRIERS. 12 
Appendix BRAGFLO (Section 4.13), Appendix PAR (Parameter 1), and Appendix MASS 13 
(Section MASS.8. 

Microbial 

14 

degradation activity occurs in only half of the realizations because of uncertainties 15 
associated with in viability of the colonies this process (Appendix PA, Attachment MASS, 16 
Section MASS.8.0 and MASS Attachment 8-2).  Like anoxic corrosion, microbial degradation 17 
gas production is represented by a generic equation, given along with other details in Ap
PA 

pendix 18 
BRAGFLO (Section 4.2.54.13).  The cellulose inventory of cellulosic, plastic, and rubber 

materials is depleted on a cell-by-cell basis.  Depending on parameter values, gas generation by 
microbial 

19 
20 

degradation activity can continue until all cellulosics materials in the cell are 
degraded.  Reaction with 

21 
MgO added to the repository the MgO engineered barrier consumes 

CO  (see Section 6.4.3.4 and Appendix PA, Attachment 
22 

2 Appendix SOTERM, Section 23 
SOTERM.2.2.2 ).  Thus, the net quantity of gas produced developed by microbial degradation 
consumption of cellulosic, plastic, and rubber materials is correlated with con

24 
stituents of the 25 

waste disposal region.  Details are provided in Appendix BRAGFLO (Section 4.13).  It is 26 
ssumed that microbial degraa dation process activity neither produces nor consumes water, but its 27 

quid presen28 rate is dependent on the amount of li t in a computational cell. 

Microbiales degradation may also consume plastic and rubber materials in the repository.  The 
DOE assumes that in half of 

29 
those the simulations in which where microbial consumption 30 

degradation of cellulosics materials occurs, microbesial degradation also acts on consume 
plastic and rubber materials in the waste-disposal region.  As with cellulosic

31 
s materials, these 

plastic and rubber materials are depleted on a cell-by-cell basis.  Parameter values for the 
average-stoichiometry model are summarized in 

32 
33 

Table 6-10Table 6-12 and detailed in Append
PA, Attachment PAR (Parameters 1 through 5). 

6.4.3.4 

ix 34 
35 

Chemical Conditions in the Repository 

The chemical conditions in the repository determine actinide solubilit

36 

yies, a propertyparameters 
demonstrated in past analyses as i

37 
mportant to disposal-system performance.  In scenarios that 38 

have with the potential to result cause in releases to the accessible environment, the DOE has 
determined that chemical conditions 

39 
in the repository can be modeled in PA as homogeneous 40 

41 throughout the waste-disposal area and constant (with the exception of brine content) 
throughout the 10,000-year regulatory period.  in performance assessment.  This use of 42 
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constant, homogeneous conditions is based on an the assumption of equilibriaum (for most 
processes) 

1 
between the among brine (the composition of which is determined by the scen

being considered), 
ario 2 

), waste, MgO in the repository (determined by the scenario being considered3 
backfill, and abundant minerals that are abundant in the Salado, the MgO engineered barrier, 4 
and the actinides in the waste.  Some exceptions to thethis equilibrium assumption of equilibria 5 
are present in some performance-assessment models and are discussed where appropriate.  In 6 

in 7 
Appendix PA, Attachments SOTERM and BARRIERS. 8 
addition to the following discussion, information supporting this position is presented 

Brine and waste within the WIPP repository are modeled as a uniform homogeneous mixture of 
dissolved and solid-state species.  Thermodynamic equilibrium is assumed for dissolved actinide 
concentrations, but oxidation-reduction reactions between the actinides and other waste 
components are not assumed to 

9 
10 
11 

proceed to reach equilibrium. Although materials in the waste 
will actually dissolve at different rates, the assumption of instantaneous solubility equilibria 
and 

12 
13 

tion ofpresump  homogeneity and solubility equilibrium, along with assumed disequilibrium 14 
reduction-oxidation-reduction conditions, yields the largest reasonable concentration of aqueous 15 

16 
17 

perature of the WIPP is 18 

dissolved and colloidal actinides in the repository.  No chemical microenvironments that 
influence the overall chemical environment are expected to persist, nor is supersaturation 
expected during the 10,000-year regulatory period.  The average tem
expected to increase by less than 610°C from its ambient value of 28°C as a result of radioactive 19 
decay and exothermic reactions, such as MgO hydration and carbonization, and the effect of this 20 
mall increase is assum21 

W73).Appendix W
s ed negligible (see Appendix PA, Attachment SCR, FEPs W72 and 

CA, Section WCA.5.3, and Appendix SCR, Sections SCR.2.2.2 and 22 
SCR.2.5.7). 

Brine composition in the repository can vary depending on the sequence of future human even
Calculating 

23 

ts.  24 
of brine mixing from different sources is not feasible in amenable to performance 25 

assessmentPA.  The DOE has made the reasonable simplification that in the undisturbed 
performance and E2 scenarios, which do not include penetration of a Castile brine reservoir, all 
brine in the repository will have the composition of Salado brine (see Appendix PA, 

26 
27 

Appendix 28 
Attachment SOTERM Section SOTERM.2.2.1).  In these scenarios, there is no process that 
could introduce Castile brine into the repository.  For the E1 and E1E2 scenarios, which includ
penetr

29 
e 30 

ation of a brine reservoir in the Castile, brine in the repository is assumed to have the 31 
composition of Castile brine at all times.  Even though some Salado brine may enter the 32 
repository in these scenarios, it is reasonable to assume that Castile brine is the dominantes 33 
portion of brine because the quantity of brine that can flow from a reservoir through a bore
and into the repository is substantial compared to the quantity of brine entering from the Sa

The chemical environment in the repository after closure is expected to be strongly reducing 
(that is, lowered oxidation states are expected for elements that can occur in more than one 
oxidation state 

hole 34 
lado. 35 

36 
37 

to be favored).  Any gaseous or dissolved oxygen present in the repository will 
be consumed quickly either by aerobic microb

38 
esial activity or by oxic corrosion after repos

closure.  Moreover, the repository will contain large amounts of metallic 
itory 39 

ironFe, and anoxi
corrosion has been shown to produce considerable quantities of 

c 40 
hydrogen gasH2, and Fe2+ Fe(II

oxides and hydroxides, and dissolved Fe(II) species under expected repository conditions 
Appendix MASS, MASS Attachment 8-3 of the CCA).  Despite the overall reducing con
however, a condition of 

) 41 
(see 42 

ditions, 43 
reduction-oxidation-reduction disequilibrium is assumed in that 44 
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reduction-oxidation-reduction reactions between dissolved actinides in possible oxidation states 
are not assumed to 

1 
not occur. 2 

Based on experimental data reported in AppendixSOTERM (Sections SOTERM.2.2.2, 3 
SOTERM.3.4, and SOTERM.3.6), the DOE has determined that alkaline conditions in the 4 

K repository favor lower actinide solubility.  As discussed in Section 3.3.3 andAppendix BAC5 
MgO will be emplaced in the repository with the waste, in order to ensure alkaline conditions in 6 
the repository.  MgO emplaced with the waste will react with the CO2 that forms, creating 7 

 magnesium carbonate minerals such as MgCO3.  The fugacity of CO2 will be low and controlled8 
by equilibrium considerations, rather than controlled by its rate of production by microbial 9 
degradation, because the DOE will emplace enough MgO with sufficient surface area to ensure 10 

n rate.  Thus, by adding MgO to the repository, the CO2 uptake will exceed the CO2 productio11 
DOE not only maintains alkaline conditions but also minimizes a property of the repository, its 12 
CO2 fugacity, that would be expected to vary with time and potentially complicate the 13 
estimation of actinide solubilities in performance assessment. 14 

MgO reacts with brine to form Mg(OH)2.  Mg(OH)2 will react with CO2 produced by the 15 
microbial degradation of cellulosics by reactions such as 16 

 Mg(OH)2 + CO2 = MgCO3 + H2O . (12) 17 

)2, contained There is a small amount of other alkaline components in the waste, such as Ca(OH18 
in the cementitious waste.  Their effect will be minimal because they will be consumed by 19 
reactions with MgCl2 in the Salado brine and microbially generated CO2.  Details of those 20 
buffering reactions are described inAppendix SOTERM (Section SOTERM.2.2.2). 21 

Because the processes that might cause time-dependent changes in important chemical 22 
conditions in the repository have been eliminated by the addition of MgO and by the 23 

l assumptions made regarding brine composition, performance assessment uses constant chemica24 
conditions.  The chemical conditions in the repository, including the pmH (the !log10 of the 25 
molality of the hydrogen ion), are assumed to be controlled by equilibrium between minerals 26 

aste.  In (that is, MgO, Salado halite, and anhydrite present in interbeds), brine present, and w27 
Salado brine, the pmH in this system will be about 9.4.  In Castile brine, the pmH in this system 28 
will be about 9.9.  In both systems, the carbon dioxide fugacity will be low and will be 29 
determined by the equilibrium system (seeAppendix SOTERM, Section SOTERM.2.2.2, for a 30 
detailed discussion). 

