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ABSTRACT

The Waste Isolation Pilot Plant (WIPP), which is located in southeastern New Mexico, is being
developed for the geologic disposal of transuranic (TRU) waste by the U.S. Department of
Energy (DOE). Waste disposal will take place in panels excavated in a bedded salt formation
approximately 2000 ft (610 m) below the land surface. The BRAGFLO computer program,
which solves a system of nonlinear partial differential equations for two-phase flow, was used to
investigate brine and gas flow patterns in the vicinity of the repository for the 1996 WIPP
performance assessment (PA). The present study examines the implications of modeling
assumptions used in conjunction with BRAGFLO in the 1996 WIPP PA that affect brine and gas
flow patterns involving two waste regions in the repository (i.e., a single waste panel and the
remaining nine waste panels), a disturbed rock zone (DRZ) that lies just above and below these
two regions, and a borchole that penetrates the single waste panel and a brine pocket below this
panel. The two waste regions are separated by a panel closure. The following insights were
obtained from this study. First, the impediment to flow between the two waste regions provided
by the panel closure model is reduced due to the permeable and areally extensive nature of the
DRZ adopted in the 1996 WIPP PA, which results in the DRZ becoming an effective pathway for




gas and brine movement around the panel closures and thus between the two waste regions. Brine
and gas flow between the two waste regions via the DRZ causes pressures between the two to
equilibrate rapidly, with the result that processes in the intruded waste panel are not isolated from
the rest of the repository. Second, the connection between intruded and unintruded waste panels
provided by the DRZ increases the time required for repository pressures to equilibrate with the
overlying and/or underlying units subsequent to a drilling intrusion. Third, the large and areally
extensive DRZ void volumes is a significant source of brine to the repository, which is consumed
in the corrosion of iron and thus contributes to increased repository pressures. Fourth, the DRZ
itself lowers repository pressures by providing storage for gas and access to additional gas storage
in areas of the repository. Fifth, given the pathway that the DRZ provides for gas and brine to
flow around the panel closures, isolation of the waste panels by the panel closures was not
essential to compliance with the U.S. Environment Protection Agency’s regulations in the 1996
WIPP PA.
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Executive Summary

The Waste Isolation Pilot Plant (WIPP), located in southeastern New Mexico, is being developed
for the deep geologic disposal of transuranic (TRU) waste by the U.S. Department of Energy
(DOE). Waste disposal will take place in panels excavated in bedded salt approximately 2000 ft
(610 m) below the land surface in the Salado Formation. In the vicinity of the repository, the
bedded salt has a one degree dip, trending downward toward the south. The excavated panels

follow this dip of the salt bed.

Prior to receipt of waste, the DOE was required to submit to the U.S. Environmental Protection
Agency (EPA) a Compliance Certification Application (CCA) demonstrating compliance with
the requirements of 40 CFR 191 and 194. The DOE submitted the application to the EPA in
1996; the EPA certified the WIPP in compliance with the requirements. One requirement of the
application was for the DOE to include results from a performance assessment (PA). The PA
was meant to demonstrate, in a probabilistic manner, that long-term repository performance
would be within the EPA regulatory limits. The 1996 PA incorporated into the 1996 CCA was
the culmination of an iterative PA development process conducted by Sandia National

Laboratories (SNL) for the DOE. Some of the key elements of the process were:

e Development of conceptual models for physical processes for use in the estimation of

potential radionuclide releases at the WIPP,

e Development of a probabilistic characterization of the uncertainty in the parameters

employed within each conceptual model,

e Numerical implementation of these conceptual models, and

e Construction of a probabilistic characterization of different futures within a 10,000-year

period.
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In addition to providing support for the WIPP’s certification, the 1996 PA provided a means to
examine current data relevant to the WIPP’s short- and long term performance, and resulted in

meaningful guidance for planning future research and development.

Two types of scenarios were included in the 1996 WIPP PA calculations, based on the following

assumptions:

1. The repository remains undisturbed for 10,000 years after final placement of waste and

repository closure.

