Sandia National Laboratories
Waste Isolation Pilot Plant

Analysis Package for BRAGFLO: Compliance
Recertification Application
ERMS # 530163

Author:

/6/23/0~

Joshua Stein (682 1)
Print

ate

10
Print

Technical
Review:

Signature

Teklu Hadpu (6852')
Print

~

Management
David Kessel(682 11
Review:
Print
QA
Review:

/a?/~3
Date

b C/ &t-

Signature

14d3)03
bate

16 / 23/63
Signature

bate

'

Mario Chavez (68201
Print

WIPP: 1.4.1.I :PA:QA-L:530162

Information Only

%\0"'W

\3"1

b-rm

.
TABLE OF CONTENTS
ACRONYMS .................................................................................................................................
111
1.0 INTRODUCTION ....................................................................................................................
1
2.0 BACKGROUND ...................................................................................................................... 1
2.1 Compliance Certification Application ................................................................................ 1
2.2 Technical Baseline Migration (TBM)................................................................................ 2
2.3 Analysis Plan 106 (AP106)..........................
.
...................................................................
2
2.4 Compliance Recertification Application (CRA).................................................................
2
3.0 CONCEPTUAL APPROACH FOR SALAD0 FLOW ANALYSIS ....................................... 2
3.1 Model Geometry .....................................
.. ....................................................................
3
3.1.1 Stratigraphic Modeling Units .........................
,
.........................................................
4
3.1.2 Excavated Modeling Units...................................................................................... 7
3.1.3 Borehole Modeling Units ......................................................................................... 8
3.1.4 Changes to the BRAGFLO Modeling Grid for CRA ........................ .
.
................ 8
3.2 Initial Conditions ..............................................................................................................
12
13
3.3 Boundary conditions ........................................................................................................
4.0 SALAD0 FLOW MODELING METHODOLOGY..............................................................
14
-14
4.1 SALAD0 FLOW Modeling Process ................................................................................
4.1.1 Data Input and Pre-BRAGFLO Processing ..........................................................
15
4.l.2 BRAGFLO Calculations.........................................................................................
22
4.1.3 Post-BRAGFLO Processing ................................................................................... -22
4.1.4 Methods of Analysis .............................. .......*..*.*.*....*.**....***....****.*...*...*...*..*..*...*
-24
.4.1.5 Execution-and Run control.:.................................................................................. 25
4.2 Data For the\ Salido
Flow Analysis*........i........................................................................
25
4.2.1 W P P Parameter Database .......................................................................................
25
4.2.2 Input Control Files ................................................................................................... 26
4.2.3 Porosity Surface From SANTOS............................................................................-26
4.2.4 Transfer of Information Between Software Modules ..................................;...........26
4.3 Uncertainty In Salado Flow Analysis ...............................................................................
26
4.3.1 Uncertainty of Future Events .Scenarios ................................................................
27
4.3.2 Variability and Uncertainty of Input Parameters .....................................................
27
4.3.3 Statistical Uncertainty - Replicates ..........................................................................
28
28
5.0 MODELING RESULTS ........................................................................................................
29
5.1 Exception Vectors .............................................................................................................
5.1.1 Replicate 1 ...............................................................................................................30
5.I -2Replicate 2 .....:.......................
... .............................................................................30
5.1.3 RepIicate 3 ....2 ......................................................................................................... 31
5.2 Overview of. the. Silaao Flow Analysis ............................................................................ 31
5.2.1 Organization .............................................................................................................
31
5.2.2 Halite Creep .........................................................................................................
32
5.2.3 Summary of Gas Generation Factors ....................................................................... 32
5.2.4 Coupling of Gas Generation and BrinelGas Flow ...................................................
33
34
5.3 Modeling Results for Undisturbed Performance (RlS1)..................................................
5.3.1 Sequence of Events .................................................................................................
34
5.3.2 Porosity and Halite Creep ........................................................................................
34
37
5.3.3 Brine Inflow .............................................................................................................
.

-C

-.
t

.

.

.

Information Only
-

.-

7

Page 1 of 1

Chavez, Mario Joseph
From:

TEKLU HADGU ~dthadgu@msn.comJ

Sent:

Thursday, October 23,2003 2:32 PM

To:

mjchave@sandia.gov

Subject: Signature authority

Hi Mario,
I have completed review of the CRA BRAGFLO Calculations document and accepted all changes.
Please sign the front page on my behalf.
Thanks,
Teklu

1012312003
,

Information Only

5.3.4 Brine Saturation .....................................................................................................-42
5.3.5 Gas Generation........................................................................................................
-47
5.3.6 Pressure ....................................................................................................................
52
5.3.7 Rock Fracturing .......................................................................................................
57
5.3.8 Brine Outflow ..........................................................................................................
61
5.4 Drilling Disturbance Scenarios (2, 3, 4, 5 & 6) ............................................................ -66
5.4.1 Sequence o f Events ..................................................................................................
66
5.4.2 Halite Creep .............................................................................................................67
5.4.3 Brine Inflow .............................................................................................................72
5.4.4 Brine Saturation .......................................................................................................77
5.4.5 Gas Generation.........................................................................................................
83
5.4.6 Pressure ....................................................................................................................87
5.4.7 Rock Fracturing ....................................................................................................... 95
5.4.8 Brine FIow Away From the Repository.................................................................. 99
5.5 Comparison of replicates ...............................................................................................-107
5.6 Summary and Conclusions .............................................................................................
115
6.0 REFERENCES ....................................................................................................................1 6
APPENDIX A: OUTPUT VARIABLES....................................................................................
120
APPENDIX B: CREEP CLOSURE, MINIMUM POROSITIES...............................................128
APPENDIX C: ANALYSIS FILES ON CD'S ........................................................................ 132

Information Only

ACRONYMS
CCA

CMS
CRA

DOE

DM
EPA
MB
PA
PAVT
PCS

SNL
TBM
TRU
WIPP

Compliance Certification Application
Code Management System
Compliance Recertification Application
U.S. Department of Energy
Disturbed Rock Zone
U.S. Environmental Protection Agency
Marker Bed
Perforhance Assessment
Perfomance Assessment Verification Test
Panel Closure System
Sandia National Laboratories
Technical Baseline Migration
Transmanic Waste
Waste isolation Pilot Plant

Information Only

1.0 mmODUCTION

The Waste Isolation Pilot Plant (WIPP) is located in southeastern New Mexico and has
been developed by the U.S. Department of Energy (DOE) for the geologic (deep
underground) disposal of transuranic (TRU)waste (U.S. DOE 1980, 1990, 19933, Jn
1992, Congress designated the U.S. Environmental Protection Agency (EPA) as WIPP's
oficial certifier, and mandated that once DOE demonstrated to EPA's satisfaction that
WIPP complied with Title 40 of the Code of Federal Regulations, Part 191 (U.S. DOE,
1996, U.S. EPA 1996), EPA would certify the repository. The regulation required the
creation of computational models to predict whether the repository would continue to
comply with the regulatory requirements for 10,000 years into the future. Called
Performance Assessment (PA), this activity required examination of failure scenarios,
quantification of their likelihoods, estimates of potential releases to the surface or the site
boundary, and evaluation of potential consequences.
Sdado FIow Analysis, which was conducted in accordance with Analysis Plan 099
(Stein, 2003), is the first computational activity in the W P P PA analysis to support the
first Compliance Recertification Application (CRA). This is an integrated process, which
involves a sequence of s o h a r e codes, to model expected and possible flow and transport
performance in the vicinity of the WIPP repository. The BRAGFLO software generates
brine and gas flow fields that define the hydrological environment for downstream

modeling activities.
-:

2.0 BACKGROUND
2.1 COMPLIANCE
CERTIFICATION
APPLICATION
In October 1996, DOE submitted the Compliance Certification Application (CCA) to the
EPA, which, incorporated the results of extensive PA analyses and modeling. In May
1997, EPA rendered its judgment that WPP was safe for permanent disposal of
transuranic waste, and the first shipment of radioactive waste from the nation's nuclear
weapons complex arrived at the site in March 1999. The results of CCA PA analyses
were subsequently summarized in a Sandia National Laboratories report (Helton, et al,
1998).
During the review of the CCA, EPA mandated an additional Performance Assessment
Verification Test (PAVT) using revised input information. The PAVT, which consisted
of three replicates, involved the f i l l range of WIPP PA analyses beginning with the
Salado Flow Analysis and culminating with the generation of complimentary cumulative
distribution functions (CCDFs) for total normalized radionuclide releases to the
accessible environment. PAVT results confirmed the conclusions of the CCA using the
revised input parameters.

.

*
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2.2 TECHNICAL
BASELINE
MIGRATION(TBM)

I

The Technical BaseIine Migration (TBM) was an effort to merge CCA W.S. DOE, 1996)
and PAVT (PAVT, 1997) baselines while at the same time implementing conceptual
model changes being reviewed by the Salado Flow Peer Review, May 2002 (Caporuscio,
2002). The TBM grid, which is described by Hansen and others (2002), was the
successor to the CCAlPAVT grid. The most important changes with respect to the TBM
BRAGFLO grid were the removal of the shaft seal system and implementation of the
Option D panel closures. Additional grid refinements were implemented to increase
numerical accuracy and computational efficiency and to reduce numerical dispersion.

In May, 2002, the Salado Flow Peer Review panel met in Carlsbad to evaluate the
proposed changes to conceptual models for the TBM. A set of PA calculations (TBM)
was run to demonstrate the effects of these changes on BRAGFLO results. The peer
review panel judged the changes to be "generaIly sound in their structure, reasonableness,
and relationship to the original m~dels".However the panel required h a t a total systems
PA be sun md complementary cumulative distribution functions (CCDFs) be generated
before they would agree to the chmges (Caporuscio et al., 2002).

2.3 ANALYSISPLAN
106 (AP106)
ARer the first meeting of the Salado Flow Peer Review, the conceptual models were
revised to address new concerns of the EPA and to incorporate new technical information
from laboratory and field investigations (Stein and Zelinski, 2003). The Salado Flow
Peer Review Panel held a second and fmal meeting in Carlsbad in February 2003 to
consider the results of the total systems PA using the new revised grid and modeling
assumptions. The panel approved the proposed conceptual model changes (Caporuscio et
al., 2003) permitting the start of PA analyses for the Compliance Recertification
Application (CRA) beginning with the SaIado Flow Analysis of gas and brine flow in the
vicinity of the repository.
2.4 COMPLIANCE
RECERTIFICA~DN
APPLICATION (CRA)

The Congressional act authorizing the EPA to certify the WIPP repository also requires
re-certification at five-year intervals. The first CRA is due in March 2004, and the PA
analyses supporting the CRA incorporates revised conceptual models, which address new
concerns of the EPA and'incorporatenew technical information from laboratory and field
investigations.

3.0 CONCEPTUAL APPROACH FOR SALAD0 FLOW ANALYSIS
The conceptual structure for BRAGFLO simulation modeling in 2003 for the WIPP CRA
ultimately derives from the regulatory requirements imposed on the facility. The primary
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regulation determining this structure is the U.S. EPA's standard for the geologic disposal
of radioactive waste, Environmental Radiation Protection Standards for the Management
and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40
CFR 191) (U.S. EPA 1985, 1993), which is divided into three parts. Subpart A applies to
a disposal facility prior to decommissioning and limits annual radiation doses to members
of the public from waste management and storage operations. Subpart B applies after
decommissioning and sets probabilistic limits on cumulative releases of radionuc1ides to
the accessible environment for 10,000 yr (40 CFR 191.13) and assurance requirements to
provide confidence that 40 CFR 191.13 will be met (40 CFR 191.14). Subpart B also
sets limits on radiation doses to members of the public in the accessible environment for
10,000 yrs of undisturbed performance (40 CFR 191.15). Subpart C limits radioactive
contamination of certain sources of groundwater for 10,000 yr after disposal (40 CFR
191.24). The DOE must provide areasonable expectation that the WIPP will comply
with the requirements of Subparts B and C of 40 CFR 191.

In order to demonstrate compliance with the regulations it is necessary to simulate the
flow of brine and gas within the repository and surrounding geologic units. Numerical
.
simulations provide quantitative information about expected flow patterns, pressure
histories, and brine saturation near the repository over the 10,000-year regulatory period.
This information is an important component in the calculations of the total releases to the
accessible environment. Model geometry, initial conditions and boundary conditions
must be defined in order to run these numerical simulations. These are discussed in the
sections that follow.

GEOMETRY
3.1 MODEL
t

The primary objective in creating the modeling grid for BRAGFLO is to accurately
capture the effect of essential hydrologic features with a minimum of computational
complexity. This is accomplished in Salado flow modeling by using a vertical, twodimensional grid system, oriented north to south through the repository and surrounding
strata (Figure 3.1 .I). The length (Ax), the width (Az),and the height (Ay) of each grid
cell are shown in Figure 3.1.1 as a logical grid (not to scale). This wide variation in &rid
cell dimensions captures the maximum amount of hydrological detail with the minimum
possible number of grid cells. A uniform grid that captured the detail required around
boreholes, the shaft, and repository excavations and extended to compliance geographic
boundaries would exceed current computing capacity.
The two dimensional BRAGFLO grid captures three-dimensional flow effects by
employing "radial flaring." This flaring is visible when looking down on the grid fiom
the top as shown in Figure 3.1.2. In this figure, the width of each grid cell to the north
and south of the repository increases with distance away fiom the center of the wastefilled region. The flaring simulates convergent or divergent flow to the north and south
centered on the repository, and laterally away fiom the repository. The flaring
methodology used to create the grid is discussed in a separate memo (Stein, 2002a). This
methodology for providing geometric control to BRAGFLO modeling was tested in
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WIPP PA (1 996b) and shown to represent fluid release to the accessible boundaries
within system uncertainty.

The Salado flow grid incorporates the repository, the Castile brine reservoir, the Salado
Formation, bedded units above the Salado, the shaft, panel seals, and an intrusion
borehole. The dimensions of rows and columns of grid blocks, which are indicated in
meters dong the left and bottom margins of the grid in Figure 3.1.. 1, have been selected
to provide an accurate geometric model of features that affect hydrologic flew and
transport and to accommodate calculation mechanics.
3.1.1 Stratigraphic Modeling Units

The stratigraphy u s d in the CRPL is essentially the same as described in the CCA (U.S.
DOE, 1996). The definition of hydro-stratigraphic modeling units for Salado Flow
Analysis follows the convention of formations and member divisions (Mercer, 1987)
except that a further sub-division has been made within the Salado Formation. At the
stratigraphic level of the repository, additional modeling units are defined in the grid
based upon observed differences in permeability between anhydrite interbeds and the
surrounding halite (Webb and Larsen, 1996).
3. I. 1.1 CastiIe Formation
The Castile Formation is located beneath the Salado Formation. It is composed of thickly
interbedded halite and anhydrite in the ma of the repository, and it is represented in the
grid system by an impermeable barrier surrounding n pressurized brine pocket beneath
the repository (Anderson et al, 1972). All boreholes in Salado flow modeling are
assumed to be drilled through the repository in search of deeper resources. The potential
consequences of encountering a pressurized brine pocket are considexed by incorporating
a borehole into the model that reaches the Castile brine pocket, which is pressurized.

The potential consequence of a berehole that does not encounter pressurized brine is
evaluated by terminating the borehole in the modeling grid at the base of the repository.
The deeper part of the borehole would have no consequence except possibly to drain
brine fiom the repository. Elimhating the bottom part of the borehole simplifies the
management of material properties (Bopielak et al, 1983; Freeze and Larsen, 1996; and
Powers et al, 1996). Fluid flow between the brine reservoir and the repository in Salado
models will only occur in an El' drilling intrusion scenario, because the intervening
Castile and Satado evaporites have such a low permeability.
3.1.1.2 Salado Formation
The Salado Formation consists of halite with thin interbeds of nnhydrite (Jones et al,
1960). The Salado flow grid includes intact halite surrounding the repository and two

' El and E2 intrusions are defined in section 4.3.1
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Figure 3.1-2: Top view of CRA lagical grid

anhydrite interbeds, Marker Bed 138 (S-MBl38) and Marker Bed t 39 (S-MB139) and a
layer that represented two thin interbeds,(Anhydrites A and B) that are combined into one
layer for modeling pusposes (S-ANH-AB). In addition, the ha1i te immediately above
and below the repository is modeled as a disturbed rock zone (DRZ), which has a
different set of properties fiom intact halite due to disturbance from excavation and
differential expansion. The DRZ and the marker beds are also allowed to undergo
fracturing when repository pressures are sufficiently high. Christian-Frear and Webb
(1996) and Webb and Larsen (1 996) demonstrated that these materials sufficiently
captured the essential elements of the Salado stratigraphy.