MgO in polypropylene �supersacks� is emplaced on top of the three-layer waste stacks to 
create conditions that reduce actinide solubilities in the repository (see Section 3.3.3; 
Appendix BARRIERS; and Appendix PA, Attachment SOTERM, Section SOTERM-2.0)
brine flows into the repository, MgO will react with water in brine and in the gaseous phase
produce brucite (Mg[OH]

31 

32 
33 

.  If 34 
 to 35 

36 
37 

nd will create hydromagnesite with the composition Mg5(CO3)4(OH)2·4H2O 38 
 39 

40 

2).  MgO will react with essentially all of the CO2 that could be 
produced by complete microbial consumption of the cellulosic, plastic, and rubber materials in 
the waste, a
(Appendix BARRIERS; Appendix PA, Attachment SOTERM, Section 2).  The most important
MgO hydration and carbonation reactions that will occur in the WIPP are: 
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 MgO + H2O(aq and/or g) º Mg(OH)2 (6

 5Mg(OH)

.12) 1 

3) 2 

 3 
4 
5 

partial pressure) of CO  at a relatively low value of about 10  atm if significant microbial 6 
r 7 

8 
9 

10 
  11 

cite dissolution reaction 12 

) 13 

14 
15 
16 

217 
 to calculate actinide solubilities. 18 

19 

20 

wi  21 
will buffer the pH at about 9 in both Sa  brine (see Appendix PA, Attachment 22 
SOTERM, Section 2).  For the 2004 PA vectors without microbial activity, the composition of 23 
Salado or Castile brine at equilibrium with major Salado minerals, the fCO2 es  24 
Reaction 6.15, and the pH established by Reaction 6.14, have been used to calculate actinide 25 
s26 

T small 2 s with th   cement 27 
used to dewater process sl dg e quantity of portland e is to small, ho e28 
overcome the buffer capacity of the reactions described above. 29 

A d o t t mine th ety, e30 

 Mg  s actor  emplaced) ( quired), (6.16) 31 

where MgOemplaced is the q an  MgO to be placed in the repository a d d is 32 
the quantity of MgO requi ed sume the maximum amount of CO2 produced by microbial 33 
consumption of all of the m cellu osic, plastic, and rubber materials.  This analysis 34 
used:  (1) current estimates of the total quantities of cellulosic, plastic, rubber materials, 35 

2 + 4CO2(aq and/or g) º Mg5(CO3)4(OH)2 · 4H2O. (6.1

In these equations, �aq or g� indicates that the H2O or CO2 that reacts with MgO and/or
brucite could be present in the aqueous phase (brine) and/or the gaseous phase.  The brucite-
hydromagnesite carbonation reaction (6.13) will buffer (control) the fugacity (essentially the 

−5.50
2

activity occurs.  If microbial activity occurs, the predicted value of fCO2 will be identical fo
both Salado and Castile brine.  The brucite-hydromagnesite buffer will control fCO2 effectively 
because:  (1) the DOE is emplacing more than enough MgO to ensure the consumption of 
essentially all CO2 that could be produced in the repository, and (2) the reactivity of the MgO 
being emplaced in the WIPP is such that its carbonation rate exceeds the CO2 production rate.
The bru

 Mg(OH)2 º Mg2+ + 2OH- (6.14

will buffer the pH at about 9 in both Salado and Castile brine if microbial activity occurs (see 
Appendix PA, Attachment SOTERM, Section 2).  For the CRA-2004 PA vectors with 
microbial activity, the composition of Salado or Castile brine at equilibrium with major Salado 
minerals such as halite and anhydrite, the fCO  established by Reaction 13, and the pH 
established by Reaction 6.14, have been used

In the absence of microbial activity, the carbonation reaction 

 Mg(OH)2 + Ca2+ + CO2(aq and/or g) º CaCO3 + Mg2+ + H2O(aq or g) (6.15) 

ll buffer fCO2 at 10−5.48 atm in Salado brine and at 10-6.15 atm in Castile brine.  Reaction 6.14
lado and Castile

tablished by

olubilities. 

here is a relatively  amount of portlandite Ca(OH)  a sociated e Portland
u es.  Th it o w ver, to 

n analysis was carrie u o deter  e MgO saf d fined by: 

O afety f  = (MgO ÷  MgOre

u tity of  em n  MgOrequire
r
e

 to con
placed l
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nitrate (NO3
-), and sulfate (SO4

2-) in the TR nd wast rs pres losure 1 
o ry study of the efficacy of MgO.  This 2 
a IERS-2.0).  3 
T n enough MgO to ensure that the conditions described above 4 
will be established in the repository factor (see Appendix BARRIERS, Section BARRIERS-5 
2.0). 6 

s chemical compounds, known as

U waste a e containe ent after c
f the repository; and (2) recent results from a laborato
nalysis yielded a MgO safety factor of 2.45 (Appendix BARRIERS, Section BARR
herefore, there will be more tha

The waste contain  organic ligands, that can could enhance the 7 
concentration of actinide ions by forming soluble dissolved complexes of with these ions 8 
actinides and thus increase their solubilities. The ligands of concern in the repository are 9 
acetate, citrate, oxalate, and ethylenediaminetetraacetate (EDTA) because they are soluble in 10 
brine and are known to be present in the waste (see WCASection 8.11).  There are four organic
ligands of potential concern in the waste:  acetate, citrate, ethylenediaminetetraacetic acid 
(EDTA), and oxalate.  These organic ligands could increase the solubilities of the actinides in
the waste because:  (1) they are soluble in aqueous solutions such as WIPP brines, and 
(2) they are known to form complexes with the actinides (see Appendix PA, Attachment 
SOTERM, Section SOTERM-5.0)  

 11 
12 

 13 
14 
15 

 However, these organic ligands also bond strongly to other16 
metal species known to be in the repository system.  The DOE assumethat because of this 17 
competition effect, the organic ligands will have no significant impact on the repository 18 
performance (see Appendix SOTERM, Section SOTERM.5, and Appendix SCR, Section 19 
SCR.2.5.6, for discussion).  Therefore, the effects of acetate, citrate, EDTA, and oxalate ha
been included in the Fracture-Matrix Transport (FMT) calculations of actinide solubilities
the CRA-2004 PA.  These organic ligands will also form complexes with dissolved, cation
species of several metals present in the repository.  These metals will thus compete with th
actinides for the bindi

ve 20 
 for 21 

ic 22 
e 23 

ng sites on these organic ligands.  The effects of two of these metals, 24 
2+ 2+25 

26 
27 
28 
29 

Mg  and Ca , have been included in the solubility calculations for the CRA-2004 PA.  
Including complexation of actinides and of Mg2+ and Ca2+ by acetate, citrate, EDTA, and 
oxalate in the solubility calculations for the CRA-2004 PA has confirmed the conclusion in 
the CCA that organics will not increase the solubilities of the actinides significantly (see CCA 
Appendix SOTERM, Section SOTERM.5.0). 