2. One or more drilling intrusions occur at random within the waste panels over the 10,000-year
regulatory period. The time of occurrence for the individual intrusions follows a Poisson

process with a rate specified by the EPA.

For the 1996 WIPP PA, several drilling intrusion ‘events’ were specifically modeled over a
10,000-year period. The drilling intrusion evaluated in this report was one in which a borehole
penetrates both the repository and a lower pressurized brine reservoir (i.e., the Castile reservoir)

at 1000 years after repository closure. This occurrence is designated an ‘E1’ scenario in the 1996

WIPP PA.

For the 1996 WIPP PA, many input variables were considered to have a substantial degree of
subjective uncertainty (see Helton et al., 1998, Chapter 5). A distribution was developed for each
of these variables to characterize its ‘range of uncertainty’ based on available information from
current laboratory and field studies, and analyses from WIPP PAs conducted prior to the
application. Variables were sampled and their resulting values were used as input parameters in
several of PA’s numerical models. Each sample element represented a single set of uncertain
variables drawn from a larger set. One of the models, which had a high degree of uncertainty for
many of its input parameter values, was the BRAGFLO numerical model. BRAGFLO is a
computer program used to solve a system of nonlinear partial differential equations representing
two-phase flow (gas and brine flow) within the repository and surrounding vicinity over 10,000

years.
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Several simplifying assumptions with respect to model geometry were used in the application of

the BRAGFLO model that are relevant to this study (Figure ES-1). These are:

Two waste regions are numerically modeled; together, they represent the ten waste panels of

the repository.

~ One waste region has the dimensions of a single waste panel. This region lies in the most
down-dip portion of the excavated area and is the region through which a borehole
intrusion is assumed to take place. For convenience, this region is referred to as the lower

waste panel.

~ Another waste region has the dimensions of nine waste panels. This region lies up-dip

from the first region and is referred to as the upper waste panels.

The waste panels will undergo creep closure due to the visco-plastic nature of salt. Because
of creep closure, the BRAGFLO model reduces the waste panel porosity down to 10-20% of

its original value within the first 1000 years of the modeled period.

In the model is a zone extending 12 meters above and 2 meters below the footprint of the
repository where properties of the host rock have been altered due to the creep closure
response of the salt adjacent to the excavated face. This area is designated as the disturbed
rock zone (DRZ). The rationale used to extend the DRZ 12 meters above was to address the
uncertainty with respect to underestimating the extent of damage above the repository which
could affect performance. By adopting this model geometry, DRZ brine drainage needed for
gas generation would not be underestimated, and a continuous connection is created between
the repository and the three thin anhydrite interbed layers. These interbeds are the most

permeable pathway to the accessible environment under undisturbed conditions.
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e The CCA DRZ model] assumes the DRZ is a continuous, homogeneous, and highly connected
porous medium (i.e., all dilated grain boundaries are interconnected). Because creep closure
causes grain boundary separation, the model assumes DRZ permeability and porosity are
greater than that of the host rock. In the CCA model, changes to DRZ porosity (void
volumes) are modeled using (i) an exponential function dependent on the initial sampled
value for halite porosity, which is increased to incorporate the effects of grain boundary
separation, (ii) DRZ rock compressibility, and (iii) pressure. Consequently, as pressure
within the repository increases, DRZ void volumes will also increase. DRZ permeability

remains constant throughout the modeled period.

Examination of brine and gas flow patterns between the waste panels and the DRZ (detailed in
this report, Sections 2 through 6) for an E1 scenario led to insights regarding how the DRZ
model assumptions used in the 1996 WIPP PA (for the CCA) affect repository performance. Of
particular interest was how the CCA DRZ model impacts fluid flow and pressure between the

waste panels. Insights gained from this study are listed below.