3.1. I .3 Hydro-Sfradigr~phicUnits Above the Snlado Formation
Stratigraphy above the Salado (Mercer, 1981) is represented in the BRAGFLO modeling
grid, from the top down, by the following materials:
Santa Rosa (Mercer, 1987)-

Dewey Lake Redbeds
(Lucas and Anderson, 1993) Rustler Formation (U.S. DOE,1996)49er Member
Magenta Dolomite Member Tamarisk Member Culebra Dolomite Member -

-

coarse clastic sediments

fine grained clastic sediments
anhydrite and mudstone

dolomite
anhydrite and mudstone
dolomite
mhydrite, mudstone, and sandstone

Los Medaiios Member (Powers and Holt, 1999)
(Referred to as "Unnamed" in the W P P parameter database)

3.1.2 Excavated Modeling Units
The treatment of excavated regions in the Salado Flow modeling grid and changes from
previous grids are discussed in Stein and Zelinski (2003). Within the repository and shaft
system, BRAGFLO geometry (the modeling grid) preserves the true excavated volumes.
Lateral dimensions have been set to preserve volume and to retain important mosssectional areas and distance between constructed regions. These simplifications
overestimate fluid contact with waste, which is a critical factor in determining the
quantity of actinides mobilized in the liquid phase. The simplification also overestimates
brine flow because 1) all pillars have been removed fiom the panels resulting in
homogenous waste regions through which fluid can flow freely and 2) the panels in the
rest of the repository have no pillars and fewer panel closures than are planned, resulting
in very large regions of homogenous waste that are assigned a high permeability.
The repository consists of three waste regions. One region represents a single waste
panel, which dIows more detailed representation of a borehole penetrating a panel during
an intrusion scenario. All other non-intruded waste panels are collectively grouped into
two waste regions, north rest of repository @OR] and south RoR. The waste regions are
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separated by Option D panel closures, which are designed to impede brine and gas flow
between panels. The excavated area near the shaft at the north end of the repository is
divided into two grid regions, the operations area (OPS-AREA) and the experimental
area (EXP-AREA). These two areas are separated in the grid by the concrete monolith
of the shaft (CONC-MON), and the working area is separated from the north RoR waste
panel by a set of panel closures that represent the two sets of panel cIosures that will be
placed between these two areas.
3.1.3 Borehole Modeling Units

The borehoie in Scenarios 2-6 is representedby a column of grid blocks that have a Ax of
0.27575 meters and a & of 0.27575 meters. In the undisturbed scenario (Scenario 11,
these blocks have the material properties of the neighboring stratigraphic or excavated
modeling unit, and there is no designation in the grid of a boreho'leexcept for the reduced
lateral dimensions of this particular column of grid blocks. In the scenarios for drilling
disturbance, these cells start out with the same material properties as in the undisturbed
scenario, but at the time of intrusion the borehole grid blocks are reassigned to borehole
material properties.
3.1.4 Changes to the BRAGFLO Modeling Grid for CRA

The CRA grid is the same grid that was used in the AP106 analysis (Stein and Zelinski,
2003) and was approved by the Salado FIow Peer Review Panel (Caporuscio, 2003). The
CRA grid has been designed to address's variety of issues that have arisen since the
CCA. Some of these changes have been evaluated and used in the TBM analysis, and
others are new to the CRA (and AP 1 06). The following changes from the CCA grid have
been incorporated into the CRA grid:
1. Refinement of grid outside the excavated area to improve computational
accuracy and efficiency,
2. Simplification of the shaft seal model,
3. Implementation of Option D Panel closures.
4. Increased Segmentation in Rest of Repository (south RoR and north RoR)
3.1.4.I Grid Refinement (1)
The number of grid cells has been increased from (xg) dimensions of 3 1 by 27 blocks in

the CCA grid to 68 by 33 blocks in the CRA-grid. The grid blocks to the north and south
of the excavated region were refined in the x-direction from the CCA grid. The xdimension ofthe grid cells immediately to the north and south of the repository start at 2
m adjacent to the repository and increase by a factor of 1.45 away from the repository.
Exceptions to this are made to ensure that the location of the Land Withdrawal Boundary
and the total extent of the grid match that in the CCA grid. This refinement factor was
chosen to reduce numerical dispersion caused by rapid increases in cell dimensions
(Anderson and Woessner, 1992; Wang and Anderson, 1982).
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In the y-direction the grid spacing within layers representing the Salado has been changed
from the CCA. The CCA grid spacing in the Salado was dictated by the thickness of
different shafi seal materials, because of the limitation of a finite difference grid, which
requires fixed row and column dimensions across the grid. Since the shaft has been
simplified, they spacing in the Sdado is now uniform. In addition, two Payers were
added immediately above and below Marker Bed 139 to refine the grid spacing near this
layer. These changes resuIt in a total of 33 y-divisions for the grid.
3.1.4.2 SimpIified Shaft Model (2)
A shaft seal model is included in the CRA grid, but it is implemented in a simpler fashion
than was used for the CCA and PAVT. A detailed description of the simplified model
and its parameters are discussed in AP-094 (James and Stein, 2002) and the resulting
analysis report (James and Stein, 2003). The final version of the model used in the CRA
is described by Stein and Zelinski (2003). The final version used in the CRA was

approved by the SaIado Flow Peer Review panel (Caporuscio and others, 2003).
The new node1 does not alter the conceptual model of the shaft seal components as
described in SNL (1996). Rather, it conservatively represents the behavior of seal
components in the repository system model. Specifically, the original 11 separate
material layers that defined the shaft model for the CCA were reduced to two layers each
with properties equivalent to the composite effect of the original materials combined in
series. Additionally, the six time intervals that were used to represent the evolution of the
shaft seal materials over time were reduced to two intesvals. The CRA and CCA shaft
models are graphically compared in Figure 3.1 -3. The sirnpIified shaft model was tested
in the AP-106 calculations (Stein and Zelinski, 20031, which supported the Salado Flow
Peer Review. The results of this analysis demonstrated that brine flow through the
simplified shaft model, was comparable to brine flows seen though the detailed shaR
model in the PAVT calculations. The conclusion remains that the shaR seals
very
effective barriers to flow throughout the 10,000-year regulatory period.

3.1.4.3 Implementation of Option D Panel Closures (3)
Option D panel closures (Figure 3.2.4) are designed to provide minimal fluid flow
between panels. The CRA explicitly represents select4 Option D panel closures in the
computational grid using a model that was approved by the Salado Flow Peer Review
Panel (Capomscio and others, 2003). First, the CRA grid extends the concrete portion of
the Option D panel closures into the upper and lower DRZ (Figure 3.1.1). The CRA panel
closure system model divides the panel closure and surrounding materials into four
materials in 13 grid cells including:

Six cells of panel closure concrete represented by the materid COW-PCS,
One cell above and one cell below the concrete material consisting of marker bed
anhydrite,
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Panel Closure Concrete: The Option D panel dosure design requires the use of a saltsaturated concrete, identified as Salado Mass Concrete (SMC), as is required for the shaft
seal system. The design of the shaft seal system and the properties of SMC are described
in Hurtado et al. (1 997). The CRA BRAGFLO grid incorporates the material,
CONC-PCS, which is assigned the material properties of undegraded SMC and is used to
represent the concrete portion of the Option D panel ciosure system (Stein, 2002b).
Panel Closure Abutment with Marker Beds: In the CRA grid, we represent regions
where the Option D panel closures intersect the Marker Beds as isdated blocks of marker
bed material. This representation is warranted for two reasons.
First, the marker bed material has a very similar permeability distribution (1 u2'to
1@17.' m2)as the concrete portion of the Option D panel closures (10-20.699 to 10-1 7
m2), and thus, assigning this material as anhydrite marker bed in the model has
essentially the same effect as assuming it behaves as concrete as long as pressures are
below the fracture initiation pressure.

Second, in the case of high pressures it is expected that fracturing may o ~ c uirn the
anhydrite marker beds and flow could go "around" the panel closures out of the 2-D
plane considered in the model grid. In this case the flow would be though the
marker bed material that is already allowed to fracture. Therefore, assigning these
isolated cells as anhydrite marker bed materials is appropriate.
Disturbed Rock Zone Above the Panel Closure: After construction of the concrete
portion of the panel closure, the salt surromding the monolith will be subjected to
compressive stresses, which will facilitate the rapid healing of disturbed zones. The
m w d d configuration of monolith creates a situation very favorable for concrete: high
compressive stresses and low stress differences. In turn, the compressive stresses
developed within the salt will quickly heal any damage caused by construction
excavation, thereby eliminating the DRZ along the length of the panel closure. The
permeability of the salt immediately above and below the rigid concrete monolith
component of Option D will approach the intrinsic pemeability of the Salado halite.

To capture the healed DRZ above the monoliths, the CRA uses the material, bRZ-PCS,
in the BRAGFLQ grid. The property values assigned to DRZ_PCS are the same as those
I

values used for a similar DRZ-related material (DRZ-I), except for the properties
P-LOG,
PRMY-LOG, nnd P W - L O G , the logarithm of permeability in the X, Y,
atld Z directions, respectively. These permeability values are assigned the same
distributions used for the material CONC-PCS. In this instance, the values are based on
the nature of the model set-up, and not directly on experimental data (although the
general range of the distribution agrees with experimental observations of healed salt).
The use of these permeabilities ensures that any fluid flow is equally probable through or
around the Option D panel closures and best represents the uncertainty that exists in the
performance of the panel closure system.
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Empty Drift And Explosion Wall Materials: DRF-PCS is the material representing the
empty drifr and explosion wall. This material has properties equivalent to the material
representing the waste panel (except it is not filled with waste) and is used for the three
panel closures that are adjacent to waste regions. The creep closure model is applied to
this material to be consistent with the neighboring materials. The non-concrete portion of
the northernmost panel closure between the operations area and the experimental area is
assigned properties equivalent to 'the operations area. This is done so that the creep
closure model is applied consistently to different regions in the grid (the waste regions
have the creep closure model applied whereas the operations area is rndeled as preclosed and assigned an initial low porosity for all times). The assignment of a high
permeability to this region containing the explosion wall is justified because the
explosion waII is not designed to withstand the stresses imposed by creep closure and will
be highly permeable foIIowing rapid room closure,
3.1.4.4 Increased Segmentcrtion in Resf of Repositmy (4)
The Option D panel closures are designed to impede b&e flow between panels. It is
therefore necessary to include greater segmentation within the repository such that the
serial effects of these panel closures can be adequately simulated. Consequently, the
CRA grid divides the rest of repository into two separate blocks: the south RoR and north
RoR. For the CRA, four sets of panel closures were included in the model domain,
These panel closures lie in between the following grid regions: the single intruded waste
paneI, south RoR,north, operations area, and experimental area. The inclusion of four
sets of panel closures as compared to the CCA grid, which represented only two sets of
panel closures is considered necessary to evaluate the effects of Option D type panel
closures.

One example illustrating why greater segmentation is warranted is immediately following
a drilling intrusion. In the CCA grid, the intruded panel is separated from a single rest of
repository block representing nine panels with no pane1 closures separating panels within
the rest of repository from each other. This representation overestimates the extent to
which a single intrusion can depressurize other parts of the repository. The CRA grid
places more panel closures between blocks representing waste-filled regions and thus
provides a more accurate and conservative representation of the effect of multiple drilling
intrusions. In the CRA grid, an intrusion into one panel is Iess likely to depressurize
other parts of the repository that may be separated by as many as four sets of panel
closures. This change was accepted by the Salado Flew Beer Review Panel (Caporuscio
and others, 2003).
3.2 INITIAL CONDITIONS

BRAGFLO simulation of brine and gas flow in the vicinity of the WlPf site requires the
assignment of initial conditions including brine pressure, brine saturation, and
concentrations of iron and biodegradable material. These initial conditions are provided
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to BRAGFLO through various pre-processing steps during which values are extracted or
sampled fkom the WIPP Parameter Database.
At the beginning of each BRAGFLO run (scenario-vector combination), the model
simulates a short period of time representing disposal operations. This portion of the run
is called the initialization period and lasts for 5 years (from t = -5 to 0 years),
corresponding to the time a typical waste panel is expected to be open during disposal
operations. All grid blocks require initial pressure and saturation at the beginning of the
run (t = -5 years). At the beginning of the regulatory period (0to 10,000 years),
BRAGFLO resets initial conditions within the excavated regions and in the shaft.
The initial conditions at -5 years for BRAGFLO modeling are listed below:
Brine pressure in all non-excavated regions is equal to lithostatic pressure
(sampled at one location and assumed hydrostatic at all other locations).
Pressure within the repository is set to 1.01325 x 10' Pa (1 atm).
Brine saturation within the non-excavated regions is set to 1.0.
Brine saturation within the excavated regions is set to 0.0.
During the initialization period brine tends to flow into the excavated areas and the shaft,
resulting in decreased pressure and saturation in the rock immediately adjacent to the
excavations. At time, t = 0, the pressure and saturation in the all the excavations is reset
to the initial conditions for the materials used to represent these regions for the regulatory
period. This practice is intended to capture the effect of evaporation of brine inflow
during the operational period and the transport of this brine up the shaR ventilation
system. The material changes at time, t 0, in which the initial conditions are reset are
listed below:

-

CAVITY-1 is set to WAS-AREA and initial concentration of iron and
biodegradable material is set.
CAVITY-2 is set to REPOSIT and initial concentration of iron and biodegradable
material is set.
CAVITY-3 is set to OPS-AREA and EXP-AREA
CAVITY-4 is set to panel closure and shaft seal materials

3.3 BOUNDARY
CONDITIONS
The boundary conditions assigned for the BRAGFLO calculations are as follows:
Constant pressure at the north and south ends of the Culebra and Magenta
Dolomites.
Constant pressure (1.01325 * lo5 Pa) and saturation (0.08363 dimensionless)
conditions at the land surface boundary of the grid.
No flow conditions at all other grid boundaries..
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4.0 SALADO FLOW MODELING METHODOLOGY
The purpose of Salado Flow modeling is to perform two-phase flow analyses of brine and
gas in the vicinity of the WIPP repository over a 10,000-year regulatory compliance
period. This is the first activity in an integrated WIPP PA process that evaluates the
potential for radionuclide transport from the WIPP repository to the accessible
environment. The primary software that is used in the Salado Flow Analysis is
BRAGFLO 5.0.
The BRAGFLO software models:
Brine and gas flow
Creep closure of the waste filled regions within the repository,
Gas generation due to corrosion of steel and degradation of biodegradable
materials (cellulosics, plastics, and rubbers),
Physical changes (e.g. porosity) in the modeling domain over time,
The consequences of rock hchuing due to high pressure.
The system of coupled processes in each run of the model (scenario-vector combination)
can be very sensitive to small changes in conditions within the model, causing large
differences in results. For example, a small increase in pressure may cause fracturing that
results in a large increase in brine outflow. However, without suficient brine inflow to
allow gas generation processes to proceed there cannot be large brine outflows.
To capture the variability and uncertainty in future brine and gas flow patterns, the
Salado Flow Analyses includes 1,800 separate BR4GFLO runs. The runs are divided
into three replicates, each consisting of six different scenarios. Each replicate has 100
sets of sampled input parameters (vectors) that are used in each of its scenarios. Section
4.0 describes how the scenarios and vectors are defined. The analysis of results often
collectively considers groups of 100 vectors (a scenario). For the CRA analysis, three
replicates are run and the results of each are compared.
PROCESS
4.1 SALADO FLOW MODELING
The essential tasks in the Salado Flow modeling process are to:
Define a numerical modeling grid that adequately represents the hctional
geometry of important hydrologic features in and around the repository.
Assign material and property values to regions of the grid.
Calculate parameters required by BRAGFLO (e.g. gas generation, rock fracturing,
and creep closure model parameters) that define the hydrologic
environment for flow and transport modeling.
Perform two-phase flow calculations to model brine and gas flow.
Convert BRAGFLO results into formats suitable for analysis and for use with
other software.
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These tasks are accomplished in twelve discrete computer-modeling steps, which are
summarized in Table 4.1.1. The Sdado Flow modeIing process employs the sofhvare
module, BRAGFLO 5.0 to perform two-phase flow analysis, and eight other software
modules to perfom essential pre- and post-processing functions.
4.1.1 Data Input and Pre-BRAGFLO Processing

The analyst controls the Salado Flow modeling process by means of ASCII input control
files (Table 4.1.1) that specify how input information is to be acquired and prepared and
how modeling steps are to be performed. Instructions are provided in the pre-BRAGFLO
processing steps 1) GENMESH(GM),2) MATSET(MS), 3) PRELHS (LWS l), 6 )
JCSET(IC), 7) ALGEBRACDB (ALGl), and 8) PREBRAG(BF1). In most steps, a
binary, computational database ('.CDB)file is read in from the previous step and new data
is added to the file and a new binary file is produced which contains all of the
information added in all previous steps.
A I . I. 1 Grid Generation
The first step in the BRAGFLO modeling process (Step 1 in Table 4.1.1) is the definition
of the modeling grid using the application, GENMESH (WIPP PA, 1995a). The
parameters required to define the mesh include grid cell dimensions and region
definitions. T h e analyst supplies these parameters in the input control file. This analysis
uses an adaptation of the TBM grid (Hansen et al., 2002) with changes (Stein and
Zelinski, 2003) that have been approved by the Salado Flow Peer Review Panel
(Caporuscio, 2003). The GENMESW input file used for the CRA is located in the CMS
library, LIBCRAl-GM.
4.1.1.2 MTSET: FixedDataInput
Details of the functionality of MATSET are discussed in the Users Manual (WIPP PA,
2000). MATSET is the first step for assigning the material property values needed by
BRAGFLO (Step 2 in Table 4.1.1). The GENMESH output file, which is hput into
MATSET, provides the initial material map. All materials and properties that are used in
BRAGFLO modeling should be specified in this modeling step, although the values may
be changed in subsequent steps. For example, the parameters that are assigned sampled
values by the LHS software module in modeling Steps 3 through 5, must be assigned
initial values by MATSET in order to create a slot to receive the sampled values.