6.4.3.5 Dissolved Actinide Source Term 30 

pendix WCA (Section WCA.3) has demonstrated that the mobility in Analysis reported in Ap31 
brine of the following actinides may be significant in the performance assessment of the WIPP:  32 
Th, U, Np, Pu, Cm, and Am.  Although commonly referred to as actinides in the waste inventory, 33 
these substances are almost always present in the waste as solid actinide oxides or solid actinide 34 
salts, and if they dissolve in the WIPP brines, they will dissolve as complex ions.  Additional 35 
discussion of actinide solubility modeling and the oxidation state distribution of the actinides is 36 
presented in Appendix SOTERM (Sections SOTERM.3 and SOTERM.4, respectively). 37 

Actinides may be mobilized either by dissolution in brine as aqueous species, by 38 
bioaccumulation or sorption onto colloidal particles, or by condensation into colloidal forms as 39 
actinide-intrinsic colloids that could be carried by brine (see Section 6.4.3.6 for a discussion of 40 
colloidal actinides).  The dissolved actinide source term model calculates the dissolved 41 

r concentration of each actinide in solution by applying the modeled solubility for the particula42 
oxidation state, as determined by the oxidation state distribution for that actinide, at the 43 
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repository conditions presented in Section 6.4.3.4.  Several oxidation states are not stable in the 1 
 are chemically reducing conditions described in Section 6.4.3.4.  The unstable oxidation states2 

Np(VI), Pu(V), Pu(VI), and Am(V), as described in Appendix SOTERM (Section SOTERM.4). 3 

Thorium will exist only in the IV oxidation state (see Appendix SOTERM, Section 4 
SOTERM.4.1).  Am and Cm will exist in only the III oxidation state (see Appendix SOTERM, 5 
Sections SOTERM.4.4 and SOTERM.4.5).  For the remaining actinides, Pu, U, and Np, it is 6 
uncertain whether repository conditions will favor the lower or higher of the remaining oxidation 7 

M.4.6).  The states (see Appendix SOTERM, Sections SOTERM.4.2, SOTERM.4.3, and SOTER8 
DOE has captured the range of possible behavior by assuming that in half the realizations, 9 
conditions within the repository are extremely reducing and the solubility of all three of these 10 

 actinides will be adequately represented by the solubility of their lower oxidation states.  In the11 
other half of the realizations, the solubilities of these actinides are well represented by the 12 

ueous solubilities of the higher of the possible oxidation states.  The factors controlling the aq13 
actinide concentration in a possible oxidation state are equilibrium with anhydrite, halite, MgO, 14 
and brine. 

The solubility of the actinides as a function of equilibrium between anhyd

15 

rite, halite, MgO, and 16 
brine is calculated outside of the performance assessment using FMT, a computer code for 17 
calculating actinide concentration limits based on thermodynamic parameters.  The parameters 18 
for FMT are derived both from experimental investigations specifically designed to provide 19 
parameter values for this model and from the published literature.  FMT and its application are 20 
described in Appendix SOTERM (Section SOTERM.3.5).  Table 6-11 presents a summary of 21 

ns solubility parameter values for each actinide oxidation state consistent with the assumptio22 
regarding chemical conditions stated in this section and Section 6.4.3.4.  These values are 23 
documented in Table 6-11 and in Appendix PAR(Parameters 36 through 45  and Table PAR-39).  24 
Details of the generation of Table 6-11 are given in Appendix SOTERM (Section SOTERM.3). 25 

The actinide source term used in the CRA-2004 PA calculations represents the aqueous 26 
c27 
source term is the sum suspended 28 
(colloidal) species of each of these actinides (see Section 6.4.3.6).  The source term represents 29 
the mobile concentrations of , and uld be released from the repository in 30 
brine31 

The actinide source term is lim those ra des that could significantly affect the 32 
lo nce of th hese des are es of Th d 33 
Am.  Their potential effects o -term nce of th ory can d as 34 
Pu h (Helton her ac pecially m (Np), were included 35 
in the laboratory and modeling stud ctinid36 
not known which actinides could significantl he long-t formance37 
re38 

Although commonly referred e,39 
in the waste as solid actinide oxides or solid ac nd, if they d ssolve in W40 
wi  species (us ferred to mplexes�) with nonradioactive, inorganic, 41 
dissolved species such as carbonate ion (CO3

2-), chloride ion (Cl-) or hydroxide ion (OH-), or  42 

oncentrations of thorium (Th), uranium (U), Pu, and americium (Am) in the repository.  The 
 of the dissolved species (solubility) and the mobile 

 Th, U, Pu

ited to 

Am that co

dionucli

. 

ng-term performa e WIPP.  T radionucli all isotop , U, Pu, an
n the long  performa e reposit be ordere

 ≈ Am >> U > T  1998).  Ot tinides, es  neptuniu
ies used to develop the a

y affect t
e source term because it was 

erm per  of the 
pository. 

 to as �actinid � these radioelements are almost always present 
tinide salts a i IPP brines, 

ll form complex ually re  as �co
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Table 6-11.  Summary of Dissolved Actinide Solubilities (moles per liter) in Castile and 1 
Salado Brinesa2 

 
Actinides

 
Brine

 
Maximum

 
Minimum

 
Medianb or 
Constant

 
Am(III), Pu(III), Cm(III)

 
Salado

 
1.46 H 10!5

 
5.82 H 10!9

 
4.73 H 10!7

 
Pu(IV), Th(IV), U(IV)

 
Salado

 
1.11 H 10!4

 
4.40 H 10!8

 
3.58 H 10!6

 
Np(IV)

 
Salado

 
-

 
-

 
4.40 H 10!6

 
Np(V)

 
Salado

 
-

 
-

 
2.30 H 10!6

 
U(VI)

 
Salado

 
2.19 H 10!4

 
8.70 H 10!8

 
7.07 H 10!6

 
Am(III), Pu(III), Cm(III)

 
Castile

 
1.64 H 10!6

 
6.52 H 10!10

 
5.30 H 10!8

 
Pu(IV)

 
Castile

 
1.51 H 10!7

 
6.00 H 10!11

 
4.88 H 10!9

 
Th(IV)

 
Castile

 
-

 
-

 
6.00 H 10!9

 
U(IV)

 
Castile

 
-

 
-

 
6.00 H 10!9

 
Np(IV)

 
Castile

 
-

 
-

 
6.00 H 10!9

 
Np(V)

 
Castile

 
-

 
-

 
2.20 H 10!6

 
U(VI)

 
Castile

 
2.21 H 10!4

 
8.80 H 10!8

 
7.15 H 10!6

 
a Inorganic chemistry controlled by the Mg(OH)2 - MgCO3 pair. 
b Appendix SOTERM (Sections SOTERM.3.6 and SOTERM.7.2) discusses the relationship of this 
distribution to the modeled solubility.

with nonradioactive, organic, dissolved species such as acetate, citrate, EDTA, or oxalate (see 
Section 6.4.3.4). 

The postclosure chemical environment in the repository will be strongly reducing (see Section 
6.4.3.4; Appendix PA, Attachment SOTERM, Section SOTERM-2.0).  Previous studies 
actinide chemistry imply that, under these conditions, Th will exist as Th(IV) (Appendix PA
Attachment SOTERM, Section 4.1); U will exist as U(IV) or U(VI) (Section 4.2); Np will
speciate as Np(IV) or Np(V) (Section 4.3); Pu will exist as Pu(III) and Pu(IV) (Section 4.4);
and Am will

3 
4 

5 
of 6 

, 7 
 8 

 9 
 speciate as Am(III) (Section 4.5).  Several actinide oxidation states will be 10 

unstable under the strongly reducing conditions expected in the repository.  These include 11 
12 

 concludes that would not persist in 13 
significant quantities because diffusive transport through any brine present and (especially in 14 

ort of brine would expose any oxidized Pu to 15 
reducing materials like metallic Fe from waste containers and Fe-based materials in the 16 

) 17 
18 
19 
20 

A by 21 
22 
23 

Np(VI), Pu(V), Pu(VI), and Am(V).  Pu(V) and Pu(VI) could occur in isolated 
microenvironments in the repository, however, the DOE

the event of human intrusion) advective transp

waste, Fe(II)-bearing solids produced by anoxic corrosion of metallic Fe, dissolved Fe(II
species, and metallic Al in the waste (Appendix SOTERM, Sections SOTERM-2 and 
SOTERM-4; Marcinowski 2001).  Microbial activity, if it occurs, would also help create 
reducing conditions. 

The DOE incorporated the uncertainties regarding the oxidation states of U and Pu in P
assigning a probability of 0.5 that they will exist in the U(IV) and Pu(III) oxidation states, and 
a probability of 0.5 that these elements will speciate in the U(VI) and the Pu(IV) oxidation 
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states (see also Appendix PA, Section SOTERM-5.2).  The oxidation state for both elements i
selected by a single variable in the L

s 1 
HS.  Therefore, in approximately half of the PA 2 

realizations, the oxidation states of the transported actinides are Th(IV), U(IV), Pu(III), and 3 
4 
5 

6 
f 7 

d to develop a solubility model for the +IV 8 
actinides, which was used for Th(IV), U(IV), Np(IV), and Pu(IV).  Literature data for Np(V) 9 

10 
nt 11 

12 
ese 13 

14 
15 
16 
17 

oratory 18 
19 

u. 20 

 21 
lite and anhydrite, 22 

minerals present in large quantities in the Salado at the repository horizon.  (These brines are 23 
 the 24 

25 
26 

 27 
 1997 28 

 29 
30 
31 

-6) 32 
33 

34 
of the +III, +IV, and +V actinides (see 35 

36 
37 

38 
state for the CRA-2004 PA, and compares them to the 39 

solubilities calculated or estimated for the CCA PA and the 1997 PAVT.  An uncertainty range 40 
41 
42 

Am(III); and, in the other half of the realizations, the oxidation states are Th(IV), U(VI), 
Pu(IV), and Am(III). 