1. A DRZ intrinsic permeability' only two orders of magnitude lower than the intrinsic
permeability assigned to the waste panels, coupled with the assigned value for DRZ residual
gas and brine saturation set to 0.0, can give rise to a DRZ gas and/or brine effective
permeability” that is greater than that of the waste panels. This makes the DRZ a preferential
flow path between the excavated areas, and results in pressures in the upper and lower waste
panels differing by less than a few hundred pascals. Therefore, the effects of the processes
that occur in the lower waste panel (e.g., an intrusion event) are not isolated from the rest of
the repository. Also, any impediment to fluid flow between the lower and upper waste
regions provided by a panel closure is reduced by the model assumptions adopted for the
DRZ geometry. Pressures equilibrate between the two waste regions due to the following

conditions.

! A measurement of the conductive properties of a porous medium that is independent of fluid properties or
saturation.

% A measurement of the conductive properties of a porous medium, with respect to a specific fluid, when the medium
is saturated with more than one fluid or fluid phase. Effective permeability can be several orders of magnitude lower
than intrinsic permeability as fluid saturation varies.




a. Prior to Intrusion - For a few hundred years after repository closure, brine seeps from the
Upper DRZ (UDRZ) downward to the waste panels. After this period of brine flow
downward (and until the time of intrusion), gas is the dominant fluid within the UDRZ
and flow direction is up-dip. This gas is produced from microbial degradation and iron
corrosion and exits the waste panel ceilings to the UDRZ. From the UDRZ, gas moves
up-dip to the northern portions of the repository where it is stored. Brine drainage from
MB 139 continues long after brine drainage from Anhydrite AB and MB 138 subsides.
Brine drainage from MB 139 tends to collect in the Lower DRZ (LDRZ) below the
southern half of the lower waste panel. From here it moves upward through the southern

portion of the lower waste panel floor where it is available for iron corrosion.

Downward flow of gas from the waste panels to the LDRZ begins within the first hundred
years of repository closure for most realizations and primarily occurs in the upper waste

panels, because they serve as the primary gas storage location for gas produced in both of
the modeled waste panels. Gas flow downward from the upper waste panel floor prevents

any LDRZ brine from flowing upward through the upper waste panel floors.

In brief, prior to intrusion, brine drains from the DRZ into the waste regions. After DRZ
drainage, both the UDRZ and the LDRZ serve as a flow path for gas to access a large
storage space provided by the nine upper waste panels, the experimental and operational

areas, and the DRZ itself. This large gas storage space alleviates pressure buildup.

b. After intrusion and before upper borehole plug degradation, both the UDRZ and LDRZ
provide a gas and brine pathway between the excavated areas and the lower borehole. If
repository pressure is higher than the reservoir pressure, brine is introduced from the
underlying intruded brine reservoir into the LDRZ and the lower waste panel via the
borehole. A large portion of this brine flows up-dip toward the upper waste panels. As
brine in the LDRZ passes below the panel closures, a portion flows upward through the
closure bottom and moves up to the UDRZ or out the closure’s north face to the upper
waste panels. LDRZ brine that does not flow through the panel closure flows up-dip in
the LDRZ toward and eventually through the floors of the upper waste panels. If

repository pressure is greater than that of the brine reservoir, brine flow is down-dip,
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toward the borehole from 1000 to 1200 years. After upper borehole degradation, flow
patterns between the DRZ and the waste panels are dependent on borehole permeability
and the dominant fluid phase residing in the two DRZ regions and the waste panels

themselves.

i. For realizations with assigned borehole permeability equal to or greater than 10™° m?,
the UDRZ provides a pathway for both brine (which tends to flow up-dip) and gas
(which tends to flow down-dip) to flow between the borehole and the upper waste
panels. After upper borehole degradation, gas stored in the upper waste panels and the
back of the repository flows down-dip towards and into the borehole via the UDRZ.
This gas is a mixture of gas produced prior to and after intrusion. Gas flow out the

borehole lowers repository pressure.

When repository presssures are reduced, brine begins to flow down the borehole from
upper units or drains from the south anhydrite layers into the lower waste panel.’ This
brine collects in the lower waste panel. Once the lower waste panel is brine saturated,
any additional brine that enters this area will flow into the UDRZ, then move up—dip
towards and into the upper waste panels. Some brine passes down through the top of
the panel closures to the LDRZ. Repository pressures tend to increase as this
additional brine is used for gas generation. As repository pressures increase, UDRZ
brine flow up-dip is replaced by gas flowing down-dip towards and out the borehole.
This is gas that has been stored in the upper waste panels and the back regions of the
repository. This pattern may be repeated several times depending on the extent of gas

generation and the ease with which fluid flows through the borehole.