Each property assignment requires specification of both the material (e.g. Sdado halite)
and the property (e.g. bulk compressibility) to be associated with that material. For PA
analysis, MATSET extracts the information from the WlPP Parameter Database (Section
4.3) according to instructions in the user-supplied input control file. If the database
contains information defining a distribution of values for a materiaVproperty pair,
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MATSET retrieves the median value. At the end of this step all material assignments
have been made and initial values have been assigned to a11 associated properties.
Constant values are used with no changes. Selected values with distributions are
assigned sampled values in the next modeling steps (Section 4.1.1.3) by the s o h a r e
applications, PRELHS, LHS,and POSTLHS. The median values of parameters with
distributions are used in BRAGFLCE caIculations if they have not been selected for
sampling. The MATSET input file used for the CRA is located in the CMS library,
LIBClU 1-MS.
4.1.1.3 LHS: Sampled Data Input
Modeling Steps 3-5 (Table 4.1.1) employ the s o h a r e module, PRELHS, LHS, and
POSTLHS to generate repeatable sets (corresponding to vectors) of random values for
selected input parameters. The W P application of the LHS s o h a r e uses the Latin
Hypercube Sampling (LHS)method (Iman and Shortencarier, 1984), and the theory and
implementation of LHS is explaineldl in the users manual (WIPP PA, 1996a). LHS
provides 100 sets of sampled values, one per vector, based upon distribution information
that is dram from the WIPP Parameter Database. LHS supports a variety of data
distributions including: normal, lognormal,uniform, loguniform, cumulative, triangular,
and student-T distributions. Each sample set is repeatable because it is based upon a seed

number supplied by the user.

The PRELHS code requires sampling control infomation supplied by the user in an
ASCII input control file. The code queries the WIPP Parameter Database for the
parameters that define the distributions for each sampled variable. The LHS code
generates the 100 samples for each parameter. The POSTLHS code requires the output
file fiom MATSET and generates 100 output CAMDAT files in which the initial median
values have been replaced with the sampled parameters. Table 4.1.2 summarizes the
parameters that are assigned sampled values by the LHS software. The independent
variable name h the right hand column of the table is used in the analysis of BRAGFLO.
Leading up to the analysis activities, all values are assigned according to a
materiaVproperty pairings (e.g. MB 13811og of permeability). The PRELHS input files
used for the CRA are located in the CMS library, LIBCRA1-LHS.
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Modeling
Step

8)

Software
Application

WIPP
Prefix

PREBRAG

7.00

BF1

9)

BRkGFLO

5.00

103

POSTBRAG

2-40

11)

12)

ALGEBRACDB

13a)

13b

SPLAT

PCCSRC

BF3

2.35

ALG2

I

SUMMAWZE

-

BF2

*

-

1.02

Function

Interaction

Calculations d e f ~ n initial
g
pressures, steel and
biodepdabIe concentrations, gas generation rates,
etc. are made.
User specifies temporal parameters for BRAGFLO
including drilling location and time and changes in
material properties aver time. This is the step
where each scenario is defined.
Perfoms calculations for gas generations and
gaslbrine flow in a porous medium.

User Input Control
File & Input from

ALGl
No direct user
interaction. Input
from BFI.
No direct user

Converts BF2 binary output file into the binary
WIPP database format.

interaction. Input
from BF2.
User Input Control
File & Input from
BF3.

User defines time-integrated output variables used
in the analysis of results (e.g. volume averaged
pressures and saturations).

SUM

Generates ASCII tables o f output variables.

-

2.21

Creates plots of output variables for each vector
(usually 100)
Performs correlation and regression analyses

Steps with user interaction are indicated with bold lettering

18

I

User Input Control
File & Input from
ALG2
User Input control
File & Input from
SUMMARIZE
User Input control
File & Input from
SUMMARIZE &
LHS
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4.1.1.4 ICSET: Initial Conditions

Initial conditions required by BRAGFLO include pressure, saturation, and steel and
biodegradable concentrations. From a data management perspective initial conditions are
properties associated with the first numerical time step. Modeling Step 6 (Table 4.1.1) uses the
application, ICSET to define some of these initial conditions. The hnctionality of ICSET is
described in the users manual (WIPP PA, 1996~).The code requires a user-supplied input
control file defining how initial conditions are to be set and the POSTLHS binary (.CDB) file
from Step 5. ICSET updates the input CDB file with the user supplied initial conditions creating
a new output CDB file. This step includes the definition of some initial conditions derived from
MATSET and others set by the user:
Initial brine saturation in the Santa Rosa and the unsaturated portion of the
Dewey Lake is set to unsaturated conditions using values (from WIPP Parameter
Database) at -5 years.
Initial brine saturation is set to 0.015 in the material DRF-PCS and the waste
areas at time zero.
Initial brine saturation is set to zero in all excavated areas at time -5 years.
Initial brine saturation is set to zero in non-waste excavated areas at time zero.
Initial brine saturation in all portions of the grid, except for the repository and
the unsaturated formations is set to 1.0 at -5 years.
Initial steel and biodegradable concentrations throughout the grid are set to 0.0 at
-5 years. (These values will be changed in the next step (4. I. 1.5) when
steel and biodegradable materials are introduced.)
The ICSET input file used for the CRA is located in the CMS library, LIBCRAI-IC.
4.1.1.5 ALGEBRACDB: Data Modification and Calculation of New Modeling Parameters
Modeling Step 7 (Table 4.1 .I) employs the software module, ALGEBRACDB, which is used to

manipulate data from the binary (.CDB)output file from ICSET. ALGEBRACDB is capable of
performing most common algebraic manipulations and evaluating most common transcendental
functions (trigonometric, logarithmic, exponential, etc.). Its hnctionality is discussed in the
users manual (WIPP PA, 1996d).
ALGEBRACDB reads its instructions fiom a user-supplied ASCII input control file that employs
an algebraic syntax that is similar in appearance to normal FORTRAN syntax. It then executes
the mathematical instructions to modify input data from ICSET and to calculate new input
parameters for the BRAGFLO software. The results are written to a new binary (.CDB)output
file. Files associated with this step are designated with ALGl in the filename, because
ALGEBRACDB is also used in post-BRAGFLO processing.
Calculations performed in this step include:
Calculation of inventories of steel and degradable organic material.
Conversion between units stored in the W IPP Parameter Database and units
required by BRAGFLO.

Information Only

Assignment of parameters sampled for one material to another material (e.g.
hydraulic properties are sarnpIed for MB 139 and assigned to the other marker beds in
the model).
Assignment of gas generation parameters including initial concentration, humid and
inundated gas generation rates that depend on inventory and sampled parameters.
Calculation and application of the lo stratigraphic dip of the Salado Formation.
The ALGEBRACDB input file used for the CRA is located in the CMS library,
LTBCRAl-ALG.
4.1.1.6 PREBRA G: Changes in Modeling Parameters Over Time

The final pre-processing step for BRAGFLO modeling (Step 8 in Table 4.1 .l) employs the
application PREBRAG, which accepts the binary (.CDB) output file from ALGEBRA (ALGI).
The functionality of PREBRAG is discussed in the users manual (WIPP PA, 2003b). The user
supplies instructions in an ASCII input control file to specify changes in modeling conditions at
different times and to identify what information should be calculated and written by BRAGFLO
to the output files. This is the modeling step in which "scenarios" are defined by specifying
changes in materials and properties at different times (e-g. "create" a borehole at 350 or 1000
years by redefining the material map at that time in the simulation). The PREBBRG input files
used for the CRA are located in the CMS library, LIBCRALBF.
4.1.2 BRAGFLO Calculations

Quantification of the effects of gas and brine flow on radionuclide transport for undisturbed and
disturbed conditions requires use of a two-phase flow (brine and gas) code. For WIPP PA, the
DOE uses the two-phase flow code, BRAGFLO, to simulate gas and brine flow as well as to
incorporate the effects of disposal room consolidation and closure, gas generation, and rock
fracturing in response to gas pressure (Step 9 in Table 4.1.1). Its functionalityand the theory on
which it is based are discussed in the users manual (WIPP PA, 2003a). The results of
BRAGFLO include calculated values for variables at times and grid locations that are specified
in the PREBRAG input control file. The output data is written to ASCII and binary output files.
Only the binary files are used for Salado Flow analysis and for input to subsequent WIPP PA
activities (e-g. NUTS modeling). The ASCII input files are stored in CMS in the libraries:
LIBCRAlBFR#S#, where the #-symbols are replaced by replicate and scenario numbers.

I

4.1 -3 Post-BRAGFLO Processing

4.1.3.1 POSTBRA G
The post-BRAGFLO processing application, POSTBRAG, is used to convert the BRAGFLO
binary output file (.BIN) into the binary format (.CDB) that is used by other WIPP PA software
tools (Step 10 in Table 4.1.1). The software ALGEBRACDB is used to calculate cumulative
and/or volume-averaged values for specific regions in the grid. The output is written to a binary
(.CDB) file (modeling Step 11 in Table 4.1 .I). Files associated with post-BRAGFLO processing
using ALGEBRACDB are identified with ALG2 in their names.
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4.1.3,2 AL G E M CDB: Past-Processing of BRA GFLO Results i(ALG2 Step)
In this post-processing step the software module, ALGEBRACDB is used to process BRAGFLO
results that vary in time and space. In this step various quantities are calculated, including:
volumeaveraged pressure and saturation in different regions of the grid and cumulative fluxes of
brine across certain boundaries. The ALGEBRACDB input file used for the CRA is lccated in
the CMS library, LIBCRA 1-ALG.

4.1.3.3 S U M M Z E
The software module, SUMMARIZE (Step 12 in Table 4.1.1) is used to extract data from Ithe
binary output files (.CDB)from POSTBUG or ALGEBRACDB (ALG2) to produce ASCII
tables organized according to analytical needs. One common step is to create a table of output
variables with values for 100 vectors reported at specified time intervals. Tn this case,
SUMMARIZE will linearly interpolate output values at specific times from the nearest times in
the binary file. This is necessary because BRAGFLO uses a variable time-step and thus vectors
do not have output at exactly the same times. Previous to this step, output is organized with a
separate file for each vector.
Tables from SUMMARIZE are used to make plots of variables over time (e.g. horsetail plots)
using the plotting software module, SPLAT. These plots show the values of output variables for
each of the 100 vectors in a scenario over time (usually the full 10,000 year regulatory period).
4.1.3.4 SPLAT
?'he application, SPLAT, is used to generate plots of output variables for selected vectors
(usually all 100 in a scenario) from SUMMARIZE tables (one table per vector). SPLAT extracts
the selected variable from each vector file, and produces a plot with one line per vector.
4.1.3.5 Semifivil)lAnalysis
Several approaches are used in the Satado Flow Analysis to evaluate the effects of sampled input
parameters on BRAGFLO results. The simplest method is to use scatter plots to visually
evaluate relationships of an output variable with a single input parameter (or another output
variable).

Excel is used to calculate Pearson sample correlation coefficients for pairings of variables and
input parameters. Pearson correlation coefficients were calculated to determine the relative
importance of various input parameters to annualized brine outflow rates during this stage. The
Pearson correlation coefficient, r, for two arrays, X and Y containing pt elements is:
r=

.(C..,-&Ey,

Jncx2

- R X , ' ~ H ~ Y-(CY)Z]
~

Peasson correlation coefficientsvary from -1.0 to 1.0 and indicate the extent of a linear
relationship between the two arrays.

The application, PCCSRC,is a systematic approach to identifying the most important input
parameters (WPP PA, 1995b). PCCSRC produces plots of correlation statistics for selected
output variables (dependent variables) relative to sampled input parameters (independent
variables). Partial sank correlation coefficients (PRCCts) are used in the Salado Flow Analysis,
because some relationships may be non-linear over the full range of conditions represented in
100 vectors. These correlation calculations are performed on the ranks of the variables rather
than their values, reducing problems due to non-linear relationships. Partial correlation
coefficients are calculated by excluding the influence of all other parameters. Each PRCC
explains how much of the ranking for the output variable can be explained by the ranking of the
input variable with the Iinear effects of the other variables removed (Helton et al, 1998).
PRCC's are calculated at selected times to produce plots of PRCC'sover an extended period of
time, A cutoff of 0.25 is usually used for the PRCC in the Salado Flow Analysis, and only the
top five PRCC's are plotted. The correlations may be positive or negative, and the absolute value
of the PRCC indicates the relative importance of each input parameter to the uncertainty in the
output variable.

4.1.4 Methods of Analysis

Methods of analysis are selected for each variable according to the nature of the modeling
results. No one method is useful for all output variables, because distributions, trends, and
dependencies differ. For example, cumulative values at 10,000 years are used frequently in the
Salado Flow Analysis to evaluate results h m a regulatory compliance perspective. They
provide a simple measure of how madeling results compare to regulatory requirements for
variables involving volume fluxes (e.g., brine flow).

The Salado Flow Analysis examines multiple of interactive process models (e.g., brine inflow,
gas generation, fracturing and brine outflow). An analysis of annual rates (e.g., brine outflow in
m3/yr) can be a useful technique in specific circumstances (e.g., brine flow after the borehole
connection to pressurized brine in the Castile has been sealed for EI intrusions),
The calculation of median vdues for 100 vectors in a scenario is the most common approach to
collective analysis in the Salado Flow Analysis. The median has the advantage of weighting the
impact of every vector equally. However, the median over time does not represent a single
vector, since different vectors may be at the median at different times over the 10,000-year
regulatory period. Median vaIues are not useful when half or more of the vectors have zero
values (e.g., microbial gas generation).
In contrast, averages are strongly impacted by highly anomalous values, and they may not be
representative for the entire population of results (e.g., cumulative brine outflow in S2 with a
maximum of 156,000m3and a median of 5,000m").Average values are used occasionally if
there are no highly anomalous values or if the number of zero-values is constant across the
scenarios.
a El and E2 inhlsions are defined in section 4.3.1
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Maximum values for an output variable are sometimes presented to evaluate dependencies and
associations for the most extreme results. Again, different vectors may have the maximum value
at different times, Groups of anomalous vectors are sametimes considered separately to isolate
the causes, which may not be apparent in the whole population, because the primary
dependencies are operative in a limited range of circumstances (e-g., fracturing at high pressure
and brine flow at high boreholle permeabilities).
4.1-5 Execution and Run control

Digital Command h g u a g e @CL) scripts, referred to here as EVAL sun scripts, are used to
implement and document the running of all software codes. These scripts, which are the basis
for the WlPP PA run control system, are stored in the CM1-EVAL CMS library. A11 inputs are
fetched at nm time by the scripts, and outputs and run logs are automatically stored by the scripts
in class CRAl of the CMS Iibraries (Long,2003).
4.2 DATAFOR THE SALADO
FLOWANALYSIS

There are three sources for input into the Salado Flow Analysis:

,

WIPP Parameter Database
Input control files supplied by the analyst
The ASCII file from SANTOS containing the porosity closure surface.
4.2.1 WIBP Parameter Database

The WlPP Parameter Database is the primary repository for validated input data to WIPP PA
activities. The database includes 1) numerical results from investigations performed under the
WIPB Quality Assurance (QA) Program and 2) references to document validation of the data for
usage in reglated analyses including the 2003 WlPP PA. Each input parameter has been
investigated and evaluated under the WIPP Quality Assurance (QA) Program to assess the values
or ranges of values that are appropriate for Salado Flow Analyses and subsequent W P P PA
activities.
Most parameters have discrete values (e.g. the acceleration due to gravity) in the WIPP
Parameter Database, but some are described by a distribution of possible values with associated
probabilities. Parameter distributions are appropriate for describing variability in the geological
environment and for representing uncertainty due either to limitations of measurements or
unpredictability of changes over the 10,000-yearregulatory period.
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4.2.2 Input Control Files

User-supplied input files are required in many steps of the SaIado Flow modeling process (Table
4.1.1). These files contain the instructions that control the computational processes. Some of the
most prominent tasks specified in these input files include:

*

*

specification of dimensions for the BRAGFLQ logical grid.
assignment of values to properties and materials (constants, median values, and
sampled values).

cdculation of new input values in pre-BRAGFLO processing.
timing of changes in the modeling domain (e.g., borehole intrusion).
calcuIation of integrated results for analyses in post-BMGFLO processing

For a list of files used in the 2003 CRA,see Long (2003).
4.2.3 Porosity Surface From SANTOS

In addition, BRAGFLQ version 5.0 requires information defining the porosity sufface for the
repository in the format of an ASCII input file. This table i s generated by the analysis of creep
closure results fsom the SANTOS software. At present, only one porosity surface is validated
for use in PA analyses (WIPP PA, 20'03a).