Laboratory studies with neodymium(III) (Nd(III)), Am(III), and Cm(III) were used to develop 
a solubility model for the +III actinides, and this model was used to predict the solubilities o
Pu(III) and Am(III).  Similarly, Th(IV) was use

were used to develop a solubility model for the +V actinides, which was used only for Np(V).  
The +V model was not used for other actinides because Pu(V) would not persist in significa
quantities in the WIPP.  Using the oxidation-state analogy to extend the +III and +IV 
solubility models to Pu(III) and to U(IV), Np(IV), and Pu(IV), respectively, is valid for th
reasons:  First, the chemical behavior, especially the speciation and solubilities, of Nd(III), 
Pu(III), Am(III), and Cm(III) is very similar.  Second, the chemical behavior of Th(IV), 
U(IV), Np(IV), and Pu(IV) is similar, although the solubility of Th(IV) is higher those of 
U(IV), Np(IV), and especially Pu(IV).  Third, Nd, Am, and Cm speciate only in the +III 
oxidation state, and Th speciates only in the +IV oxidation state under typical lab
conditions, thus making experiments with these actinides much easier to carry out and 
interpret than those with actinides that occur in more than one oxidation state, such as P

The FMT calculations of actinide solubilities for the CRA-2004 PA featured the establishment
of equilibrium of Salado brine (GWB) or Castile brine (ERDA-6) with ha

described in Appendix PA, Attachment SOTERM, Section SOTERM-2.2.1).  The effects of
MgO included the equilibrium of Salado brine or Castile brine with brucite and 
hydromagnesite (Mg5(CO3)4(OH)2⋅4H2O) in the performance-assessment vectors with 
microbial activity, and with brucite and calcite in the vectors without microbial activity (see
Appendix BARRIERS, Section 2; and Appendix PA, Attachment SOTERM).  For the
PAVT, it was assumed that Salado brine (Brine A) or Castile brine (ERDA-6) would be in
equilibrium with brucite and hydromagnesite (Mg5(CO3)4(OH)2⋅4H2O) in all of the 
performance-assessment vectors (both with and without microbial activity) (EPA 1998a, 
1998b).  For the CCA, equilibria among Salado brine (Brine A) and Castile brine (ERDA
and brucite and magnesite were assumed (CCA Appendix BACK). 

The FMT calculations for the CRA-2004 PA also included the effects of acetate, citrate, 
EDTA, and oxalate on the speciation and solubilities 
Appendix PA, Attachment SOTERM).  The FMT calculations for the CCA PA and the 1997 
PAVT did not include organic ligands. 

Table 6-13 provides the solubilities calculated for the +III, +IV, and +V actinides and 
estimated for the +VI oxidation 

of +1.4 orders of magnitude and -2.0 orders of magnitude was applied to the FMT predictions 
for the CRA-2004 PA (see Appendix PA, Attachment SOTERM, Section SOTERM-3.6).  This  
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Table 6-13.  Actinide Solubilities (M) Calculated (+III, +IV, and +V) or Estimated (+VI) for 
the CRA-2004 PA, the 1997 PAVT, and the CCA  

1 
2 

Actinide Oxidation  
State and Brine 

CRA-2004 
Solubilities, 
Microbial 
Vectors1

CRA-2004 
Solubilities, 

Nonmicrobial 
Vectors1

1997 PAVT 
Solubilities2 CCA Solubilities3

+III, Salado brine  3.07 × 10−7 3.07 × 10−7 1.2 × 10−7 5.82 × 10−7

+III, Castile brine 1.69 × 10−7 1.77 × 10−7 1.3 × 10−8 1.3 × 10−8

+IV, Salado brine 1.19 × 10−8 1.24 × 10−8 1.3 × 10−8 4.4 × 10−6

+IV, Castile brine 2.47 × 10−8 5.84 × 10−9 4.1 × 10−8 6.0 × 10−9

+V, Salado brine 1.02 × 10 9.72 × 10 2.4 × 10 2.3 × 10−6−6 −7 −7

+V, Castile brine 5.08 × 10−6 2.13 × 10−5 4.8 × 10−7 2.2 × 10−6

+VI, Salado brine 8.7 × 104 0−6−6 8.7 × 10−6 8.7 × 10−6 8.7 × 1
+VI, Castile brine4 8.8 × 10−6 8.8 × 10−6 8.8 × 10−6 8.8 × 10−6

1 Brush and Xiong (2003a) and Downes (2003a,b). 
2 Trovato (1997, Attachment 2), U.S. EPA (1998a, Table 5), U.S. EPA (1998b, Subsection 4.10.4, Tables 4.10-1, 4.10-3 and 4.10-4; 

and Subsection 12.4, Table 12.4-1), and U.S. EPA (1998c, Subsections 5.26�5.32 and Section 6.0, Table 6.4). 
3 CCA Appendix SOTERM, Table SOTERM-2; based on Novak et al. (1996, Table 1, columns entitled �@Mg�), except that Novak 

et al. (1996) used molal instead of molar units. 
4 Hobart and Moore (1996). 

is the same uncertainty range used for the CCA PA and the 1997 PAVT.  LHS was used to 
sample solubilities from these ranges. 

A thermodynamic speciation and solubility model was not developed for U(VI); instead, 
literature data estimated the solubilities of U(VI) in the repository (Appendix PA, Attachme
SOTERM, Section SOTERM-3.0; based on Hobart and Moore [1996]).  These estimates have
not been used for other actinides in the repository because Np and Pu will not persist in 

3 
4 

5 
nt 6 

 7 
8 

significant quantities in 9 

Actinide concentration

the +VI oxidation state. 

 may not be equal to the values sampled in LHS.  This condition could 10 
arise when th ot s  acere are n ufficient tinides in the solid phase in a particular cell, whe ed n combin11 
with the dissolved actinides that may have been transported into that cell from an adjacent cell, 12 
to achieve t ati  he concentr on value a ned bs determi y LHS samplin s si  is  to g.  Thi tuation referred13 
as ory  invent limited. 14 

The actinide r  depleted on a cell-by-cell b  the co ter cod UTS de 15 
Transport Sy r the u sturbed, E1, and E2 scenarios.  The treatment of the E16 
sc s de n Sec 6.4.13.  a comp rocess ffec17 
ac

invento y is asis by mpu e N  (NUcli
stems) fo ndi 1E2 

enario i scribed i tion 5.  In utational cell, the p es a ting 
tinide disso nide c entratio e dissol  sol e ds on 18 

of ed by br low from ighboring cells, and in tion ollo19 
particles (see Section 6.4.3.6). NUTS dissolves each actinide until the maxim20 
de d b tinid e-term algorithms is obtained or an inventory limit is reached.  21 
In si ransfe  actinides between solid phases and solution is tracked22 
preserve mass balance of the actinide inventory.  Outside the repository, the model does not 23 

lved acti onc ns ar ution of id actinid  compoun , advecti
 dissolv actinides ine f  ne terac with c

 concentration 
idal 

um
termine y the ac e-sourc
 the repo tory, the t r of  to 
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pr phase, thereby giving a conservative measure of mobile 1 
ac

ecipitate actinides into the solid 
tinide quantities concentrations (see Appendix PA, Attachment SCR, Section SCR.2.5.3.2 2 

FE3 

Se  4 
the impl5 

6.4.3.6 Source Term for Colloidal Actinides

P W59). 

e Appendix PA, Attachment SOTERM, Section SOTERM-7.0, for a detailed description of
ementation of the actinide source term in PA. 