In the LDRZ after upper borehole degradation, gas flow out the bottom of the upper
waste panel floor to the LDRZ ceases and is replaced by brine flow upward. This
brine is primarily brine that has entered the LDRZ via the borehole, MB 139 drainage,

or brine drainage from the lower waste panel floor and panel closures. This LDRZ

* In Figure ES-1, the anhydrite units are on the left side of the repository.
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brine flows up-dip towards the upper waste panel and continues from the time of

upper borehole plug degradation to the end of the modeled period.

ii. For realizations with assigned borehole permeability less than 10" m?, the dominant
fluid in the UDRZ is gas. Gas flow direction is down-dip, from the back of the
repository towards the borehole, and continues from the time of borehole degradation
through the end of the modeled period. Like those realizations with higher borehole

permeability, this gas is a mixture of gas produced prior to and after intrusion.

Brine in the LDRZ tends to flow down-dip until iron in the lower waste panel is
corroded. Once iron is corroded in the lower waste panel, LDRZ brine flow changes

direction to up-dip flow.

2. Model assumptions adopted for DRZ rock compressibility cause DRZ void volumes to
increase by ~15-20% from the time of repository closure to the end of the modeled period
(10,000 years). This is in contrast to model assumptions adopted for the waste panel which
presume creep closure will cause waste panel void volumes to be reduced to 10-20% of their
original size. Consequently, DRZ void volumes may be large with respect to waste panel void
volumes, and in some realizations, DRZ void volumes are larger than waste panel volumes.
Large and areally extensive DRZ void volumes may cause lower repository pressure due to
the relatively large volume available to store gas or brine. Large and areally extensive DRZ
void volumes result in more time being required for an intruded waste panel to equilibrate
with over- and underlying units. Large and areally extensive DRZ void volumes may

overestimate brine availability for gas generation.

This study generated several questions involving possible modifications with respect to DRZ

geometry and flow properties for future PAs. These are:

e How would repository performance be affected if a less areally extensive DRZ model is
implemented, reflective of field observations and geomechanical models that predict an

ellipsoidal-shaped geometry extending only a few meters from the excavated faces?
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How would repository performance be affected if fluctuations in DRZ void volumes are

estimated with a creep closure model similar to that used for the waste panels?

How would repository performance be affected if DRZ flow properties are correlated to the
response of a rock mechanics model that assumes the DRZ heals within 1000 years after

repository closure?

How would results from the anhydrite fracture formation and healing model be affected if

initial DRZ volumes are less areally extensive and the DRZ is assumed to heal within 1000

years after repository closure?
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1. Introduction

1.1  Rationale for this Study

The Waste Isolation Pilot Plant (WIPP), located in southeastern New Mexico, is being developed
for the deep geologic disposal of transuranic (TRU) waste by the U.S. Department of Energy
(DOE). Waste disposal will take place in panels excavated in bedded salt approximately 2000 ft
(610 m) below the land surface in the Salado Formation. In the vicinity of the repository, the
bedded salt has a one degree dip, trending downward toward the south. The excavated panels

follow this dip of the salt bed.

A series of performance assessments (PAs) have been conducted by Sandia National
Laboratories to examine current data about the WIPP and to provide guidance for future research
and development efforts. In the characterization of uncertainty for a WIPP PA, numerous sample
sets of uncertain parameters are used as input for several deterministic models. Results of the
WIPP PA are presented as a complementary cumulative distribution function (CCDF). The PA
relevant to this report is the 1996 WIPP PA performed in support of the Compliance Certification
Application (CCA) submitted to the U.S. Environmental Protection Agency (EPA) by the DOE

(1996). The overall conceptual structure of this PA comprised three basic entities:

e Models that simulate physical processes at the WIPP that lead to estimates for radionuclide

releases
e A probabilistic characterization of different futures that could occur in the next 10,000 years

e A probabilistic characterization of the uncertainty in the parameters employed within each

physical model.