4.2.4 Transfer of Information Between Software Modules

The BRAGFLO modeling process involves the use of several software modules, which have
been integrated into a continuous BMGFLO modeling process. Output files h r n one module
often become input files for a subsequent modeling step. However, this is an automated process
controlled by scripts that are preserved in class CRAl in LIBCRAl-EVAL of CMS, and
intermediate output files are preserved in class CRAl of the relevant CMS library.
4.3 UNCERTAINTY
IN SALADO FLOWANALYSES

Evaluation of the risks of uncertainty are addressed in three ways in the Salado Flow Analysis:

*

*

Scenarios representing possible future events (drilling intrusions) are
modeled to evaluate the potential consequences.
Latin hyper-cube (random) sampling of key input parameters is used to evaluate
uncertainty and variability of input data.
Comparison of results from three different replicates (100 vectors per replicate) provide n
means for assessing statistical uncertainty.

4.3.1 Uncertainty of Future Events - Scenarios

Drilling intrusion is a likely human activity to affect flow and transport near the repository
during the 10,000-year regulatory compliance period. Six scenarios capture the effects of a
potential drilling intrusion, and the events modeled in each scenario ace summarized in Table
4.3.1.

TABLE
4.3-1: BRAGFLO MODElLIlVG SCENARIOS
SCENARIO DESCRIPTION
E 1 intrusion at 1000 years
E2 intrusion at 350years
E2 intrusion at 1,000 years
E2 intrusion at 1,000 years; El intrusion at 2,000 years,
El : Borehole penetrates through the repository and into a hypothetical pressurized brine
reservoir in the Castile Formation.
E2: Borehole penetrates the repository, but does not encounter brine in the Castile

The long-term effects of penetration by an exploratory berehole are calculated for two intrusion
times, 350 years and 1,000years following repository closure. The earlier time (350 years) is
representative of intrusions for which a significant amount of americium exists and more time is
available for Culebra ground water transport. The later intrusion time (1,000 years) is
representative of the repository aRer the pressure has stabilized. The choice of just two intrusion
times is a compromise dictated by the massive computational effort required in PA calculations.
Salado Flow modeling only considers the effects of an inbvsion on brine and gas flow. Analyses
of radionuclide transport and potential for release are analyzed in subsequent PA activities using
brine flow fields calculated by BRAGFLO.
4.3.2 Variability and Uncertainty of Input Parameters

There are a variety of reasons for uncertainty concerning input parameters to the Salado Flow
Model, including: geological variability, changes in the physicdchemicat environment over the
10,000-yearregulatory period, and limitations on measurements and sampling. Analysis of
uncertainty for input parameter values is accomplished by sampling values Ifor selected input
parameters from distribution ranges that are stored in the W P P Parameter Database using the
LHS software (Section 4.1 .I -3). Thirty-three input parameters have been designated as having
ranges of values that should be sampled to provide input for Sdado Flow Analysis. Other
parameters are also sampled at the same time, but these values are only used in subsequent W P P
PA modeling activities and do not impact the Salado Flow Model.

Most of the sampled variables (Table 4.1.13 are assumed to be uncomlated. However, the pairs
(AMCOMP, ANHPRM), [BALCOMP, HALPRM) and (BPCOMP, BPPRM) are assumed to
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have rank correlations of 4 9 9 , 4 9 9and 4.75, respectively. These correlations result from a
belief that the underlying physics implies that a large value for one variable in a pair should be
associated with a small value for the other variable in the pair.

4.3.3 Statistical Uncertainty - Replicates

There axe three replicates in the Salado Flow Analysis, and each consists of 100 sets of sampled
parameters. Thus each scenario is actually modeled in 300 vectors, 100 in each replicate.
Comparison of results between the three replicates provides an indication of statistical reliability.
For notational convenience, the replicates are designated R1 ,R2,and R3. The most extensive
analysis was performed on replicate Rl. The other two replicates were used for comparison
purposes to confirm the statistical validity of R1.
5.0 MODELING RESULTS

Numerical results from the Salado Flow Analysis are stored in the binary (.CDB) files that reside
in class C M l of the CMS Iibraries: LBCRAI-BFR#S#, where the #-symbols are replaced with
replicate and scenario numbers. These results include detailed and summarized information
about:

*

*

Creep closure of the excavated areas of the repository.
Gas generation by corrosion of metal and microha1 decomposition of organic
material.
Pressure.
Fracturing of rock due to high pressure
Permeability.
Brine and gas saturation. .
Brine and gas flow.

Other output data may be selected by the user, but this may require adjustments to pre- and postprocessing steps. The SaIado Flow output data are preserved for all cells and areas of the grid at
incremental times between 0 and 10,000 years.
The application, ALGEBRACDB, is used to post-process numerical output from BMGFLO
resulting in data that are more useful for analysis. The output variables from ALGEBRACDB
are listed in Appendix A.
Graphics are used extensively to demonstrate observations, relationships, and dependencies.
"Horsetail"plots, which are produced using the application, SPLAT, plot values of individual
variables for all vectors in a scenario as a function of time for the entire 10,000-year regulatory
compliance period. These plots are an effective method for demonstrating the potential range
and behavior of results. "Composite" plots display the statistics foy a replicate over time (e-g.,
median, mean, 1 othand 90'~ercentilesfor 100 vectors in a scenario). These plots are used to
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collectively view results for comparison purposes (e-g., comparing trends for two different
output variables). The VMS application, PCCSRC, is used to correlate output variables with
sampled input parameters and to generate plots displaying the most prominent partial correlation
coefficients (PRCC)over time.

The ASCII input control file to PREBRAG includes a series of input numerical control
parameters that influence the way BRAGFLO performs calculations. The standard settings
optimize calculations under most circumstances, but occasionally BRAGFLO does not complete
the calculations for individual vectors, which are referred to as exception vectors. The most
common failure is that BRAGFLO calculations do not reach 10,000 years within the maximum
number of time steps prescribed (10,000 time steps). Exception vectors usually result fiom the
combination of extreme conditions of coincident sampled variables and very small grid ceI1s
(e.g., the intersection of the borehole or shaft with a marker bed). These circumstances can lead
to extreme spatial or temporal gradients within the model domain that exceed tolerances
specified in the input control file. These conditions cause BRAGFLO to shorten its time step.
For most vectors this automatic time-step control is sufficient to solve the short-lived numerical
problem, however for exception vectors it is not and it is necessary to relax, tighten, or otherwise
adjust BRAGFLO input numerical control parameters in order to complete the calculations.
The capability to make such adjustments is a n o d part of any numericaI modeling study
including the BRAGFLO modeling process. The input control parameters are included in
BRAGFLO code to permit the analyst to make adjustments for circmstances that fall outside of
the normal range of modeling conditions and allow a difficult calculation to complete.
Description of adjustments to input control parameters for exception vectors are included in the
discussion of results for each scenario.

Changing the value of the input control parameter, ICONVTEST,is the most common
adjustment to BRAGFLO to allow the completion of calculations for "exception" vectors. The
following excerpt from the users manual ( W P P PA, 2003a) explains when the standard value,
"1 ",should be changed to "0".

"ICONVTEST:Flag specifying whether either or both convergence criteria must
be satisfied before a solution is considered to have converged. Recommended
value: 1. Requiring both convergence criteria to be met should result in a more
accurate solution. However, prohibitiveIy small time steps are sometimes
required because the convergence tests tend to over-emphasize the importance of
small grid blocks in which small changes can result in relatively large mass
balance errors. To get BRAGFLO to run to completion when such problems
occur, it may be necessary to relax one of the criteria that must be met.
Generally, this has been found to have little impact on gross results. However, in
some instances, important short-lived transient results can differ greatly
depending on whether either or both convergence criteria are met. Therefore,
whenever possible, ICONVTEST = 1 should be used.
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= 0: Satisfy either EPSNORM or FTOLNORM. (described next, on Lines 6.10
and 6.14).

I

= 1: Satisfy both EPSNORM and FTOLNORM. (described next, on Lines 6.1 0
and 6.14)."

5.1 .I Replicate 1

In Replicate 1, BRAGFLO calculations for eight vectors did not run to completion using
standard input control values. Calculations for two of these ("1" in Table 5.1.1) were completed
by changing the value for ICONVTEST from "I " to "0". This is discussed in Section 5.1 and in
the users manual (WIPP PA, 2003a). Vector 98 (2 in Table 5.1 .l) in all six scenarios, also
required changing the value of the input parameter, FTOLNORM(l), from 1.OE-2 to 1.OE-3.
This change reduced the error toIerance allowed between iterations and prevented the
development of uncontrolled oscillations in the solution in subsequent time steps. The following
excerpt from the BRAGFLO users guide explains the adjustment to this parameter (WIPP PA,
2003a):

"FTOLNORM(1): [kg gas in residualkg gas in grid block]. For gas saturation,
the value of the residual is nomaIized by dividing by the amount of gas present in
the grid block, #pJ, + C,pSJ, where @isthe porosity, p, and p, are the gas and
brine densities at local conditions, S,and Sharethe gas and brine saturations, and
C, is the mass fraction of gas En the brine phase (C, = 0.0 if no dissolved gas is
present). The minimum of this normalized residual vaIue is compared with
FTOLNORM(1). If ICONVTEST = 0 and the normalized residual is less than
FTOLNORM(l), convergence is accepted".
The adjusted value for FTOLNORM(1) is still within the recommended range.
"Tightening" this input control parameter prevented the calculation of residual gas
saturation from diverging m h e r than before the change and thus time step length did not
need to be reduced as much to reach convergence.

5.1.2 Replicate 2
Eleven vectors were rerun with modified input control parameters in order to have BRAGFLO
complete the calculations. Calculations for ten of these ("1" in Table 5. J .2) were completed by
changing the value for ICONVTEST from " 1" to "0".Vector 56 in Scenario 1 also required that
EPS-NORM(I) be changed fiom 3.0 to 2.0 ("3" in Table 5.1.2). The following excerpt from the
users manual confirms that this parameter is stilI within the recommended range.
1
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1

EPSNORM(1): Number of digits of accuracy to the right of the decimal in the change in
gas saturation. This parameter limits the change in gas saturation when saturations are
very small, in which case DDEPMAX(1) is too easily satisfied. Recommended value
range: 2 to 5 with a best estimate of 3.

5.1.3 Replicate 3
Five vectors were rerun with modified input control parameters in order to have BRAGFLO
complete the calculations. All five exception vectors ("1" in Table 5.1.3) were completed by
changing the value for ICONVTEST from " 1" to "0".

5.2 OVERVIEW OF THE SALADO
FLOW
ANALYSIS
Repository behavior is characterized by interactions among creep closure, gas generation, and
fluid and gas flow. The Salado Flow Analysis is divided into three replicates, and each is
comprised of the same six modeling scenarios. Replicate 1 is the primary subject for analysis,
and the other two are used to confirm the results for the most important output variables and to
demonstrate statistical confidence in the results. Each scenario consists of 100 vectors that are
defined by a unique set sampled input values (modeling Step 3-5ITable 4.1.1).
5.2.1 Organization

The discussion of results is organized by scenario or pair of scenarios as follows:
Section 5.3: Undisturbed (Scenario 1)
Section 5.4: Disturbed (Scenarios 2 and 5)
Section 5.5: Comparison of replicates
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Each of the sections listed above includes an analysis of the following:
Halite Creep. The plastic flow of salt causes & pore volume of the repository to
decrease over time by @adually filling the empty space.

Brine Inflow. Availability of brine is required for gas generation and for fluid flow away
from the repository.
Gas Generution. 'In some scenarios, gas generation results in high pressures within the
repository.

*

Pressure. High pressure within the repository can increase permeability of wall rock by
causing hydro fracturing. This is a primary output variable to subsequent PA analyses
(e.g., spallings, direct brine release).
Brine Saruration. This affects the rate of steel corrosion. This is also a primary output
variable to subsequent PA analyses (e.g., direct brine releases).

* Rock Fracturing. Caused by high gas pressure. Rock hcturing can increase
permeability of the wall rock in the DRZ and of anhydrite in the marker beds providing a
conduit for local brine migration (e.g,, around the panel closures and into the shaft).

Brine Oudflow. Brine outflow to the accessible environment is a potential carrier for
radionuclide transport. Brine flow up the borehole is an input variable to analysis of
radionuclide flow and transport in the Culebra.
Compariwn of ~.esulfs
among the replicates.
5.2.2 Halite Creep

Creep closure of the excavated regions begins immediately because of excavated-induced
loading. As rooms close waste consolidation will occur and continue until back stresses imposed
by compressed waste resist further cluswe or until fluid pressure becomes sufficiently high due
to gas generation.
BRAGFLO calculates the porosity of materials that undergo creep closure by interpolating over
a "porosity surface." The porosity surface consists of porosity as a function of time and pressure
and was obtained by modeling deformation of a waste-filled room using the code, SANTOS
(Butcher et nl., 1995 and Stone 19953. The creep cIosure porosity surface is provided to
BRAGFLO via the ASCII fife, BF2-CRAl+CLOSW.DAT, which resides in the CRA1 class
of the CMS library: LH3C'RAlBF.
5.2.3 Summary of Gas Generation Factors
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The rate of gas generation strongly influences repository pressurization and fluid flow along
potential pathways for radionuclide migration. Gas generation may occur as a result of I ) anoxic
corrosion of steel-based waste and waste containers, and 2) biodegradation of organic materials
(cellulosics, plastics, and rubbers) in waste and waste containers. It is assumed that there is a
probability of 1.0 that gas is generated by anoxic corrosion of steel and that there is a probability
of 0.5 that microbial degradation of organic material will occur.
The anoxic corrosion of steel-based metals is assumed to consume brine as part of the reaction,
and therefore brine must be present in the waste regions for corrosion reactions to proceed.
Moreover, it is assumed that inundated conditions are necessary for corrosion; the humid rate of
corrosion is set to zero. The rate of corrosion is zeroth-order and is sampled (Step 3-5 in Table
4.1.1) and remains fixed for the 10,000-year regulatory period.
The potential for gas generation by microbial action in the repository is uncertain so three
possibilities are considered in Salado Flow models. WMICDFLG is a sampled input parameter
that controls the amount of biodegradable material that is available to the microbes for gas
generation. Possible values of WMICDFLG are: 0, 1, and 2 where:
"0"implies no microbial degradation of cellulose (50%probability)
"1 " implies microbial degradation of only cellulose oniy (25%probability)

2 ~mpliesmicrobial degradation of cellulose, plastic and rubber (25% probability).

n r t .

Gas generation by microbial degradation occurs in both inundated and humid conditions. The
inundated rate is a sampled parameter, WCRMICI, and the humid rate calculated by multiplying
the inundated rate by a sampled parameter, WGRMICH (fact061 ;median = 0.634). Microbial

gas generation requires brine to be present, but it is assumed the microbes do not consume or
produce water. The rate of total gas generation is directly dependent upon brine saturation. It
declines until brine saturation becomes zero at which time all microbial gas generation ceases.

5.2.4 Coupling of Gas Generation and BrineIGas Flow
Gas generation and brine and gas flow are related. Since moisture is required for both corrosion
and microbial gas generation processes and it is consumed by the corrosion of steel, the rate of
brine inflow into the repository affects the total rate of gas generation. However, generally brine
inflow decreases as pressure increases, and brine may eventually be expelled fiom the repository
if pressure exceeds brine pressure in the surrounding formation. One result of this might be the
slowing or even stopping of the gas generation process in some vectors. In addition, if pressures
exceed the fracture initiation pressure, additional brine may flow into the repository form the
surrounding D M .
Similarly, gas may flow away fiom the waste into areas with lower pressure, which may include
the northern experimental and operations areas, the DRZ, the anhydrite interbeds and the shaft.
Gas flow into intact halite is not significant because of the high threshold pressure of halite.
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5.3

MODELING RESULTS
FOR UNDISTURBED
PERFORMANCE(RlSl)

Previous analyses (U.S.
DOE,1996; PAVT, 1997; Helton et al., 1998; and Hansen et al., 2002)
have identified two potential pathways for brine flow and radionuclide transport away from the
repository in the undisturbed scenario. In the first pathway, brine may migrate through the panel
seals and drifts or through the disturbed rock zone (DRZ) surrounding the repository to the shaft
and then upwards towards the Culebra Dolomite Member of the Rustler Formation. The quantity
of brine reaching the Culebra is important, because lateral groundwater transport can carry
radionuclides~towardsthe subsurface land withdrawal boundary. In the second pathway, brine
may migrate fiom the repository through the DRZ and laterally towards the subsurface land
withdrawal boundary through the anhydrite interbeds of the Salado formation.

In addition, pressure and brine saturation in the undisturbed scenario are important variables
because conditions in this scenario are used as initial conditions that are required by codes used
to calculate direct releases fiom the first intrusion into the repository. Subsequent intrusions use
to conditions calculated for the disturbed scenarios.

I

5.3.1 Sequence of Events
There is only one change to material properties specified in the PREBRAG input control file for
Scenario 1. This is a change in lower shaft materials 200 years after closure to reflect
compaction that is applied to all scenarios.
Scenario 1
200 years change in Iower shaft material properties to reflect compaction. Material SHFTL-TI
is replaced by material SHFTL-T2.