 6 

7 Colloidal actinides are discussed in greater detail in Appendix PA, Attachment SOTERM 
(Section SOTERM.6).  Colloidal particles form in the repository by through a variety of 
processes, including waste degradation, microbial activity, rock decomposition, and chemical 
condensation.  These particles may also be carried into the repository by liquids moving from the 
Salado or through boreholes.  Because of the presence of soils, nutrients, and cellulosic 
substrates for microbial action in WIPP waste (see Appendix TRU WASTE 

8 
9 

10 
11 

BIR), humic 
substances and microbes will be present in disposal room brines, or may form in situ.  Actinide-
intrinsic colloids may form in the disposal rooms from condensation of dissolved actinides.  
Mineral fragments, as well as humic substances and microbes, may provide surfaces on which 
dissolved actinides 

12 
13 
14 
15 

may could sorb. 16 

lloid 17 Four types of colloidal particles are believed to cover the range of possible behavior of all co
types (see Appendix PA, Attachment SOTERM, Section SOTERM.6.1.2).  The four particle 
types considered in 

18 
performance assessmentPA are microbes, humic and fulvic acids (humic

substances), actinide-intrinsic (intrinsic), and mineral fragments.  The concentration of actinides 
carried by each colloidal particle type depends on many of the same chemical conditions that 
govern the concentration of dissolved actinides. 

 19 
20 
21 
22 

23 
lts.  For 24 

Actinide concentrations associated with humic substances and microbes are linked to dissolved 
actinide concentrations through proportionality constants based on experimental resu
humic substances, actinide complexation constants from WIPP-specific experiments or from 25 

26 
e 27 

28 
d 

published literature are coupled with experimentally determined site-binding densities and 
solubilities of different types of humic substances in WIPP brines.  For microbes, actinide uptak
was experimentally determined through experiments with WIPP-relevant bacteria cultures.  
Actinide concentrations associated with mineral fragment-type colloidal particles are estimate29 

30 based on results from experiments designed to determine mobile concentrations in brines, 
coupled with site-binding densities of mineral substrates.  For the Pu(IV)-polymer 31 

ments 32 plutonium(IV) polymer, actinide concentrations are determined through solubility experi
conducted from over- and undersaturation over a range of undersaturated ranges of pmH 
values.  Intrinsic colloids of other actinides were determined to be 

33 
of negligible importance an

are eliminated from 
d 34 

performance assessmentPA calculations.  For more discussion on
refer to Appendix PA, Attachment SOTERM 

 this topic, 35 
(Section SOTERM.6.3.2.2). 

Actinides associated with microbes and humics are related to the concentration of dissolved 
actinides in the repository through proportionality constants determined from interpretation of

36 

37 
 38 

WIPP-relevant experiments and the literature (Appendix PA, Attachment SOTERM, Sections 39 
SOTERM.6.3.3 and SOTERM.6.3.4).  The proportionality-constant relationship is not based 40 
rigorously on thermodynamic equilibrium but is simply an empirical relationship.  The 41 
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concentration of actinides associated with the Pu(IV)-polymer plutonium(IV) polymer is a 
constant value determined from experimental results at the pmH conditions dictated by the 
presence of the MgO 

1 
2 

backfill engineered barrier.  Likewise, the concentration of actinides 
associated with mineral colloids is also a constant value, not linked to the concentration of 
dissolved actinides.  Actinides associated with humics and microbes represent most of the 
colloidal actinide source term.  Consequently, the colloidal actinide source term is closel
to the dissolved actinide source term.  As discussed in Section 6.4.6.2, however, the source terms
are considered separately for transport in the Culebra. 

For 

3 
4 
5 

y related 6 
 7 

8 

performance assessmentPA, the concentration of each actinide element on each colloidal 
particle type during a realization is a fixed value.  The concen

9 
tration parameters are summarized 10 

in Table 6-12Table 6-14.  Actual values of actinide concentrations on colloidal particles are 11 
a tory limits. 12 

13 

constr ined by inven

The concentrations of colloidal actinides indicated in this section are assumed to be 
concentrations of actinides mobilized on colloidal particles.  The indicated concentrations will be
entrained in moving brine.  For conservatism, it is assumed that no actinides sorb onto colloid
particles that are not mobile in the repository.  Thus, all actinides in the repository will be present 
in the solid phase, dissolved in the aqueous phase, or 

 14 
al 15 

16 
as colloidal actinides suspended in the 

aqueous phase. 

When actinide inventory in a model cell is sufficient, the concentration of colloidal actinides wi
be at the values indicated in 

17 
18 

ll 19 
Table 6-12Table 6-14.  The total concentration of an actinide in 20 

solution and suspension is limited by the amount of solids available to dissolve from the 21 
inventory.  This condition is called �inventory-limited.� when it occurs.  

Colloid concentrations are calculated by the source-term procedure described in Appendix PA, 
Section SOTERM-4.3.2. 

22 

23 
SOTERM (Sections SOTERM.7.1.4 and SOTERM.7.2).  Processe

affecting the transport of colloids in the Culebra are addressed in Section 6.4.6.2.2.  

6.4.4 Shafts and Shaft Seals 

The four shafts connecting the repository to the surface are represented in 

s 24 
25 

26 

performance 27 
assessmentPA with a  the repository, 28 
Regions 2 thr

 single shaft, represented by two primary regions above
ough 11 and a concrete monolith on (Figures 6-14 and 6-15).  This single shaft has 29 

a cross section and volume equal to the total cross section and volume of the four real 30 
represents and is e waste disposal reg  mode

shafts it 
 separated from th ions in the l by the true nor31 

arest shaft (the Waste Shaft).  Upon closure of the repository, 32 
ed in Section 3.3.1.  The seal system was originally is 

th-south 
distance from the waste to the ne
the shafts will be sealed as describ33 

iscretizingrepresented in the CCA PA by d  11 discrete mo  regions in the shaft.  The 34 
modeling the behavior of these 11 regions with two primary 35 

ve properties 36 
s (see Appendix PA PA-4.37 

t no significan w of gas or e would oc38 
year regulato  period.  The w shaft mod39 

 194.27 and was incorporated in BRAGFLO 40 
 41 

deled
representation was simplified by 
regions (Upper Shaft and Lower Shaft in Figures 6-14 and 6-15) that h
simulating the behavior of the original 11 region

a
, Section 

b
2.7).  An 

analysis of the CCA results concluded tha
within the shaft seal system over the 10,000-

t flo
ry

rin
ne

cur 
el 

underwent peer review as required by 40 CFR §
(see Appendix PA, Section PA-4.2.7; Section 9.3.1.3.4; and Appendix PEER).  The current 
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Table 6-146-12.  Colloid Concentration Factors 1 

Proportion Sorbed on 
Humicsb 2

 

Concen-
tration on 
Mineral 

Fragmentsa 1

Concen-
tration as 
Intrinsic 
Colloida 1

Proportion 
Sorbed on 

Microbes b2 e5

Maximum 
Sorbed on 
Microbesc 3

Salado Castile 

Maximum 
Sorbed on 
Humicsa 1

Th(IV) 2.6 × 10 0.0 3.−8 1 0.00 6.3 1.19 6.3 1 × −510
U(IV) 2.6 × 10 0.0 −8 0.0021 0.0 6.3 1.021 6.3 1 × 10−5

U(VI) 2.6 × 10−8 0.0 0.0021 0.0023 0.12 51 1.1  0. × 10−5

Np(IV) 2.6 × 10−8 0.0 12.0 0.0027 6.3 6.3 1.1  × 10−5

Np(V) 2.6 × 10−8 0.0 12.0 0.0027 9.1 × 10−4  × 10−3 1.1  7.4 × 10−5

Pu(III) 2.6 × 10−8 0.0 0.3 6.8 × 10 0.19 1.37d 1.1 −5 × 10−5

Pu(IV) 2.6 × 10−8 1.0 × 10−9 0.3 6.8 × 10−5 6.3 6.3 1.1 × 10−5

Am(III) 2.6 × 10 0.0 3.6 −8 NA 0.19 37d 1.1 × 1. 10−5

a 1 In units of moles colloidal actinide per liter 
b 2 In units of moles colloidal actinide per mole dissolved actinide 
c 3 In units of moles total mobile actinide per liter 
d 4 A cumulative distribution from 0.065 to 1.60 with a mean value of 1.1 was used. 
e 5  Microbial colloids are not included in futures that do not have w

NOTE: The colloidal source term is ad
ithout microbial gas generation. 

ded to the dissolved source term to arrive at tal source term.  Mineral fragments w
pendix PA nt SOTERM ction SOTER

a to
, Attachme

ere provided 
M.7.1.3)with distributions, but the maximum was used as described in Ap  (Se .  