Two types of scenarios were considered in the 1996 WIPP PA, based on the following

assumptions:

1. The repository remains undisturbed for 10,000 years after final placement of waste and

repository closure.
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2. One or more drilling intrusions occur at random within the WIPP land withdrawal boundary
over the 10,000-year regulatory period. The time of occurrence for the individual intrusions

follows a Poisson process with a rate specified by the EPA.

For the 1996 WIPP PA, five drilling intrusion events over a 10,000-year period were specifically
modeled. In the modeling, three replicates of uncertain inputs (with 100 samplings per replicate)
were used in the construction of a CCDF of radionuclide releases to the accessible environment.

Details of the 1996 WIPP PA structure are found in Helton et al. (1998).

The drilling intrusion evaluated in this report was one in which a borehole penetrates both the
repository and a lower pressurized brine reservoir (i.e., the Castile reservoir) at 1000 years after
repository closure. This occurrence is designated an ‘E1’ scenario in the 1996 WIPP PA. Events
and processes modeled that are relevant to the E1 scenario and that affect fluid flow within the

repository are indicated below.

Events:

e A drilling intrusion (i.e., a borehole) penetrates the repository and the Castile reservoir at
1000 years. It is assumed the borehole is ‘open’ for 200 years from the repository to the
Castile reservoir, thus providing connectivity between the lower Castile and the repository. A
‘plug’ exists within the borehole between the repository and the Salado-Rustler interface (i.e.,
the interface of the Salado Formation, in which the repository is located, and the Rustler
Formation above it). This plug prevents flow between the repository and the overlying units

for 200 years after the intrusion.

e At 1200 years, the borehole plug degrades, and the borehole is assumed to have the
permeability of silty sand (see BHPRM, Table 5.1, Helton et al., 1998).

e The lower portion of the borehole in the vicinity of the Castile is assumed to have a reduced
permeability by 2200 years due to creep closure. The borehole between the repository and
the Castile reservoir is now given a borehole permeabilty one order of magnitude below that

assigned to the upper borehole.
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Processes:

It is possible for brine and gas to flow between the repository and the units above and below

via the borehole, given appropriate conditions (i.e., pressure gradient and permeability).

Brine is able to drain from both the adjoining anhydrites and the disturbed rock zone (DRZ)*
above the repository (i.e., the upper DRZ or UDRZ) to the repository.

It is possible for gas to flow from the repository through the adjoining anhydrites and the
DRZ.

Microbial degradation of cellulose, rubber, and plastics within the waste will generate gas.
This gas can pressurize the repository. Brine saturation of the repository has little effect on

this process.

Iron corrosion of the waste drums will generate gas. This process requires brine coming into

contact with uncorroded iron. This gas can pressurize the repository.

In the 1996 WIPP PA, the BRAGFLO program (Bean et al., 1996) was used to solve the system

of nonlinear partial differential equations representing two-phase flow (gas and brine flow) in the

repository and surrounding vicinity over 10,000 years. (A brief description of the sampled

variables used as input for the BRAGFLO model is given in Section 1.4 of this report.) Several

simplifying assumptions were adopted in the BRAGFLO program. Those with relevance to this

report are listed below:

Two waste regions are numerically modeled; together, they represent the ten waste panels of

the repository.

One panel region has the dimensions of a single waste panel. This region lies in the most
down-dip portion of the excavated area, and it is in this region that the borehole intrusion is

assumed to take place. For convenience, this region is referred to as the lower waste panel.

* The DRZ is host rock whose original properties, such as porosity and permeability, have been altered because of
excavation activities.
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e Another region has the dimensions of nine waste panels. This region lies up-dip from the

first region and is referred to as the upper waste panels.