-

5.3.2 Porosity and Halite Creep
Halite creep causes the pore volume [void space), of the waste filled regions of the repository to
decrease over time as halite flows to fill the excavated space and compresses the waste. Porosity
is calculated by dividing the pore volume by total volume, and it can be expressed as a fraction
or as pore volume percent of total volume. Creep closure trends are also summarized in
Appendix B.
The output variable, W-R-POR, is the volume-averaged porosity for all waste areas. The values
of W-R-POR, over the 10,000-year modeling period, are plotted for all 100 vectors of Scenario
1 in Figure 5.3.la. Figure 5.3.lb shows the same data pIotted on a reduced porosity range (5% to
25%) to better illustrate the trends of individual vectors. The porosity in all vectors drops from
its initial value of 84.8% to a minimum value that ranges from 8% to 23% at 10,000 years.
However, much of the reduction in pore volume (35% and 53%) occurs during the first 50 years.
Increasing pressure within the repository often causes temporary reversal periods when porosity
increases for some time. Five vectors, 24,35,38,51, and 56, in Scenario 1 do not show a
reversal in creep closure (an increase in pore volume after the initial decrease in response to
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increased pressure). Fifty vectors have increases in porosity from their minimum values that
range from 1.O% to 7.6% increases.
Figure 5.3.2 displays plots for input parameters that have the highest partial rank correlation
coefficients (PRCC)with volume-averaged porosity in all waste areas, W-R-POR. The positive
correlations of gas generation factors, WMICDFLG, WASTWICK, WGRCOR, HALPOR,and
WGRMlCI reflect reduced creep closure by increasing pressure resulting from gas generation.
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5.33 Brine Inflow
In the undisturbed scenario, brine can only come into contact with the waste by flowing
through or from the DRZ into the repository, and the only significant external source of
brine to the D M is from the anhydrite marker beds. There may also be a substantial
volume of in situ brine within the DRZ that is available for flow into the repository
depending upon the porosity of halite (HALPOR), which is a sampled value, and the
permeability of the DRZ, which can be increased by high pressure within the repository
due to hcturing. The output variable, BRPLALIC, is the cumulative total brine inflow
from all marker beds into the DRZ (Figure 5.3.3a) and BRNREPTC is the cumulative
total brine flow into the repository (Figure 5.3.3b). Horsetail plots for BRAALIC and
BRNREPTC in Scenario 1 are plotted at the same scales in Figure 5.3.3 to illustrate how
brine flow fiom the marker beds into the DRZ is less than the brine flow from the DRZ
into the repository.
A scatter plot of BRAALIC versus BRNREPTC indicates no prominent relationship
between the two brine flows, indicating that brine flow into the DRZ fiom the anhydrite
marker beds is not the primary source for brine flow into the repository (Figure 5-3.4a).
However, a scatter plot of halite porosity, HALPOR,versus BRNREPTC shows a
generally linear relationship indicating that in situ brine within the DRZ is the primary
source for brine flow into the repository in the undisturbed scenario (Figure 5.3.4b).

Brine inflow statistics for B W L I C and BRPJREPTC are summarized in Tables 5.3.1
and 5.3.2. The median cumulative brine inflow from all marker beds into the D m ,
-1,200 m3,is on1y 16% of the median cumulative brine inflow into the repository, -7,200
m3. Vector 22 has the largest cumulative brine flow into the repository, 49,000 m3,but it
has only 850 rn3of cumulative brine inflow from the marker beds into the DRZ. Table
5.3.2 contains brine inflow values for the 10 vectors with the largest BRAALIC values
and for the 10 vectors with the highest BRNREPTC values. It indicates that high brine
flows into the repository are not correlated with brine flow into the DRZ,but high brine
flows into the DRZ are generally associated with brine flow into the repository that are
average or above average.
TABLE
5.3.1: STATISTICS FOR CUMULATIVE
BRINEINFLOW
AT 10,000 YEARS

Note: BRAALIC - total brine inflow fiom all marker beds into the DRZ
BRNREPTC total brine flow into the repository

-
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TABLE
53.2: HIGH
BRINEINFLOWAT 10,000 YEARS

The plot of prominent PRCCs for BRNREPTC also shows that HALPOR has the
dominant influence on brine inflow, because it determines how much brine is stored in
the DRZ (Figure 5.3.5). HALPOR is followed in importance by the permeabilities of the
DRZ (DRZPRM),anhydrite (ANHPRM), and halite (HALPRM), because they influence
the rate of brine flow.
The anhydrite marker beds (Figure 3.1.1) provide the onIy significant pathways by which
brine can flow from the Salado Formation into the DRZ, (BRAALIC). The DRZ and
anhydrite permeabilities, DRZPRM and ANHPRM, have positive PRCCtswith
BRAALIC, and the microbial gas generation flag (WGMICDFLG) has a comparable
negative PRCC (Figure 5.3.6). Higher permeability favors brine flow and higher gas
generation results in higher pressure that resists brine inflow. Table 5.3.3 shows results
of cumulative brine inflow from all marker beds into the DRZ at 10,000 years. The
largest brine inflows occur through MB 139, and almost no inflow occus through MB
138. More brine flows into the DRZ from the north end of the repository, because this is
up the local stratigraphic gradient (Table 5.3.3).
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Salado Flow results indicate that the shaft is not a significant potential source of brine
inflow into the repository. Figure 5.3.7 shows that the maximum cumulative flow of
brine down the shaft (at the base of the Culebra) is -66 m3 compared to the median
cumulative brine flow into the repository of 7,232 m3.
TABLE53.3: SUMMARY
OF CUMULATIVE
BRINEINFLOW
FROMALLMARKER
BEDS
INTO THE D m AT 10,000 YEARS
Output
Variable
Flow path
max
min

avg
,med

BRM39NIC BRM39SIC BRAABNlC
BRAABSIC BRM38NIC BRM38SIC
MB39 North MB39 SouthAnhy AB North Anhy AB South MB38 North MB38 South
9,889
6,139
5,002
2,248
67
762
1
7
1
0
0
0
74
5
67 I
465
273
1,110
1
17
513
314
186
118

Note: cumulative brine flows in m3.
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5.3-4 Brine Saturation

Brine saturation is an important result of the Salado Flow model, because (1 1gas generation
processes require the availability of brine to proceed and (2) Direct Brine Releases (DBR), which
are modeled in another PA activity, depend on the brine saturation in the waste regions
calculated by BRAGFLO. Statistics for volume-averaged brine saturation in different regions of
the repository are summarized in Table 5.3.4. Bine saturation in the Waste Panel, WAS-SATB,
ranges from near zero to 0.98. Generally, brine saturation (average and median values) is greater
in the Waste Panel than in the RoR areas, because the Waste Pane1 1) is down the stratigraphic .
dip and 2) has direct contact with the Marker Beds (Figure 5.3.8). Likewise brine saturation is
much higher in the Operations Area than in the Experimental Area, because 1) the Operations
area is down the local stratigraphic gradient and 2) the intervening barrier, CONC-MON, is
relatively permeable (10' 14 m 2).

PxperimentaE Area

I

EXP SATB

1

5.02E-031 2.468-021 6.05E-04 8.52E-04 1.36E-03[ 7.35E-011

Bine saturation increases rapidly in all excavated areas, but the amount of the initial increase is
determined by factors such as the permeability of the DRZ, DRZPRM, and the porosity of halite,
HALPOR. Initially there is a large pressure differential between the DRZ and the excavated
regions, and the relatively high permeability of the DRZ,compared to undisturbed halite, pennits
the q i d influx of brine. Brine inflow slews as the pressures equalize, as brine sahuation in the
DRZ decreases, as gas generation gradually increases the pressure in many Y ectors. Brine
saturation begins to decrease in vectors with suff~cientlyhigh pressure as brine inflow is
impeded, and eventually, brine may be forced out of the excavated areas if pressure rises
suficiently.

The Waste Panel has the widest range ofvolwne-averaged brine saturation with values at 10,000
years (Figure 5.3.8a) ranging from a iow of 6 x 10" to a high of 0.98 (Table 5.3.4). Many
vectors show a sharp increase in brine saturation during the first 500 years when pressure is
relatively low. Then brine saturation declines in most vectors to 10,000 years due to continuing
gas generation by corrosion, which increases the pressure in some vectors (Figure 5.3,8).

The range of brine saturation in the RoR areas is 0.0to 0.46 (Figure 5.3.8b & c). These areas,
which are up the hydrological gradient from the Waste Panel, have the lowest average and
median brine saturation values due to consumption of brine by corrosion, to increased pressure
by gas generation, and to reduced brine inflow due to the presence of excavated areas on both
sides (Table 5.3.4).
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The Experimental and Operations non-waste areas, at the north end of the grid, have higher
median and average brine saturations than the waste-filled areas (Table 5.3.4). These two onwaste areas are separated in the CRA modeling grid by the concrete-filled portion of the shaft
(CONC-MON), which is relatively permeable. Consequently brine migrates quickly from the
Experimental area down dip into the Operations areas. The result is high brine saturation in the
Operations Area (avg = 0.46) versus the Experimental Area (avg = 0.09) (Figure 5.3.9). The
waste-filled and non-waste areas are separated by Option D panel closures, which block the flow
of brine to and dkom the Operations Area, BNRRNFLW and BNRRSFLW respectively. As in
the waste-filled areas of the repository, there is a sharp increase in brine saturation during the
first 500 years, but the maximum saturations are much lower than in the waste-filled areas, not
exceeding 0.4 for most vectors (Figure 5.3.8d), because there is less fracturing of the DRZ
adjacent to the non-waste areas to release in situ brine.
The relationship between brine saturation and pressure changes as a function of pressure. At low
pressures, which commonly occur early in the modeling period, there is a positive correlation
between brine saturation and pressure, because increases in saturation accelerate the rate of gas
generation, which results in increasing pressure. However, at higher pressures, which develop as
a consequence of gas generation, the correlation decreases and become negative, because
increasing pressure tends to impede brine inflow. Eventually, high pressure drives brine out of
the repository thereby reducing brine saturation. Figure 5.3.10 illustrates both correlations for
vector 100. The crossover from positive to negative correlation between brine saturation and
pressure occurs at about 11.4 MPa for Vector 100 in Figure 5.3.10, but this change varies greatly
according to conditions influenced by the interaction of a variety of sampled input parameters.
The coupling of brine inflow, brine consumption and pressure in the low and high-pressure
ranges obscure the importance of individual input parameters at each end of the pressure
spectrum. It is difficult to segregate the two regimes because the transition is gradual, and other
factors effect brine saturation and gas generation.
The PRCC's for brine saturation in the Waste Panel, WAS-SATB, show positive correlations
with halite porosity, HALPOR, and DRZ permeability, DRZPRM (Section 5.3.3). There are also
negative PRCC's with the gas generation factors, corrosion rate, WGRCOR, the wicking factor
which influences corrosion, WASTWICK, and the microbial gas generation flag, WMICDFLG,
because gas generation increases pressure, limiting brine inflow (Figure 5-3.1 1).

The PRCC'sfor brine saturation in the combined non-waste areas are significantly different due
to its separation from gas generating processes in the waste by Option D panel closures (Figure
5.3.1 2). The two non-waste areas are considered jointly for brine saturation analysis, because the
Iow permeability of the barrier between them permits the rapid migration of brine to the lowest
excavated space. There are positive PRCC's with HALPOR and DRZPRM and a negative
PRCC for WMICDFLG as in the Waste Panel. However, halite permeability, HALPRM, and
anhydrite permeability, ANHPRM, have significant positive PRCC's in the non-waste areas,
because increased penneability favors brine flow into the repository. The effects of gas
generation are reduced because of the Option D panel closures.
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53.5 Gas Generation

There are two potential sources for gas generation in the Salado Flow Model.
The corrosion of steel, in the presence of brine, generates hydrogen gas, and microbial
degradation of organic material in the waste, including cellulose, rubber, and plastic, may
yield methane, COzand other gases. However, all gas is assumed to have the properties
of hydrogen in BRAGFLO. The C02portion of the gas produced by microbial
degradation is assumed to be sequestered by MgO and is thus not released into the
repository.

5.3.5.1 Gas Generation by Corrosion
Gas generation by corrosion continues until all steel or all brine is consumed. On
average, gas generation by corrosion declines rapidly after 1,000 years, but it continues at
a relatively slow rate in many vectors to the end of 10,000 years (Figure 5.3.13).
Cumulative gas generated by corrosion is not limited by the availability of steel (Figure
5.3.14) since at least 30% of the steel remains in all vectors at 10,000 years. Brine
availability is the limiting factor for gas generation by corrosion for many vectors (Figure
5.3.15).

Brine is consumed in the corrosion process, and increasing pressure, which impedes brine
inflow, further reduces brine availability. At high pressure, brine can be driven out of the
repository. Figure 5.3.15 shows that brine volume in the repository declines rapidly
approaching zero in many vectors by 3,000 years.
Initially, the corrosion rate parameter, WGRCOR, and the wicking factor, WASTWICK,
have high positive correlations with gas generation by corrosion. Both determine the rate
of corrosion, but halite porosity, HALPOR, becomes the dominant input parameter at
about 1,600 years as brine availability becomes the factor determining how long
corrosion continues (Figure 5.3.16).

5.3.5.2 Gas Generation by Microbial Activity
The nature of microbial gas generation is determined by the microbial gas generation
parameter, WMICDFLG. Fifty percent of all vectors have no gas generation by
microbial activity. Twenty-five percent of vectors have microbial gas generation by
degradation of cellulosics only and the other twenty-five percent have gas generation by
degradation of cellulosics, rubber, and plastic. Most microbial gas generation occurs in
the first 1,000 years, and its cessation is indicated by horizontal lines depicting
cumulative moles of gas generated (Figure 5.3.1 7). The higher level (about 5.3 * lo8
moles) represents vectors with degradation of cellulosics, rubber, and plastic, and the
lower level (about 1.8 * 10' moles) represents vectors with cellulosics degradation only.
The flattening of each vector to a horizontal line usually results fiom the complete
degradation of available organics (Figure 5-3.18).

Six vectors in Scenario I (Figure 5.3.17) show that microbial degradation has all but
stopped before all decomposable organic material is consumed. For these vectors, brine
saturation has dropped to levels very close to zero, and the sampled humid degradation
rate is also low (Fig. 5.3.16). Consequently, some decomposable organic material
survives to the end of the 10,000-year regulatory period for these vectors (Figure 5.3.18).
Figure 5.3.19 shows the five most prominent correlations of microbial gas generation to
sampled input parameters. The positive correlation of microbial gas generation with
WMICDFLG is nearly 1.0 from time zero to 10,000 years, because this parameter
determines whether there is microbial degradation in each vector and what type of
material (ceHulosics or cellulosics, plastics, and rubbers) is degraded. The influence of
the other parameters is not significant. Since the PRCC of WMICDFLG is nearly one
and microbial degradation goes to completion in most vectors, WMICDFLG accounts for
virtually all of microbial gas generation.

.

When brine saturation is zero, microbial gas generation ceases, and if brine saturation is
greater than zero microbial gas generation rate is calculated as the weighted average of
two rates, the inundated rate and the humid rate. The fraction of organic material in the
waste that is subjected to inundated degradation is equal to the brine saturation of the
area, and the fraction that is subjected to humid degradation is equal to the gas saturation.
(Brine and gas saturation add to 1.0.) Thus, as brine saturation becomes very small (e.g.,
104), microbial gas generation approaches the humid rate. Conversely, when a grid cell
is totally saturated, microbial degradation proceeds at the inundated rate. Overall, more
microbial gas generation (more than 80% for most vectors) takes place under inundated
than humid conditions. Microbial degradation of inundated organics proceeds quickly in
the first few hundred years when brine saturation is relatively high in many vectors due to
the initial influx of brine after closure of the repository. There is usually enough brine
present to permit complete degradation of organics.

5.3.5.3 Total Gas Generation
Total gas generation (Figure 5.3.20) is obtained by combining gas generation due to
corrosion (Figure 5.3.13) and gas generation due to microbial degradation (Figure
5.3.17). On average, total cumulative gas generation by corrosion is almost twice as
much as the average gas generation by microbial degradation (Figure 5.3.21). However,
50% of all vectors have no microbial gas generation.
Rates of gas generation provide insight concerning the dynamics of BRAGFLO modeling
(Figure 5.3.22). Microbial gas generation peaks in the first 200 years and declines to
virtually zero by 1,000 years. Gas generation by corrosion starts at a lower rate, but it
continues in most vectors at a very low rate to the end 10,000 years. After about 300
years the corrosion gas generation rate is greater than microbial gas generation.
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5.3.6 Pressure .

Pressure within the repository is particularly important, to WrPP PA, because the release
mechanisms, Spallings and Direct Brine Release (DBR),are sensitive to this variable. h
addition, pressuse strongly influences the extent to which contaminated brine can migrate
fiom the repository into the marker beds, Pressure within the three waste areas, the
Waste Panel,RoR - South, and RoR - North, are very similar due to parallel gas
generation processes (Figure 5.3.23a, b, & c). The pressures in the two non-waste areas,
the Operations Area and the Experimental Area, are virtuaIIy identical, because the
concrete monolith separating them is relatively permeable. Pressure in some vectors is
lower than in the waste-filled areas (Figures 5.3.23d).

In the first 1,000 years, repository pressure tends to increase rapidly 1) due to higher rates
of gas generation in vectors with microbial degradation of organic material, 2 creep
closure, and 3)corrosion proceded at inundated. Later, pressure either approaches an
asymptote, or in a few vectors with sufficient brine, it shows a continued but modest rate
of increase due to continuing gas generation by corrosion (Figure 5 .3.23a, b, & c). The
rapid initial increase in pressure up to 1,000 years is due to 1) rapid microbial gas
generation in 50% of vectors and 2) the availability of brine in most vectors for corrosion
during that period.