Humic proportionality constants for III, IV, and V were provided with distributions, but only the Castile Am(III) and Pu(III) were 
sampled. 

model divides the shaft into an upper region with
region with all Salado elements.  These regions ar

 all e ts above do and2 
e assig d material pro rty distribu3 

 properties of all the individua  materials in series.These regions 

lemen the Sala  a lower 
ne

l
pe tions 

that represent the combined4 
n above the Rustler; a c n in the Rustler; are as follows:  an earthen fill regio ompacted clay colum5 

o; three concrete sean asphalt region at the top of the Salad ctions within th alado; ane S  upper 6 
on of compacted crushed salt; a lower Salado Salado compacted clay column; a thick secti7 

lower segments; and a co onolith at thcompacted clay column separated into upper and ncrete m e 8 
on 4 andrepository horizon (see Appendix SEAL, Secti  Appendix A).  ete cThe concr omponents 9 

ops in th  seal system design.in the Salado represent the concrete asphalt waterst e   Seal m10 aterial 
parameter values used in the PA are provided in Table 6-15Table 6-13. 11 

Conceptually, the shafts are assumed to be surrounded by a DRZ in the Salado.  Within the 12 
bedded halite, the DRZ begins to form immediately af ion an s prog13 
as a function of

ter excavat d develop ressively 
 from unloading as the formation creeps toward the excavated area.  Fro14 

ost important characteristic of the DRZ is the higher permeability that 15 
and the 

m a 
sealing perspective, the m
results from dilatant deformation increased pore volume. 16 

 vary with the type of adjacent material, time, and depth.  17 
res will pro essively develop over tim

The properties of the DRZ are known to
When the shaft seals are emplaced, back pressu gr e as the 18 

d.  The back pressure applied by the seal material will 19 
ress differen hich is the source for the 20 

 mechanism.  The back pressure also results in a higher m tress, whic21 

surrounding salt creeps inwar
progressively reduce the magnitude of the st tial, w DRZ 
microfracturing
induces 

e san h 
of the DRZ healing.  The shaft DRZ permeability ll, over time, approach that  22 wi of the
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intact halite.  Also, since the creep rate of the salt surrounding the shafts depends on depth, the 1 
l materials will result in Z healing at es that in2 

aterial is a factor, as well. 3 

l e

back pressures supplied by the sea DR rat crease 
with depth.  The relative stiffness of the seal m

In the performance assessment model, the radia xtent of the DRZ around the shaft seal 4 
rametermaterials is an input pa  obtained by numerical model calculations and is corroboratedby 5 
x SEAL, Section 8 and SEAL Appendix C).  The permeability of field data (see Appendi the 6 

DRZ around the shaft versus distance is assumed to follow a log linear relationship.  7 
wall is based on experimental data collected in the air intake Permeability of the DRZ at the shaft 8 

shaft (Dale and Hurtado 1996) and Room M (Van Pelt 1995).  More information on how the 9 
DRZ is incorporated into the shaft parameters is contained in Appendix PAR (Parameter 12). 10 

The DRZ surrounding the shaft is not explicitly represented explicitly in the BRAGFLO mesh 
(Figures 

11 
6-13 to 6-156-14 and 6-15).  Rather, the mesh has been was simplified to represent only

the cross-sectional area of the four WIPP shafts, and the permeability values 
 12 

for of the various 13 
14 seal components at different times have been adjusted (in the parameter database) to account for 

the presence of the shaft DRZ.  This adjustment, which yields effective permeabilities, can be 
done because in Darcy flow, the flux through a porous mediu

15 
m is a linear function of the product 16 

of the permeability of the medium of the permeability and the cross-sectional area across which 17 
18 

 area with a higher seal component 19 
permeability.  Equations for the derivation of the effective permeabilities are given in Appendix 20 

flow occurs.  Thus, the flux that would occur through a shaft and its surrounding DRZ can be 
modeled equivalently using the shaft cross-sectional

PA, Appendix Attachment PAR (Parameters 64 and 65). 12) and Appendix IRES (Section 21 
IRES.2). The permeabilities of shaft components are calculated in the SCMS (see Section 6.4.11) 22 
from LHS parameter values according to these equations.  Appendix IRES (Section IRES.2) 23 
shows calculated shaft component effective permeabilities.  

6.4.5 The Salado 

The Salado is the principal natural barrier to fluid flow between the waste disposal panels and the 
accessible environment.  Fluid flow in the Salado under natural (undisturbed) conditions 

24 

25 

26 
in the 27 

Salado is discussed in Section 2.2.1.3.  Excavation of the rRepository excavation has altered 28 
natural pressure gradients in the Salado, creating the potential for fluid flow into the excavation.  29 
Fluid flow, gas generation, and volume changes from creep closure cause changes alter the in 30 

ry 31 
.  32 

pressure gradients through time.  Salt creep, as well as possible fracturing from high reposito
pressure, alters the permeability and other flow properties of the rock near the repository
Depending on pressure gradients developed and altered material properties, gas and brine flow 
may be enhanced in affected portions of the Salado. 

For 

33 
34 

performance assessmentPA, the DOE conceptualizes the Salado as a porous medium 
composed of several rock types arranged in layers, through which flow occurs according to 
Darcy�s law.  Two rock types, impure halite and anhydrite, are used to represent the intact 
Salado.  Once sampled, model parameters for all layers are uniform and constant, with two 
exceptions:  porosity and permeability.  

35 
36 
37 
38 

Conceptually, this The assumption of constant proper
is based on 

ties 39 
observations of observed compositional and structural regularity in layers exposed by 

the repository and on
40 

 the inference that there is inferred small little variation in large-scale 41 
averages of rock or flow properties across the disposal system.  For several meters above and 42 
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Table 6-156-13.  Shaft Materials Parameter Values 

Parameter (units) Maximum Minimum Median or 
Constant 

UPPER ALL SHAFT MATERIALS
Residual Brine Sat  uration, Sbr (unitless) 0.6 0 0.2 
Resid 0.4 0  ual Gas Saturation, Sgr (unitless) 0.2
Ma cals)a 1 � � 01 8ximum Capillary Pressure (pas
Per re Distribution, λ (unitless)meability (square meters) Po 3.16 × 10−17 

8.10
3.16 ×  10−21 

10.1
5.01 ×  10−19 

0.94
Por scals)osity (percent) Threshold Pressure, Pt (pa � � .1 

0
29

LOWER CLAY SHAFT MATERIALS (0 to 200 years) 
Init ility (square ial Brine Saturation, (unitless) Permeab 5.34 × 10−1  

5 × 10!meters) - Rustler Compacted Clayb -5 × 10!18 -1.0 × 10!21 19

Permeability (square meters)b 2 - Upper Salado Compacted 
Clayb

3.16 × 10−17  

5 × 10!18
1.0 × 10−20  

1.0 × 10!21
6.31 × 10−19  

5 × 10!19

Perme meters) ability (square - Lower Salado Compacted 
Clayb 5 × 10!18 1.0 × 10!21 5 × 10!19
Maximum Capillary Pressure (pascals)1 � � 108

P itermeabil y (square meters) - Bottom Clayb 5 × 10!18 1.0 × 10!21 5 × 10!19
Thickness (meters) - Rustler Compacted Clay � � 94.3
Thickness (meters) - Upper Salado Compacted Clay � � 104.85
Thickness (meters) - Lower Salado Compacted Clay � � 23.9
Thickness (meters) - Bottom Clay � � 9.24
Effective Porosity (percent) - All Clays

� � 
11.3 
24.0

Pore-Volume Compressibility (1/pascals) - Rustler 
Compacted Clay � � 1.96 × 10!9
Pore-Volume Compressibility (1/pascals) - Upper Salado 
Compacted Clay � � 1.81 × 10!9
Pore-Volume Compressibility (1/pascals) - Lower Salado 
Compacted Clay and Bottom Clay � � 1.59 × 10!9
LOWER SALT SHAFT MATERIAL (200 to 10,000 years) 
Initial Brine Saturation, (unitless) Permeability (square 
meters) - Saltb

-2 × 10!18 -1 × 10!23 5.34 × 10−1 
5.4 × 10!21

P −21ermeability (square meters)2 1 × 10−18 3.16 × 10−23 7.94 × 10
Maximum Capillary Pressure (pascals)a Thickness (meters) 
- Salt � � 