800

The distribution of pressure in the excavated areas is illustrated by plots of average and
90'~-~ercentile
values in each area (Figure 5.3.24). Pressure in the two non-waste areas,
Operations and Experimental, are coincident due to the relatively high permeability of the
intervening concrete monolith so only pressure in the Operations Area is plotted for 100
vectors (Figure 5.3.23d). Also, average pressure in the non-waste area lags behind the
waste areas by as much as 1,500 years and 3 MPa due to their separation by Option D
panel closws. The average pressure in the three waste areas is similar because gas
generation processes are active in each of these areas, However, there is a small
consistent pattern of declining pressure from the Waste Panel through RoR-South to RoR
North reflecting slow migration of gas towards the non-waste areas. The 90'"~ercentile
pressures level off between 14 and 15 MPa indicating equilibrium between gas
generation, which increases pressure, and pressure relief processes (e.g., fracturing,
outward migration of fluids, and increased porosity of the excavated areas).
Although pressure tends to increase from gas generation and creep closure, it is also
limited by processes that increase available pore volume (e.g., fracturing of the
DRZImarker beds and inflation of the excavated area) or by processes that involve
migration of fluids away from the repository (e.g., gas flow up the shaft or brine flow out
the marker beds). The relationship between gas generation and pressure is well
iliustrated by Vector 45, which has the highest pressure attained in Scenario 1 (Figure
5.3.25). Increasing pressure is consistent with gas generation to about 1,000 years. Then
pressure levels off between 15 and 16 MPa, but cumulative gas generation increases by
another 25 to 30%,

Pressure is primarily dependent upon the sampled input parameter, WMICDFLG,which
determines the amount of microbial gas generation (Fig 5.3.26). The PRCC for
WMICDFLG is greater than 0.85 though most of the 10,000-year modeling period. The
other PRCC's are not very significant, because they explain small portions of the
remaining 1 5%.
There is a slightly non-linear curve to the plot of moles of gas generated versus pressure
in the Waste Panel (Figure 5.3.27). The upward bend is due to the migration of gas at
high pressure into adjacent areas and into fractures in the marker beds and DRZ. A
scatter plot of WMICDFLG versus WAS-PRIES shows a broad positive relationship
(Figure 5.3.28). Since WMICDFLG accounts for so much of the variability in pressure,
other parameters do not have a significant influence over pressure in the Waste Panel.
For example, scatter plots of WGRCOR (Figure 5.3.29) and WASTWICK (Figure
5.23.30) at 10,000years show no prominent trend.
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5.3.7 Rcck Fracturing

If pressures in the DRZ or in the anhydrite marker beds exceed 0.2 MPa above the initial
lithostatic pressure, the material is assumed to be fractured and porositylpemeability of
the material increases according to the fiacture model described in the BRAGFLO users
manual (WPP PA, 2003a). Fracturing occurs within the marker beds in 22% of vectors
in the undisturbed scenario (Figure 5.3.3 1 ) but hcturing varies among the marker beds
fiom 4 vectors with fracturing in MB138-North to 19 vectors in MB139-South. We
define the length of fracturing as the length of marker bed from the repository to the
exterior edge of furthest grid cell where permeability has doubled fiom its initial value.
The distribution of fracturing in the six maker bed domains (138 N & S, 139 N & S, and
AB N & S ) is evaluated by considering plots of the maximum fiachue volume (Figure
5 -3.32) and fracture length (Figure 5.3 -33) over time since only a small percentage of
vectors have any fracturing. The marker beds north and south of the repository are
considered separately, because north is up-dip and south is down-dip from the repository.
These plots show a stair-step pattern, because each cell is either entirely fractured or unkctured so there are intervals of constant fracture volume/Eengthpunctuated by sharp
jumps when another cell becomes fractured. Fracturing is most extensive in Marker bed
I

139.

Input dependencies were examined by considering the total fixture volume of the marker
beds because this variable is continuous and represents total hcturing in all marker beds.
The highest correlation (positive) is with WWMCIDFLG,the input control parameter that
determines which organic materials, if my,are available for microbial degradation
(Figure 5.3.34). WMlCDFLG is also an important input parameter for pressure in the
repository, and the importance of pressure to fracturing is illustrated in a scatter plot of
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pressure in the Waste Panel, WAS-PRES, versus total fracture volume in all marker
beds, VFRACTMB, (Figure 5.3.35). WMTCDFLG has the strongest influence on
pressure, and it has the highest PRCC (about 0.71, with VFRACTMB (Figure 5.3.36).
HALPOR has the second highest PRCC (about 0.451, but its scatter plot shows a very
weak correlation with VFRACTIvlB (Figure 5.3.37). Other individual gas generation
factors are even less significant to fracturing.
Vector 45, which has the highest pressure in Scenario $1, illustrates the relationship
between pressure and fracturing pime 5.3.38). Pressure begins to stabilize at about
1,000 years, when extensive fracturing of the marker beds begins. There is no fracturing
below 12 MPa (Figure 5.3.35), and the pressure does not rise in any vector above 16
M P a Fracturing limits the presswe that would otherwise continue to increase with
continuing gas generation.
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5.3.8 Brine Outflow

The anhydrite marker beds provide possible pathways by which brine can flow away
from the repository in the undisturbed scenario. Such flow is important, because it counts
as a release to the accessible environment if contaminated brine crosses the Land
Withdrawal Boundary (LWB) within 10,000 years. Total cumulative brine outflow
exceeds 3,000 m3 in three vectors (Figure 5.3.39), but these vectors have brine outflows
that are several times greater than any other vector (Table 5.3.5). Only a few vectors
show any brine outflow at the LWB (Figure 5.3.40), and the greatest cumulative outflow
is about 466 m3, which is several orders of magnitude less than the volume of the marker
beds between the repository and the LWB.
Brine flow up the shaR is a potential pathway for brine outflow, but only a few vectors
show any outflow fiom the shaft at the base of the Culebra (Figure 5.3.41). The
maximum cumulative brine outflow up the shaft over 10,000 years is 50 m3, which is far
too small to be significant for releases.
The distribution of brine flow along the potential outflow paths varies somewhat among
the vectors, but typically outflow along Marker Bed 139 to the South accounts for 90% of
total brine outflow in the undisturbed scenario (Table 5.3.7). MB 139 is down the local
stratigraphic dip, and being the lowest outflow pathway, it is most fiequently saturated.
The dominance of Marker Bed 139 to the south as the primary path for brine outflow is
illustrated in Figure 5.3.42, which displays a plot of the maximum brine outflow volumes
for each marker bed pathway.
Table 5.3.6 compares selected output variables for Vector 22, which has the greatest
brine outflow, with the maximum values for all vectors. The elevated brine inflow is
essential to high brine outflow. Moreover, pressure and gas generation are also at or near
to the maximum for the 100 vectors in the undisturbed scenario.
Brine outflow is not a uniform process. A plot of the annual rate of brine outflow for
Vector 22 shows spikes in brine outflow particularly during the first 2,000 years (Figure
5.3.43). Elevated brine outflow occurs during relatively short periods of time punctuated
by longer periods of reduced brine flow. These focused periods of brine outflow are
either due to fracturing in the marker bed carrying the brine or the outflow events cease
when fracturing in other marker beds result in temporarily lower pressures in the
repository.

TABLE
53.5: HIGHEST
CUMULATIVE
BRINEOUTFLOWS
FOR THE UNDISTURBED
SCENARIO
AT
10,000
YEARS
+
Vector

Brine Outflow (m3)

V022
V049
V048

19,600
9,800
8,600

Rank and Volume
of Fracturing (m3)
6th
3.60E+06
14'"
3.37E+05
NA
0.0
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TABLE5.3.6: PROMINENT
OUTPUT
VALUES-VECTOR22 AND MAXIMUM
Output Variable
V022 Value
Maximum Value Vector with Max
19,567
19,567
V022
Brine Outflow (m3)
Brine Inflow (m3)
49,258
49,25 8
V022
Pressure in Waste Areas 1.48E+07
1.58E+07
V045
(Pa)
1.1OEM9
V022
Total Gas Generation
I.I.OE+09
(moles)
1,429
V079
Fracturing MB39South 466
(m)
TABLE53.7: VOLUME
OF BRINEOUTFLOW
BY VARIOUS
POTENTIAL
PATHWAYS(M~)
Pathway for Brine Outflow
V022
Maximum
3
432
V082
MB38 North
MB38 South
6
1,567
V090
N/A
AB North
0
0
AB South
0
5
V082
MB39 North
1,326
1,832
V082
MB39 South
12,828
12,828
V022
Shaft (base of Culebra)
0
50
V053
PRCC's for total cumulative brine flow away from the repository, BRNREPOC, are
shown in Figure 5.3.44. Initially, the strongest relationship is with CONPRM, the log of
the permeability for concrete. The positive PRCC indicates that increased flow through
concrete corresponds to increased outflow from the repository, because the brine can pass
more quickly thorough internal barriers within the repository. By about 1,500 years the
residual brine saturation of waste, WRBRNSAT, which has a negative PRCC, becomes
the dominant input parameter. Higher values of WRBRNSAT resuIt in a narrower
saturation range in which the waste is permeable to brine. The other hydrological factors
in Figure 5.3.44, DRZPRM, HALPOR, and CONBCEXP also have weak positive
correlations with BRNREPOC.

Many input parameters have competing effects on brine outflow that reduce their
significance to total cumulative results. For example, under differing circumstances,
higher pressure can either drive brine outflow or it can prevent brine inflow thereby
reducing outflow. Thus, sometimes there is no clear correIation with parameters that
control many processes in the BRAGFLO model.
Linear correlation analyses do not always reveal the importance of input parameters when
multiple coupled processes are involved. The sequence of processes is also important.
For example, there can be no outflow without inflow first. If pressure increases rapidly,
brine inflow is impeded or stopped thereby decreasing the potential for brine outflow.

However, if pressure increases slowly there can be more brine inflow, and then when
pressure is suficiently high, increased brine outflow can occur.
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Figure 53.39: IRIS1 - Brine Plow Away
from the Repository, BRNREPOC

Rgure 5.3.40: Brine Outflow at the Land
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5.4 DRILLING
DISTURBANCE
SCENARIOS
(2,3,4,5 & 6)
Scenarios 2 through 6 evaluate the possible results of drilling intrusions into the repository. It is
assumed that all boreholes in the Salado Flow Analysis are drilled through the repository in search
of deeper resources. The potential consequences of encountering a pressurized brine pocket in the
Castile (an El event) are considered in Scenarios 2 and 3. Boreholes that do not encounter
pressurized brine (S4 & S5) are modeled in the Salado Flow grid as terminating at the base of the
repository (an E2 event). Scenario 6 evaluates an E2 event followed by an El event. The specific
sequences of material property changes in the model are listed in the following section.
This analysis will focus on Scenario 2, which produced the most extreme brine outflow results.
The other scenarios will be included, as needed, to complete the Salado Flow analysis.
5.4.1 Sequence of Events

Five drilling disturbance scenarios are.considered in this part of the Salado Flow Analysis. The
sequence of events for each is summarized below:
Scenario 2 (El event)
200 years: change in lower shaft material properties. Material SHFTL-TI is replaced by
material SHFTL-T2.
350 years: borehole intrusion (El) through the Waste Panel into a hypothetical
pressurized.brine reservoir in the underIying Castile Formation. Concrete
borehole plugs are immediately emplaced in the borehole at the
Culebra and at the sufface.
550 years: Borehole plugs fail and the borehole (top to bottom) is assumed to
have properties equivalent to sand (material: BH-SAND).
1,550 years: the permeability of the borehole between the repository and the
Castile Formation decreases due to creep closure of the salt (material:
BH-CREEP).
Scenario 3 (El event)
200 years: change in lower shaft material properties.
1,000 years: borehole intrusion (El) through the Waste Panel into a hypothetical
pressurized brine reservoir in the underlying Castile Formation. Concrete
borehole plugs are immediately emplaced in the borehole at the
Culebra and at the surface.
1,200 years: Borehole plugs fail and the borehole (top to bottom) is assumed to
have properties equivalent to sand (material: BH-SAND).
2,200 years: the petmeability of the borehole between the repository and the
Castile Formation decreases due to creep closure of the salt (material:
BH-CREEP).
'
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Scenario 4 (E2 event)
200 years: change in lower shaft material, properties.
350 years: borehole intrusion (E2) through a Waste Panel terminating at the base
af the DRZ in the modeling grid(no.connection to the underlying Castile
Formation). Two plugs are present in the upper part of the borehole.
550 years: Borehde plugs fail and the borehole (top to bottom) is assumed to
have properties equivalent to sand (material: BH-SAND).

Scenario 5 (E2 event)
200 years: change in lower shaft material properties.
1,000 years: borehole intrusion (E2) through a Waste Panel terminating at the
base of the DRZ in the modeling grid (no connection to the underlying Castile
Formation). Two plugs are present in the upper part of the borehole.
1,200 years: Borehole plugs fail and the borehole (top to bottom) is assumed to
have properties equivalent to sand (material: BH-SAND).
Scenario 6 (E2,EI events)
200 years: change in lower shaft material properties.
1,000 years: borehole intrusion (E2) b o u g h a Waste Panel terminating at the
base of the DRZ in the modeling grid (no connection to the underlying Castile
Formation) Borehole filled with sand.
2,000 years: borehole intrusion (El) though a Waste Panel into a hypothetical
pressurized brine resewoir in the underlying Castile Formation
2,200 years: Borehole plugs fail and the borehole (top to bottom) is assumed to
have properties eguivaIent to sand (material: BH-SAND).
3,200 years: the permeability of the borehole between the repository and the
Castile Formation decreases due to creep closure of the salt (material:
BH-CREEP).

The two-intrusion scenario, 56,performs like an El scenario aRer the E1 drilling event, and it is
considered with S2 and S3 throughout this analysis.
5.4.2 Halite Creep

Drilling intrusions have relatively Iittle effect on the range of porosities in the repository compared
to the undisturbed scenario, because most creep closure occurs prior to the drilling event (Figure
5.4.1). However, there is less inflation of the repository after the initial decrease in pore volume,
because the borehole connection to the ground surface resuIts in lower pressure for the highpressure vectors in which inflation occurs In the undisturbed Scenario 1 . The average porosity at
10,000 years is decreased from about 0.175 in the undisturbed scenario to about 0.14 in the El
scenarios (S2, S3, and S6) and to about 0.12 in the E2 scenarios (S4 and S5).
Individual vectors in the various Salado Flow modeling scenarios show variation in detail (Figure
5.4.2), but porosity trends are similar in all six scenarios. Porosity drops fiom an initial value of
0.85 to less than .50 in the fmt 50 years in all vectors of all six scenarios, and it stabilizes between
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0.05 and .25 from 1,000 years to the end of the regulatory compliance period at 10,000 years. The
average at 10,000 years ranges from 0.12 in Scenarios 4 and 5 to 0.17 in Scenario 1.

Many vectors in the El scenarios (S2 and S3) show an upward spike in porosity (about 0.1) in
response to a pressure increase caused by the borehole connection to the Castile (Figure 5.4.2).
When the borehole plugs fail, the pressure decreases forming nn upward spike in the horsetail
plots. Other vectors with high repository pressure show no change at the time of the intrusion, but
there is a drop of about 0.1 when the borehole plugs fail. The pressure differential between the
Castile and the repository determines whether or not there is a temporary increase in porosity. The
corresponding porosity plots for an E2 drilling intrusion at 1,000 years (Figure 5.4.2) show no
change at the time of the intrusion, but there is a decrease of about 0.1 in many vectors due to the
resulting drop in pressure when the borehole plugs fail 200 years later. The horsetail plot for
Scenario 6 shows a decrease in porosity after the E2 drilling intrusion and a subsequent increase
after the El event forming a trough in the horsetail plots. Some vectors are not affected, because
the drilling event does not cause a suEcient change in pressure within the Waste Panel to change
the pore volume.

PRCC" for porosity in the Waste Panel, WAS-POR, are shown in Figure 5.4.3. The permeability
of the borehole fill material, BHPERM, is the most important input variable with a PRCC below
.75 after the drilling intrusion when BWERM becomes the primary input parameter influencing
Waste Panel porosity in Scenario 2. Higher borehole permeability allows fluids, primarily gas, to
migrate more quickly out of the repository thereby reducing pressure in the Waste Panel. The
result is increased brine inflow fiom the Castile thereby increasing brine saturation. Initial
pressure in the Castile has the second most significant PRCC ranging from 0.4 to 0.5 during most
of the post-drilling period. The scatter plot of BHPERM versus WAS-POR at 10,000 years shows
a broad negative correlation (Figure ,5.4.4), but the plot of BPINTPRS, versus WAS-POR shows
only a vague positive correlation (Figure 5.4.5). BHPERM accounts for most of the variability in
porosity in the Waste Panel after the drilling intrusion.

-
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5.4.3 Brine Inflow

Brine flowinto the repository is important, because brine outflow c m o t exceed inflow since the
repository starts out without any brine present. It also is an important contributing factor
determining brine saturation, which is an input to subsequent PA analyses.
A drilling intrusion results in increased brine flow into the repository (Figure 5.4.6). Table 5.4.1
summarizes selected statistics at E 0,000 years in dl six scenarios for the cumulative brine flow
into the repository, BRNREPTC, and Figure 5.4.7 illustrates brine inflow trends over time. The
undisturbed scenario, S 1, has the lowest maximum, median, and average inflows, and the El
intrusions have the highest brine inflow. The El intrusions permit the influx of brine up the
borehole from the Castile, and the E2 intrusions permit the outward migration of fluids, primarily
gas, resulting in decreased pressure within the repository. Since high pressure impedes inflow, the
decrease allows increased brine inflow fiom the DRZ and the marker beds in the E2 scenarios.

TABLE
5.4.1: STATISTICS
FOR CUMULATIVE
BRINEFLOWINTOTHE REPOSITORYat 10,000
Years

Brine inflow generally increases by more than 200 percent over the undisturbed scenario, S 1,
when there is a drilling intrusion through the repository and into a pressurized brine pocket in the
Castile (El scenarios - S2, S3, And $6). The increase in brine inflow for low-flow vectors can be
a much higher percentage (Table 5.4.1). The cumuIative influx of brine reaches as much as
160,000 m3 in a few vectors, but the median values range from 16,000 to 21,000 m', which is also
2 to 3 times the median value in the undisturbed scenario. Brine inflow is slightly higher in
scenario S2, which has the earlier drilling event at 350 years. Pressure, which impedes brine
inflow, is lower in the repository at early times because there has been less time for gas
generation.
Vectors with the highest influx of brine show continuing inflow to the end of the 10,000-year
modeling period, because brine continues to flow £ram the DRZ and the marker beds after the
borehole connection to the ~ G t i l ehas been sealed by halite creep closure (Figure 5.4.7).
However, brine inflow in most vectors declines and stops once this connection has been sealed
due to increasing pressure fiorn gas generation and to limited brine availability in the DRZ and
marker beds, which is determined by sampled input parameters.

The E2 drilling intrusions result in smaller increases in brine inflow when compared with the
undisturbed scenario, S 1. The median values of brine inflow for the E2 intrusions (S4 and S5) are

about 20 percent higher than in the undisturbed scenario. The maximum brine inflows are even
less of an increase from the S1 scenario.

Input parameter dependencies were evaluated for Scenario 2, which has the greatest brine inflows.
The PRCC for total cumulative brine flow into the repository, BRNREPTC, with the permeability
of the borehole, BHPERM increases rapidly to approximately 0.75 once the borehole plugs fail
200 years after the intrusion (Figure 5.4.8). There is a positive PRCC, because most of the brine
influx comes up the borehole from a pressurized brine pocket in the Castile. The microbial gas
generation control parameter, WMICDFLG, shows a strong negative PRCC, because microbial
gas generation raises the pressure in the repository, which impedes brine inflow. The permeability
of the DRZ, DRZPRM, shows a positive PRCC,. because increasing DRZ permeability permits
faster brine inflow fiom the DRZ and the marker beds.

A scatter plot of BHPERM versus BRNREPTC for Scenario 2 (Figure 5.4.9) illustrates that
although BHPERM has the highest PRCC (Figure 5.4.8), the relationship between BRPERM and
BRNREPTC is quite non-linear. There is little correlationbetween BRNREPTC and BHPERM at
borehole permeabilities less than 10-12 m 2 ,but increasing permeability, BHPERM, to 10." m2
results in a dramatic increase in brine flow up the borehole into the repositmy.
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5.4.4 Brine Saturation
One of the most direct consequences of greater brine inflow associated with a drilling intrusion is
higher brine saturation in the Waste Panel. El intrusions usually pennit an influx of brine from
the Castile, and E2 drilling events usually reduce the pressure in the Waste Panel by releasing gas
(and brine) up the borehole, thereby allowing increases brine inflow from the T3RZ and the marker
beds. Brine saturation is important to PA because the transport pathways of contaminated brine to
the accessible environment (to the surface or through the Culebra) represent possible release
mechanisms.

Brine saturation in the Waste Panel, WAS-SATB, is highest in the E2 scenarios (S2, S3, and $6)
and lowest in the Undisturbed Scenario S1. Scenario S2 has the highest average value of
WAS-SATB (- 0.7) because the pressure difference between the repository and the brine
reservoir is greater at 350 years than at 1,000 years. Consequently, earlier intrusions experience
more brine flows from the Castile into the repository. In contrast, the average brine saturation for
an E2 went, which does not encounter pressurized brine, does not exceed 0.35 over the 10,000year regulatory period. The effect on maximum brine saturation plots is similar (Figure 5.4.10).
Brine saturation in the Waste Panel, WAS-SATB, exceeds 0.8 in most vectors of the E l intrusion
scenarios (S2,53,and 56) whereas it is less than 0.20 in most vectors ofthe Undisturbed Scenario
S1. It is dso less than 0.20 in amajority of vectors in the E2 scenarios (S4 and S53, but unlike
Scenario S 1 ,there are a significant number of vectors with elevated brine saturation (Figure
5.4.11).

Plots of brine saturation in the Rest of Repository (SRR and NRR) and in the non-waste areas
W A ) are shown in figure 5.4.12 for the scenarios S2 and S5. These scenarios are representative
of the conditions caused by El and E2 intnrsions, respectively. The brine sahuation effects of the
intrusion are mostly dampened in the other excavated regions of the repository by the Option D
panel cIosures (Figure 5.4.12). Brine saturation trends in the RoR-South (SRR), RoR-North
(NRR), and the NWA are very similar between Scenarios S2 and S5. Figure 5.4.13 compares
brine saturation statistics between the excavated areas for Scenario S2. Brine saturations in the
Waste Panel and non-waste areas are highest, followed by the RoR-South and then the RoRNorth. This pattern is consistent with the sources of brine inflow from the borehole and marker
beds and the lack of corrosion and brine consumption in the non-waste areas.
The most significant PRCC for brine saturation in the Waste Panel, WAS-SATB, over the 10,000year period is for the input pammeters, WMICDFLG and BHPERM (Figure 5.4.14). The PRCC
for WMICDFLG,drops below -0.75 after the plugs fail in the borehole and then stabilizes near 0.50. The amount of microbial gas generation effects pressure, which in turn influences the
amount of brine that remains in the Waste PaneI. The PRCC for BHPERM temporarily declines
below 0.50, but then rises to stabilize near 0.65 becoming the dominant determinant of
WAS-SATB after the borehole plugs fail at 550 years. However, scatter plots for WAS-SATB
versus each of these input parameters, BHPERM (Figure 5.4.15) and WMICDFLG (Figure. 5.4.16)
show very little correlation. Brine saturation in the Waste Pane?i s the consequence of multiple
processes and conditions. No single input parameter has a strong determining influence on
WAS-SATB over the full range of input parameters represented in 100 vectors.
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5.4.5 Gas Generation

Table 5.4.2 summarizes average cumulative gas generation information at 10,000 years for the six
scenarios. Drilling intrusions do not affect gas generation by microbial activity. Average
cumulative microbial gas generation varies by less than 0.2%among all six scenarios. However,
gas generation by corrosion is greater by 13% to 17% in El scenarios (S2, S3, & S 6 ) and by about
9% in EZonly intrusions (Figwe 5.4.17) than in the undisturbed scenario, S 1. Brine is usually the
limiting factor for corrosion, and increased corrosion is due to increased availability of brine in
many vectors. At 10,000years, the average brine saturation in the Waste Panel, WAS-SATB,
increases from 0.075 in the undisturbed scenario (Sl), to about 0.5 for an EZonly drilling
intrusion IS4 & S5) and to 0.6 or more in the El intrusions (52, S3, & S6) (Figure 2.4.10).
However, horsetail plots of total gas generation are remarkably simiIar for dl six scenarios (Figure
5.4.1 8).

TABLE
5.4.2: AVERAGE
B
l

RSATURATION
~
AND CUMULATIVE
GASGENERATIONRESULTS AT
10,OOO YEARS

a) Average brine saturation and gas generation for 100 vectors
WAS-SATB
GAS-MOLE
FE-MOLE
CELL-MOL

Sl
SZ
S3
S4
S5
S6
0.096
0.721
0.626
0.352
0.341
0.596
4.73E*08
5.25€+08
5.14E+08
5.00E+08
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b) Percentage change versus the undisturbed scenario in the averages for 100 vectors
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The PRCC for moles of gas produced by corrosion, FE-MOLE,in the S2 scenario is shown in
figure 5.4.1 9. The effects of the drilling intrusion on input dependencies is more gradual than for
variables that are immediately dominated by the influx of brine from the Castile (e-g., brine inflow
and brine saturation). The PRCC's for the corrosion rate, WGRCOR, and for WASTWICK are
important early but begin to decline after the intrusion. WGRCOR continues to be the most
important input parameter up to about 3,000 years, aRer which, the porosity of halite, HALPOR,
becomes more important, because it controls the availability of brine in the DRZ. The PRCCk for
DRZPRM and BHPERM are aIso positive, because increased brine flow from the DRZ and from
the Castile favors increasd corrosion due to the increase in the availability of brine.
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5.4.6 Pressure

Pressure in the disturbed scenarios is identical to pressure in the undisturbed scenarios until the
drilling intrusion occurs. Following the intrusion, pressure in the Waste Panel tends to change
rapidly, especially once the borehole plugs fail 200 years after the intrusion. For the El intrusion
scenarios (S2, S3, and S6), pressure in the Waste PmeE can increase or decrease depending on
whether the sampled brine pocket pressure in the Castile is greater or less than the pre-intrusion
pressure in the Waste Panel. Once the borehole plugs fail, the pressure in the repository and the
brine reservoir immediately begins to equalize, and for v e q high repository pressures, very little
brine may flow to the repository from the brine pocket because the pressure gradient between the
two areas is minimal.

Repository pressure in the disturbed scenarios stabilizes at lower values than the undisturbed
Scenario 1 due to the borehole connection to the ground surface. The average pressure in the El
scenarios (52, S3, and S6) is about 80% of the pressure in Scenario S1 by 5,000 years, and the
average pressure in E2 scenarios is 60% of the pressure in Scenario S1 by 1,200 years (Figure
5.4.20). The maximum pressures in each scenario are very similar, because gas is generated much
faster than fluids can escape, usually because borehole permeability is relatively low.

The pressure in many vectors of the El -only scenarios (S2 and S3) increases sharply at the time of
the drilling intrusion and then declines sharply when the borehole plugs fail 200 years later (Figure
5.4.2 I b & c). Vectors with high repository pressure (a model output variable) at the time of the
drilling event and Iower pressure in the brine pocket (a sampled input parameter) can actually
show a pressure decrease at the time of the drilling intrusion. However, only a few vectors show
this combination of circumstances. The effect of borehole plug failure 200 years later varies
depending upon gas generation and the sampled permeability of the degraded borehole material,
BKSAND, which represents the borehole from the repository to the surface to the end of the
regulatory period. At the time of the intrusion, many vectors show a sharp drop in pressure due to
the release of gas and brine up the borehole (Figure 5.4.21'23 & c). However, some vectors then
show increasing pressure as gas generation exceeds the outward migration of gas and brine.
Twelve hundred years after the drilling intrusion, the borehole connection to the Castile is sealed
by creep closure. However, this material change does not appear to have a significant effect on
pressure.
The E2 scenarios (S4 & S5) show the largest drop in pressure compared with the undisturbed
Scenario S 1. The borehole pIugs, which have a relatively low permeabiIity, are assumed to be
emplaced immediately at the time of drilling, and therefore, there is no sharp change in pressure at
the time of the drilling event (Figwe 5.4,2 1d & e). When the plugs fail, 200 years after the
bmehole has been drilled, the pressures in the intruded panel tend to drop sharply as gas is allowed
to escape up the borehole (Figure 5.4.2 1d & e). Pressure changes are largely dependent upon a
variety of factors including the sampled borehole permeability and gas generation parameters.
Scenario S6 has two drilling inlmsions. The first is an E2 event, and the resulting pressure drop is
identical to Scenario S5. In most vectors, the pressure decreases so much that there is a sharp

increase in WAS-PRES when the second drilling intrusion encounters pressurized brine. The

Information Only

horsetail plots in Figure 5.4.2 1f show a low-pressure trough between the drilling events, and the
pressure trend aRer the second event is very similar to the El scenarios (S2 and S?).

Pressure dependencies ate very similar in E l and E2 scenarios, because the permeability of
borehole fill becomes the dominant determinant of pressure after the plugs fail in the borehole.
The PRCC for pressure in the Waste Panel, WAS-PRES, stabilizes at about -0.8 for borehole
permeability, BHPERM, after the connection to the Castile has been sealed by creep closure in
Scenario 2 (Figure 5.4.22). The permeability of the borehole connection to the surface determines
how high the pressure can rise due to gas generation. There are also positive PRCC's with the
microbial gas generation parameter, WMICDFLG,and with the initial pressure in the Castile,
BPNIFRS, because both can cause pressure to rise in the repository depending upon the
penneability of the borehole. The PRCC for BHPERM in Scenario 5 also stabilizes near -0.8 after
the borehole plugs fail (Figure 5.4.23).
The dominating importance of BWERM to pressure in the Waste Panel is also illustrated by
scatter plots of the three most significant input parameters, kith the highest PRCC's, to
WAS-PRES at 10,000 years. The plot of BHPERM versus WAS-PIES shows a negative
correlation (Figure 5.4.24), but scatter plots for WMICDFLG (Figure 5.4.25) and BPINTPRS
(Figure 5.4.26), which have the second and third most significant PRCCs, respectively, show no

clear cot.relation.

The Option D panel closures delay equalization of pressure between excavated areas in many
vectors. Figure 5.4.27 displays plots for the maximum, average, and minimum pressures within
each excavated area in Scenario 2. Pressure within the Operations and Experimental non-waste
areas are always very close because the concrete monolith that separates them in the model is
relatively permeable,
At very high pressures the Option D panel closures allow rapid fluid exchange and pressure
equalization to occur between the various excavated areas because the DRZ and marker beds are
sufficiently fractured to permit equalization of pressure throughout the waste areas. However,
even at high pressures there is a pressure difference of as much as 2 MPa between the waste and
non-waste areas, which are separated in the model by a double-wide set of Option D panel
closures. Under high pressure conditions the pressure in the waste and non-waste areas equalizes
by about 3,000 years. At average pressures there is a longer delay in pressure equalization
between different parts of the repository. It is about 1,500 years aRer the drilling intrusion when
pressure equalizes between the Waste Panel and the RoR areas,and about 4,000 to 5,000 years
when the non-waste areas reach pressures near the waste areas. At low pressures the delay in
pressure equalization is greater than the 10,000 year modeling period and pressures do not
equalize.