108 

171.37
Effective Porosity (percent) - Salt

� � 
11.3 
5.0

Pore-Volume Compressibility (1/pascals) - Salt � � 1.60 × 10!9
CONCRETE SHAFT MATERIALS
Permeability (square meters) - Concrete (T < 400 years) 1 × 10!17 1 × 10!23 1.78 × 10!19
Permeability (square meters) - Concrete  (T > 400 years) and 
Concrete Monolith � � 1 × 10!14

 1 
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Table 6-156-13.  Shaft Materials Parameter Values � Continued 

Parameter (units) Maximum Minimum Median or 
Constant 

Thickness (meters) - Concrete � � 45.72
Thickness (meters) - Concrete Monolith � � 9.08
Effective Porosity (percent) � � 5.00
Threshold Pressure Pt (pascals)  - All Concretea � � 0
Pore-Volume  Compressibility (1/pascals) - All Concrete � � 2.64 × 10!9
ASPHALT SHAFT MATERIAL
Permeability (square meters) -  (T = 0 - 10,000 years) 10!18 10!21 10!20
Thickness (meters) � � 37.28
Effective Porosity (percent) � � 1.00
Pore-Volume Compressibility (1/pascals) � � 2.97 × 10!8
EARTHEN FILL MATERIAL ABOVE RUSTLER
Permeability  (square meters) (T = 0 - 10,000 years) � � 1 × 10!14
Thickness (meters) � � 165.06
Effective Porosity (percent) � � 32.0
Pore-Volume Compressibility (1/pascals) � � 3.1 × 10!8
a 1 Capillary pressure for all shaft materials is set to 0. 
b 2 These values represent the permeabilities of the seal material without incorporating the surrounding DRZ incorporated.  See Appendix IRES, 

Section IRES.2, for time-dependent values.

below the repository, a DRZ has increased higher permeability compared to than intact rock and 1 
offers little resistance to flow between anhydrite interbeds and the repository.  In all rock units, 2 
pPorosity can vary from its initial values due to pressure-dependent compressibility, depending 3 
on  pressure changes in a computational grid block.  As discussed in Section 6.4.5.2, a model has 
been implemented in interbeds to simulate the effects of fracturing caused by high repository 
pressure as pore pressure approaches or exceeds lithostatic. 

Specific information about the three submodels used to represent impure halite, Salado interbed
and the DRZ is presented in the following sections. 

6.4.5.1 

4 
5 
6 

s, 7 
8 

Impure Halite 

The 

9 

DOEPA uses a single porous medium with spatially constant rock and hydrologic properties 
(labeled �Salado� 

10 
Region 19 in Figures 6-13 and 6-146-14 and 6-15) in performance 11 

assessmentPA to represent intact, halite-rich layers in the Salado and minor interbeds contained 12 
within those layers that are not explicitly represented.  A comparison has been was made 
between the simplified stratigraphy used in the 

13 
performance assessmentPA model and a model 

with a more detailed stratigraphy in the vicinity of the repository
14 

;. tThis comparison supports use 
of 

15 
the stratigraphic representation used for performance assessmentPA.  This model comparison 

is described in Christian-Frear and Webb (1996). 
16 
17 

Gas may not be able to flow through intact, halite-rich strata of the Salado under realistic 18 
conditions for the repository.  Gas flow in liquid-saturated rock depends on the gas pressure 19 
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required to overcome capillary resistance to initial gas penetration and development of 1 
interconnected gas pathways that allow ga ld pressure).  While the permeability of 2 
halite is known to be low, its threshold pressure has never been measured.  An empirical 3 
relationship be essure and permeability in non-WI Davie4 
19) suggests that threshold pressure will be sufficiently 

s flow (thresho

tween threshold pr PP rocks ( s 1991, 17-
high that gas will not enough  be unable 5 

to flow through the halite-rich strata of the Salado under any condition seeable 6 
hment MASS, Section MASS 1).  The DO

s fore for the WIPP 
(see Appendix PA, Attac -13. E Vvalues used by the 7 
DOE for halite threshold pressure are consistent for aterial rmeab8 generic m  of low pe ility and 
prevent the flow of gas flow into the impure halite reg able 6-ions (T 16Table 6-14).  This is a 9 
c gas flow in halite would decrease the pressure in the repository 10 
a low elsewhere.  Table 6-16Table
onservative assumption because 
nd the driving force available for f  6-14 shows variou11 

 the Salado impure halite.  Additional information on12 
ppendix PA, Atta R (P13 

s 
parameter values used in modeling

n A
 

parameter values is contained i
Table PAR-2 PAR

chment PA arameters 17 through 19 and 
-32). 14 

166Table 6- -14.  Salado Impure Halite Parameter Values  15 

Parameter (units)a 1 Maximum Minimum Median or 
Constant 

Permeability (square meters) 10−21 10−24 3.16 × 10−23

Effective Porosity (percent) 3.0 0.10 1.0 
Threshold Pressure, Pt (pascals)b 2 1.13 × 108 1.03 × 107 3.41 × 107

Residual Brine Saturation, Sbr (unitless) 0 0.3 0.60 
Residual Gas Saturation, Sgr (unitles 0.40 0 s) 0.2 
Pore Distribution Parameter, λ (unitless) 1.0 0.20 0.7 
Maximum Capillary Pressure (pascals) � � 108

Rock Compressibility (1/pascals)c 3 1.92 × 10−10 2.94 × 10−12 9.75 × 10−11

a 1 See Table 6-11Table 6-9 for fluid properties. 
b 2 Threshold pressure (P ) determined from the relat tionship:  Pt = PCT_A · k  where PCT_A and PCT

the permeability. 
PCT_EXP _EXP are constants and k is 

c 3 Pore compressibility = rock compressibility/effective porosity. 

6.4.5.2 Salado Interbeds 16 

17 Three distinct anhydrite interbeds are modeled in BRAGFLO, representing MB138 (see 
(Region 20 in Figures 6-13 and 6-146-14 and 6-15), anhydrite layers a and b (Anhydrite 
AB)

18 
(Region 21), and MB139 (Region 28).  The three intact interbeds have the same set of m

parameters, and the parameters are initially spatially constant.  Porosity and permeability ca
vary spatially during a simulation, depending on the extent of interbed fracturing.  The inte
differ only in position and thickness. 

The three interbeds explicitly represented in the BRAGFLO model are included because they 
exist in the disturbed region, as modeled around the repository within which fluid is expected to 

odel 19 
n 20 

rbeds 21 
22 

23 
24 

be able to flow with relative ease compared to the surrounding formation.  MB139 and anhydrite 25 
 26 

27 
layers a and b are present within the DRZ that forms around excavations, as shown by Park and
Holland (2003) in their analysis of the effects of raising the repository horizon 2.34 meters 
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(7.67 feet).  MB138 is included along with a thick DRZ because of uncertainty in the extent and
properties of the DRZ and the associated long-term isolation of MB138 from the repository
more detailed examination of the DRZ was necessary to incorporate the Option D panel 
closure into the PA grid.  Even though the DRZ would not reach MB 138, PA models the 
potential for a hydraulic connection between MB 138 and the repository through the DRZ. 

In BRAGFLO, brine flows between the Salado and the repository in response to fluid potentia
gradients that may form over time.  Because of the 

 1 
.  A 2 

3 
4 
5 

l 6 
low permeability of the impure halite�s low 

permeability and relatively small surface area
7 

 involved, direct brine flow between the impure 8 
halite and the repository is relatively small.  The interbeds included in the BRAGFLO model of 9 
the Salado, (Regions 20, 21, and 28) however, can serve as conduits for brine flow between the 10 
impure halite and the repository.  Conceptually, brine flows laterally along higher permeability 11 
interbeds towards or ository and vertica n ds wer 12 
permeability halite.  Bec rbeds have a very large c c -13 
rich ux from the halite into the o w) o e 14 
halite from the interbeds (for brine outflow) can accumulate into a 

 away from the rep
ause the inte

lly betwee
ontact area with adja

the interbe  and the lo
ent halite

 rock, even a very small fl interbeds (f r brine inflo r to th
significant quantity quantities 15 

of b e serves as a source or sink for brine in the itory.  I16 
expe y differences between gas and rine and th tratification within 17 
the r redominantly in MB139 nd gas ou r in 18 
anhy odel does not preclude other flow patterns. 19 

Inte  may be partially heale

rine.  In this manner, halit repos t is 
cted that, because of densit  b eir s
epository, brine outflow will be p , a tflow will occu
drite a and b or MB138.  However, the m

rbeds contain natural fractures that d., but anhydrite litholog20 
prox ighly distorted as the rooms creep closed.  Fractured and 21 
disto expected to heal in a mann  expected o the DR22 
high bed, its preexisting fractures may dilate or new fractures 23 
may  24 
are s P underground 

ies 
imal to disposal rooms will be h
rted anhydrite would not be er f Z in salt.  If 
 pressure is developed in an inter
 form, altering its porosity and permeability.  Pressure-dependent changes in permeability

ported by experiments conducted in the WIPup and in the laboratory 25 
(Beau as implemented in BRAGFLO a porous-media 26 
model of interbed dilation and fracturing that causes the porosity and permeability of an 27 

heim et al. 1993).  Accordingly, the DOE h

interbed�s computational cell in an interbed to increase as its pore pressure rises above a 
threshold value.  Model details are presented in Appendix PA, Section PA-4.2 and Attachment 
MASS, Section MASS-13.0.  