Pressure statistics are,useful for evaluating potential repository performance, but analysis of
individual vectors is a better approach fbr understanding the dynamics of pressure given a set of
input parameters. Vector 52 has the highest pressure at 10,000years (Figure 5.4.28). It shows
almost no variability of pressure among the excavated areas because the DRZ is sufficiently
fractured to allow the pressure to quickly equalize even with the non-waste areas. Vector 59 has a
pressure value that is closest to the average at 10,000 years and pressures do not fully equalize
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until abut 7,000 years (Figure 5-4-29]. Vector 2 has the minimum pressure at 10,000 years, but the
pressure reaches 12 MPA immediately after the drilling intrusion when the borehole intersects the
pressurized brine reservoir. Pressure in the RoR and non-waste areas are fairly close, but changes
in pressure lag the Waste Panel by as much as 1,200 years (Figure 5.4.30).
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Figure 5.4.20: R1: Pressure in the Waste Panel for Six Scenarios
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5.4.7 Rack Fracturing

Fracturing of the marker beds, which can enhance brine outflow, only occurs in a few vectors with
high pressure. There are fewer vectors with marker bed fracturing in each of the disturbed
scenarios than in the undisturbed Scenario S1, because the borehole connection to the ground
surface results in reduced repository pressure in most vectors. Figure 5.4.3 1 shows the maximum,
average, and minimum (always zero) fracture volumes in each of the six scenarios. The fracture
trends are similar in the disturbed scenarios and the low average values indicate how few vectors
are subject to marker bed fracturing.
Horsetail plots of marker bed fiacturing (Figure 5.4.32) also show the reduced number of vectors
in the disturbed scenarios that have any fracturing. Many vectors with fi-acturing also show a
subsequent reduction in fracture volume as declining pressure in the repository permits
permeability of the marker beds to be reduced.
Input dependencies for marker bed fracturing are complex and hard to identify. Fracturing
requires high pressure, but a variety of input parameters influence pressure differently in different
circumstances. Consequently no input parameter has a PRCC that exceeds 0.50. The PRCC for
BHPERM stabilizes near 4 . 5 0 indicating that higher permeability of the borehole material results
in lower repository pressure and less marker bed fracturing (Figure 5.4.33). The importance of
repository pressure to marker bed fracturing is illustrated in a scatter plot of the average pressure
in the waste regions, W-R-PRES, versus the total fracture volume, VFRACTMB (Figure5.4.34).
No fracturing occurs below 12 MPa, but vectors with fracturing that exceed this level generally
(but not always) show fracturing in one or more marker beds.
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5.4.8 Brine How Away From the Repository

There are two important brine outflow variables from the Salado low 'analysis. BRMEPOC is
the total cumulative brine outflow from the repository, and BRNBHRCC is brine flow up the
borehole at the base of the Culebra in the disturbed scenarios. The primary measuring point for
borehole flow is at the base of the Culebra, because virtually all brine that enters into the
borehole in the repository exits at the Culebra. Other potentially significant brine outflow output
variables include 1) BRAALOC, the total cumulative brine outflow along the marker beds, 2)
BRAALWC, the total cumulative brine outflow along the marker beds at the Land Withdrawal
Boundaries, and 3) BRNSHRCC, the total cumulative brine flow up the shaft at the base of the
Culebra. BRNREPOC does not equal the sum of the other outflow variables, because there can
also be local brine exchange between the DRZ and the repository.
The El scenarios (S2, S3 and S6) have the highest maximum brine outflows (Figure 5.4.35).
These scenarios provide the source of contaminants to the Culebra flow and transport
calculations, which is the subject of a subsequent PA analysis. Statistics of total brine flow up
the borehole to the Culebra are plotted in Figure 5.4.36. Statistics for cumulative brine outflows
are also summarized in Table 5.4.3. These composite analyses of Salado Flow performance in
the six scenarios are the basis for several observations:
1) The maximum brine outflow fiom the El scenarios is 154,000 m3(S2), but the average and

median outflows are more than an order of magnitude less.
2) The borehole accounts for virtually all brine outflow in high-flow vectors from the El
scenarios.
3) The maximum brine outflow fiom the El scenarios continues at a steady rate to the end of
10,000 years.
4) Brine outflows from the E2 scenarios are similar to the undisturbed scenario.
5) Brine outflow in Scenario S6 has brine outflow that is very similar to an El-only drilling
intrusion.
AdditionaI insight concerning brine outflow is provided by horsetail plots of BRNREPOC and
BRNBHRCC for each scenario:
1) Only a few vectors fiom the El scenarios have brine outflows exceeding 30,000 m3and most
vectors have less than 10,000 m3 of cumulative brine outflow.
2) Brine outflow continues at a constant rate to 10,000 years in the high-flow vectors from the
E 1 scenarios.
3) The similarities in the horsetail plots for BRNREPOC and BRNBHRCC c o n f m that the
borehole is the primary path for brine outflow from the El scenarios.

The borehole plugs prevent brine flow out of the repository up the borehole. When they fail 200
years after the intrusion, there is a sharp increase in brine outflow up the borehole to the Culebra,
but this outflow does not rise above the Culebra. The differences at 10,000 years between total
cumulative brine outflow and cumulative brine flow up the borehole is tabulated in Table 5.4.4.
Brine flow up the borehole accounts for 92% to 99% of total cumulative brine flow out of the
repository in these vectors.
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TABLE
5.4.3: STATIST~CS
FOR CUMULATIVE
BRINEFLOW(m3)AWAYFROMTHE REPOSITORY

TABLE
5.4.4: R1S2 - SEVEN
VECTORS WITH THE HIGHEST
CUMULATIVE
BRINEOUTFLOW
(m3)
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The small negative difference for vector 17 means that brine flow up the borehole at the base of
the Culebra is slightly higher than total brine flow out of the repository. This means that there is
additional brine flowing from the DRZ and the marker beds into the borehole above the
repository. Vector 17 also has the lowest initial brine outflow into the repository from the DRZ
indicating that the DRZ remains saturated.
Brine outflow occurs primarily up the borehole in all drilling disturbance scenarios (Figure
5.4.37). Horsetail plots for total cumulative brine outflow and for cumulative brine flow up the
borehole at the base of the Culebra are very similar.
Brine inflow from the Castile into the repository stops 1,200 years after the drilling intrusion
when the borehole connection to the pressurized brine reservoir becomes sealed by halite creep
closure. This results in a conesponding drop in brine outflow, which is reflected in a decreased
slope in the line for each vector (Figure 5.4.37b, c, d, e, j & k). The outflow rate, which is less
variable among the vectors, is primarily dependent upon the permeability of borehole fill
material. Cumulative brine outflow in the E2 drilling disturbance scenarios is comparatively
small (Figure 5.4.37f, g, h & i).
Analyses of cumulative brine flows are important for regulatory performance, but consideration
of annualized brine flow rates provides additional understanding about the processes and
dynamics controlling the flow. Scenario S2 is used to evaluate brine outflow because it has the
highest median, average, and maximum cumulative brine flows. Cumulative brine outflow,
BRNREPOC,for most vectors is less than 10,000 m3for the 10,000-yearregulatory period, and
only seven vectors, 7,9,17,23,3 1,46, and 91, exceed 50,000 m3(Table 5.4.4). The rates of
brine flow vary sharply as modeling conditions change. Brine outflow in four of the seven highflow vectors shows a spike at the time of the drilling intrusion (Figure 5.4.38) that does not occur
in brine flow up the borehole out of the repository (Figure 5.4.39). This spike represents initial
outflow into the DRZ and the marker beds. DRZ and Marker bed permeability is not sufficient
in the other three high-flow vectors to permit much outflow into the surrounding rock.
The permeability of borehole fill, BHPERM,is the primary determinant of brine outflow up the
borehole, which is the pathway for more than 90% of brine in the E l scenarios. The influence of
other input parameters is reduced from the undisturbed scenario (Figure 5.4.40).
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Figure 5.4.35: R1: Total Cumulative Brine Oufflow from the Repository, BRNRF,POC,
for Six Scenarios
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Figure 5.4.36: R1: Total Cumulative Brine Oufflow Up the Borehole at the Base of the
Cutebra for Six Scenarios
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5.5

COMPARISONOF REPLICATES

The Salado Flow Analysis employs three replicates to confirm the statistical reliability of
the primary analysis of Replicate 1. Each is composed of the same six scenarios, but each
replicate uses a different Latin Hypercube set of sampled input parameters.
Comparison of results fiom the three replicates is based upon three key output variables.
These variables are chosen, because of their importance to other PA models, which
calculate releases that are tallied in the final CCDF plots. Each of these variables are
discussed in detail for replicate 1 in Sections 5.3 and 5.4:

-

WAS-SATB brine saturation in the waste panel
WAS PRES - pressure in the waste panel
BRNEEPOCcumulative brine flow away fiom the repository

-

Plots of the maximum, 90' percentile, average, 1O~ percentile and minimum values for
each variable are compared for the three replicates (Table 5.5.1). Scenario S2 is used to
evaluate the statistical stability of results fiom the drilling-disturbance scenarios, because it
yielded the most extreme output values.

TABLE
5.5.1: PLOTSVARIABLES
M THE THREE
REPLICATES

The analysis of these variables fiom the three replicates confinn that the results fiom
Replicate 1 are statistically stable. Maximum and sometimes minimum values may vary
significantly. This is expected, because combinations of input parameters with very low
probabilities are unlikely to be duplicated in multiple replicates. However, the ranges for
collective results for 100 vectors usually agree within a few percent, and the average
values are particularly similar for the three replicates.

WAS-SATB: Brine Saturation in the Waste Panel: The maximum value for
WAS-SATB in Replicate 3, Scenario 1 is about 40% less than the other two replicates at
10,000 years, but the plots for average values are close to 0.1 in all three replicates (Figure
5.5.1). The average for Replicate 3 is slightly lower reflecting the lower maximum value.
The greatest variability for WAS-SATB in Scenario 2 was for the l ~ ~ ~ - ~ e r c evalues,
ntile
which ranged fiom near zero in Replicate 2 to about 0.2 in Replicate 1. The plots for
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average values were within a few percent as they are for all the replicate analyses (Figure
5.5 -2). The maximum and minimum values have little significance, because they are at
their theoretical limits of 1.0 and 0.0 respectively.
WAS-PRES: Pressure in the Waste Panel: The plots of average pressure in both
Scenario 1 (Figure 5.5.3) and Scenario 2 (Figure 5.5.4) are virtually coincident for the
three replicates. The minimum pressure values show the greatest variability (about 15%)
in Scenario 1, and the 9othpercentile values have the greatest variability (about 15%) in
Scenario 2.

BRNREPOC: Cumulative Brine Flow Away From the Repository: Average brine
outflow values are very low in both Scenarios 1 (Figure 5.5.5) and Scenario 2 (Figure
5.5.6). The maximum values are about 15% lower in Replicate 2 than in the other
replicates for both Scenarios 1 and 2.
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Figure 5.5.1: Scenario 1 - Comparison of Statistics for WAS-SATB in Three Replicates.
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Figure 5.5.2: Scenario 2 - Comparison of Statistics for WAS-SATB in Three Replicates.
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Figure 5.53: Scenario 1 - Comparison of Statistics for WAS-PRES in Three Replicates.
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figure 5.5.5: Scenario 1 Comparison of Statistics for BRNREPOC in Three Replicates.
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5.6 SUMMARY
AND CONCLUSIONS

Three replicates o f the Satado Flow model were sun in support of the Performance Assessment for
the Compliance Recertification Application. The model included undisturbed and disturbed
scenarios. The results of these model runs provide information about the flow of brine from the
repository and conditions in the repository lpressure and saturation) to other PA models that are
used to calculate releases.

Results of the undisturbed scenario indicate that, in the absence of a drilling intrusion, pressures can
rise to high levels, which may lead to fracturing in the sumnding marker beds. The consequences
of such fracturing are examined in the Salado transport analysis (NUTS),which calculates
radionuclide transport in the Salado Formation. The results of the Salado Flow (and Transport)
calculations for the undisturbed scenario demonstrate that the undisturbed repository design is
effective at containing radionuclides for 10,000 years. Option D panel closures have IittIe effect on
pressure within the waste-filled areas, because processes (e-g., gas generation) axe proceeding at
similar rates, but pressure equalization between waste-filled and non-waste areas is delayed by as
much as 2,000 years in the undisturbed scenario.
Results of the disturbed scenarios indicate that possible future drilling intrusion events into the
repository can result in significant brine flow up the borehole to the Culebra, but there is no brine
flow across the Land Withdrawal Boundary (LWB) fiem any other pathway, including the
anhydrite marker beds or through the shaft seal. Direct brine release to the surface is modeled
separately, but brine entering the Culebra via the borehoIe provides a model input for the code
CCDFGF, which scaIes the transport results in the Culebra. .
Another impostant result of drilling intrusions is that they tend to result in decreased pressure in the
repository due to the borehole connection to the surface. Option D panel closures are effective at
mdst pressures in delaying pressure equalization among the waste regions, resulting in non-inlmded
panels remaining pressurized for thousands of years following the depressurization of an intruded
panel. However, at very high pressures, fracturing of the DRZ and marker beds can create alternate
fluid pathways that can result in significant fluid movement between panels and pressure
equalization.

Working files (e.g. Excel spreadsheets) used in this analysis that are not preserved in CMS libraries
are archived on CD's in Appendix C of this report.
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APPENDIX A: OUTPUT VARIABLES

Name

Type/Units

Steel (kg)
Cellulose (kg)
FE-REM
Fraction of Initial Steel
CELL-REM Fraction of Initial Cellulose
FE-MOLE
Gas (moles)
CELL-MOL Gas (moles)
GAS-MOLE Gas (moles)
FE-KG
CELL-KG

CELL-M-H

Gas (moles)

CELL M I Gas (moles)
C-M-HI-T
Gas (moles)
FE-MOL-D Gas (moles/drum)
CEL-MH-D

Gas (moles/drum)

CEL-MI-D

Gas (moles/drum)

CELMOL-D

Gas (moles/drum)

C-MIT-D
GASMOL-D
GAS-FE-V
GAS-CMH
GAS-CMI
GAS-C-V
C-MHIT-V
GAS-VOL
WAS-PRES
SRR-PRES

Gas (moles/drum)
Gas (moles/drum)
Gas Volume (mA3)
Gas Volume (mA3)
Gas Volume (mn3)
Gas Volume (mn3)
Gas Volume (mn3)
Gas Volume (mn3)
/pressure (Pa)
]pressure (Pa)

Dmacrigtion
Remaining Mass Of Steel
Remaining Mass Of Cellulose
Remaining Fraction Of Steel
Remaining Fraction Of Cellulose
Cumulative Gas Generation By Corrosion
Cumulative Gas Generation By Total Microbial Activity
Cumulative Total Gas Generation
Cumulative Gas Generation By Microbial Activity In A Humid
Environment
Cumulative Gas Generation By Microbial Activity In An Inundated
Environment
Cumulative Gas Generation By Total Microbial Activity
Cumulative Gas Generation By Corrosion
Cumulative Gas Generation By Microbial Activity In A Humid
Environment
Cumulative Gas Generation By Microbial Activity In An Inundated
Environment
Cumulative Gas Generation By Total Microbial Activity
(CELL-MOL/DRUMTOT)
Cumulative Gas Generation By Total Microbial Activity
(C-M-HI-T/DRUMTOT)
Cumulative Total Gas Generation
Cumulative G a s Generation By Corrosion
Cumulative Gas Generation By Humid Microbial Activity
Cumulative Gas Generation By Inundated Microbial Activity
Cumulative Gas Generation By Total Microbial Activity (CELL_MOL)
Cumulative Gas Generation By Total Microbial Activity (C-M-HI-TI
Cumulative Total Gas Generation
[Volume-Averaged Pressure: Waste Panel
bolume-~veragedPressure: RoR South
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BRkABSIC

Brine Volume lmA3)

BRM39SIC

Brine VoPume {rnA3)

BRAALIC

Brine Volume Irn-3)

BRM38NOC

Brine Volume (m"3)

BRAABNOC

Brine Volume tmn3)

BRM39NOC

Brine Volume (mA3)

BRM38SOC

Brine Volume (mn3)

BRAABSOC

Brine Volume (rna3)

T o t a l Lateral Brine Plow Out Of MEI Toward Repository: Anhydrite A
& B, South
Total Lateral Brine Flow Out O f MB Toward Repository: MI3 139,

south
Total Lateral
Beds
Total Lateral
North
Total Lateral
& B, Morth
Total Lateral
North
T o t a l Lateral
South
Total Lateral
& B, South

Brine Flow Out Of MB Toward Repository: A l l Marker
Brine Flow I n t o MB Away From Repository: MB 138,

Brine Flow I n t o MB Away From Repository: Anhydrite A
Brine Flow Into MB Away From Repository:

139,

Brine P l o w Into MB Away From Repository: M 3 138,
Brine Flow I n t o MB Away From Repository: Anhydrite A

VFRAC39S
VFRACTMB
APERM3BN
APERMABN
APERM3 9N
APERM38S
APERMABS
APERM39S
PVOLI38N
PVOLIABN
PVOLI39N
PVOLI38S
PVOLIABS
PVOLI39S
PVOLI-T
BRNVOL-B
BNBHDNUZ
BIWBHDNC

FEKG-W
CELLKE-W

Fracture volume (rnA3)
Fracture volume (mA3
Permeability (mn2)
Permeability (mA2
Permeability (mA2)
permeability (m"2 1
Permeability (mn2 )
Permeability (mA2)
Permeability (mA2)
Permeability (mn2)
Permeability (mA2)
Permeability (mA2)
Permeability (mA2)
Permeability (mA2)
Permeability (mA2)
Brine Volume (mA3)
Brine Volume (m"31
Brine Volume (mn3)
Steel I kq 1
Cellulose (kg)

Interbed Fracturing: Vol Of Fracturing Zone: MB 139, South
Total MB Fracture Vol: All Marker Beds
Vol-Averaged Permeability In Fracture Zone: MB 138, North
Vol-Averaged Permeability In Fracture Zone: Anhydrite A & B, North
Vol-Averaged Permeability In Fracture Zone: ME 139, ~ o r t h
Vol-Averaqed Permeability In Fracture Zone: MB 138, South
Vol-Averaged Permeability In Fracture Zone: Anhydrite A & B, South
Vo1-Averaged Permeability In Fracture Zone: MB 139, South
Increase In Pore Vol In Fracture Zone: MB 138, North
Increase In Pore Vol In Fracture Zone: Anhydrite A & 8, North
Increase In Pore Vol In Fracture Zone: MB 139, North
Increase In Pore Vol In Fracture Zone: MI3 138, South
Increase In Pore Vol In Fracture Zone: Anhydrite A & B, south
Increase In Pore Vol In Fracture Zone: MB 139, South
Total Frac Zone Pore Vol Increase: All Marker Beds
Brine Vol: Castile Brine Pocket
Downward Brine Flow: Borehole A t Top Of MB 138
Downward Brine Flow: Borehole At Top Of Waste Panel
Steel Mass Remaining: Waste Panel
Cellulose Mass Remaining: Waste Panel

.'

u

w

0\
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APPENDIX B: CREEP CLOSURIE, MINIMUM POROSITIES

Minimum Poro

Informirtion Only
C

Informflion Only

d

l

Information Only
r

A

r

L

#

Max 9400
Min 150

0.35
0.07

0.25
0.08

Note: columns 5 , 6 , and 7 - 1 is yes, and 0 is no
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APPENDJX C: ANALYSIS BILES ON CD9S
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