28 
29 

BRAGFLO (Section 4.10) and Appendix  MASS (Section 30 
MASS.13.3)).  To the extent that it occurs, interbed dilation or fracturing of interbeds is 
expected to increase the transmissivity of interbed intervals. The threshold pressure of dilated or 
fractured interbeds is expected to be low because apertures of the fractures increase; thus, fluid is
expected to 

31 
32 

 33 
be able to flow outward readily if adequate pressure is available to dilates the 

interbeds. 
34 
35 

terbed dilation or fracturing is explained in detail in 36 
Appendix BRAGFLO (Section 4.10)
The model used to simulate the effects of in

 PA, Attachment MASS, Section MASS-13.0.  In summary, 37 
38 it assigns a fracture initiation pressure above the initial pressure at which local fracturing takes 

place., and cChanges in permeability and porosity occur above this pressure.  Below this fractur
initiation pressure, an interbed has the permeability and compressibility assigned by LHS 

e 39 
and 40 

representative of to represent intact rock.  Below the fracture initiation pressure, the initial 41 
sampled porosity is modified slightly with pressure caused by compressibility.  Above the 42 

e 43 
reasing 44 

fracture initiation pressure, the local compressibility of the interbed is assumed to increas
linearly with pressure.  This greatly increases the rate at which porosity increases with inc
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pore pressure.  Additionally, permeability increases by a power function of the ratio of altered 
porosity to initial porosity.  For numerical reasons (that is, to prevent unbounded changes 
parameter values that would create numerical instabilities in codes), a pressure is specified above 
which porosity and permeability change no further.  

1 
in 2 

3 
4 

Parameters associated with the interbeds are shown in Table 6-17Table 6-15.  Table 6-18Table 5 
6-16 lists parameters used in the to model of interbed dilation and fracture.  Additional 
information about interbed parameters is included in Appendix PA, 

6 
Appendix Attachment PAR, 7 

(Table 2, PAR-36 and Parameters 20 through 25). 

Table 6-17

8 

6-15.  Parameter Values for Salado Anhydrite Interbeds a and b, and M
and MB139  

B138 9 
10 

Parameter (units)a 1 Maximum Minimum Median or 
Constant 

Permeability (square meters) 7.94 × 10−18 10−21 1.29 × 10−19

Effective Porosity (percent) 1.7 � 0.60 � 1.1 
Threshold Pressure, Pt (pascals)b 2 5.28 × 106 2.32 × 105 9.74 × 105

Residual Brine Saturation, Sbr (unitless) 0.174 0.0077846 0.084 
Residual Gas Saturation, Sgr (unitless) 0.197 0.014 0.077 
Pore Distribution Parameter, λ (unitless) 0.842 0.491 0.644 
Maximum Capillary Pressure (pascals) � � 108

Rock Compressibility (1/pascals)c 3 2.75 × 10−10 1.09 × 10−11 8.26 × 10−11

Brine Far-Field Pore Pressure at elevation of MB139 
and shaft intersection (pascals)

13.9 × 106 11.0 × 106 12.5 × 106

a 1 See Table 6-11 Table 6-9 for fluid properties. 
b 2 Threshold pressure (P ) determined from the relationship:  P  = PCT_A · k  where PCT_A and PCT_EXP are constants and k is the 

permeability. 
t t

PCT_EXP

c 3 Pore compressibility = Rock compressibility/effective porosity. 

Table 6-186-16.  Fracture Parameter V
MB138 and MB139  

alues for Salado Anhydrite Interbeds a and b, and 11 
12 

Parameter (units) Constant 
Fracture initiation pressure at MB139, base of shaft (pascals) 12.7 × 106

Increment to give full fracture porosity (percent), MB139 and MB138a 1 3.9 
Increment to give full fracture porosity (percent), Anhydrite a and ba 1 23.9 
Full fracture permeability (square meters) 10!9

Increment above fracture initiation pressure to obtain full fracture pressure (pascals)a 1 3.8 × 106

a 1 A fitting parameter to yield desired dilation over a variation in pressure. 

6.4.5.3 DRZ 

In the DRZ (see 

13 

Region 22 in Figures 6-136-14 and 6-146-15) near the repository, permeab
and porosity are expected to generally increase in both halite and interbeds.  These increases ar

ility 14 
e 15 
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due to a variety of processes.  Creep closure and stress-field alterations as the result of the 
excavation are the dominant causes, similar to the processes discussed for 

1 
the formation of 

forming the DRZ around the shaft (see Section 6.4.4).  The increases in permeability and 
porosity in interbeds ar

2 
3 

e not expected likely to be completely reversible with creep closure of the 4 
disposal rooms.  The increase in DRZ permeability increases the ability of fluid to flow from 5 

6 interbeds to the waste disposal region.  The increase in DRZ porosity provides a volume in 
which some fluid could be retained so that it does not contact waste or slows actinide movement.   7 

Performance assessment In approximating approximates the effects of the DRZ, performance 8 
assessmentPA conservatively overestimates with respect to brine flow toward the repositor
Appendix PA, Attachment MASS, Section 

y (see 9 
MASS 13.13.4).  In the model, the permeability of 

this region is increased relative to intact Salado rock for the duration of a realization.  The 
porosity of the modeled DRZ is increased by a fixed value of 0.0029 (0.29 percent) above the 
sampled porosity of the intact Salado impure halite.  The modeled DRZ extends above and 
below the repository from the base

10 
11 
12 
13 

 of MB138 to MB139, thereby retaining the geometry used in 14 
the CCA and 1997 PAVT.  The performance assessmentPA treatment of the DRZ creates a 15 
permanent high-permeability region that may allow fluid does not significantly impede flow 
between the repository and affected interbeds.  Table 6-19

16 
Table 6-17 shows parameter value

used in the 
s 17 

performance assessmentPA representation of the DRZ.  

Table 6-19

18 

6-17.  DRZ Parameter Values  19 

Parameter (units)a 1 Maximum Minimum Median or 
Constant 

Permeability (square meters) 3.16 × 10−13

�
3.98 × 10−20 

�
10−16 
10-15

Effective porosity (percent)b 2 3.3  � 0.04 1.29 
Threshold pressure, Pt (pascals) � � 0 
Residual brine saturation, Sbr (unitless) � � 0 
Residual gas saturation, Sgr (unitless) � � 0 
Pore distribution parameter, λ (unitless) � � 0.7 
Maximum capillary pressure (pascals) � � 108

Rock compressibility (1/pascals)c 3 � � 7.41 × 10−10

a 1 See Table 6-11Table 6-9 for fluid properties. 
b 2 The DRZ effective porosity value for each realization is equivalent to the sampled value for the Salado halite plus 0.0029 (0.0029 

is the difference between the medians for the DRZ and the halite). 
c 3 Pore compressibility = rock compressibility/effective porosity. 

The DOE originally used a constant permeability for the DRZ over the 10,000-year regulatory
time frame.  However, the EPA required the DOE to treat the DRZ permeability as uncertain 
during the PAVT (EPA 1998, TSD V-B-14).  The range is sampled to determine a fixed value 
for each realization over the 10,000-year period.  Additionally, in the 1997 PAVT, the 
anhydrite fracture model was applied to the DRZ to capture the effects of halite fracture under 
high repository pressures.  As was done in the 1997 PAVT, the CRA-2004 PA treats the DRZ
permeability as an uncertain parameter, and the anhydrite fracture model is also applied to 
the DRZ.  The parameter values are shown in Table 6-19. 

 20 
21 
22 
23 
24 

 25 
26 
27 
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