Examination of BRAGFLO results for the E1 scenario, in which the borehole penetrates both a
waste panel and a brine reservoir, revealed brine flow down the borehole measured where the
borehole intersects the top of the DRZ, was greater than brine flow down the borehole measured
at the top of the lower waste panel. The difference between the two was, for many simulations,

30% to 40% (Figure 1.1).

In addition, flow down the borehole measured at the top of the UDRZ continued long after
downward borehole flow measured at the top of the waste panel had ceased. During examination
of results representing both brine and gas flow within the borehole, it was discovered that
dramatic changes in repository pressure coincided with changes in the type of fluid flowing
within the borehole (depicted in Figure 1.2 ). Furthermore, pressure plots for both the down-dip
and up-dip waste panels show that the pressure of the up-dip (unintruded) waste panel responded
to the intrusion event at nearly the same time and to the same degree as that for the down-dip
(intruded) waste panel. Questions began to arise regarding the role the DRZ played in the overall
flow patterns within the excavated areas that could not be answered by consulting the 1996 WIPP

PA Salado Flow analysis document (Bean et al., 1996).

BRAGFLO:BNBHONUZ:Cumulative Brine Flow Down Borehole at MB 138 {E:223) BRAGFLO:BRANBHDNC:Cumuiative Brine Flow Down Borehole at Top of Waste Panel (E:471)
Scenario 3: At 1000 years borshole penelrales repository and brine pocket., Replicate 1 Scenatio 3: Al 1000 years borehole penetrates repository and brine pocket., Replicate 1
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FIGURE 1.1. BRINE FLOW IN BOREHOLE MEASURED at (a) the top of the UDRZ and (b) the top of the lower waste
panel vs. time-for all realizations in Replicate 1, Scenario 3
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FIGURE 1.2. OVERLAY PLOTS FOR GAS and brine flow within the borehole, pressure profiles for lower and upper
waste panels, and metal corrosion rates

This study addresses the following questions:

e What is the impact of the DRZ on brine and gas flow in the vicinity of the borehole and how

does this affect pressures between the two modeled waste regions?

e Are there gas and brine flow patterns within the upper and lower DRZs (referenced herein as

the UDRZ and LDRZ, respectively) that facilitate or impede flow between the lower and

upper waste panels?




And more specifically:

What roles do the UDRZ and LDRZ play in the flow of gas and brine between waste panels

toward the borehole?
e How do the DRZ-assigned material properties affect overall flow within the repository?

e Do the DRZ volumes, with respect to the volume of the waste disposal areas, affect overall

flow patterns within the repository?

e As brine saturations of the DRZ and the waste disposal regions change, so will their
respective relative permeabilities. Do the changing relative permeabilities within the DRZ
alter gas and brine flow patterns within the waste disposal areas and the borehole? If so, do

they affect overall repository performance?

To answer these questions, BRAGFLO results for gas and brine flow within the waste disposal
region (i.e., the lower waste panel and the upper waste panels), the panel closures,” the operations
region, the experimental region, the shaft, and the DRZ were examined. Figure 1.3 depicts the
area of investigation for this study. Figure 1.4 depicts the BRAGFLO computational grid and
highlights the area within the modeled domain (delineated by the short dotted lines) where brine
and gas fluxes were assessed. The motivating factor for preparing this report was to answer the
questions, which were generated by reviewers of the 1996 WIPP PA, pertaining to how, when,
and where fluids might enter various portions of the waste regions via the DRZ. A synopsis of
the analysis results are given in the Executive Summary. Details supporting this summary are
provided in Sections 2 through 7. Because of the detailed nature of this study, the reader may
wish to use this report as a reference guide to gain an understanding of the degree, extent, and
sensitivity of brine and gas flow within and between the DRZ and the upper and lower waste

panels.

® Throughout this report, the term ‘panel closures’ is used in text; in some illustrations, the term ‘panel seals’ is used
instead.
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1.2 Organization of This Report

The organization of this report is as follows.

Section 2 describes the mathematical model for the DRZ, including the model assumptions,
geometry, and assigned material properties. Section 3 is a brief review of those parameters that
impact two-phase flow relevant to the BRAGFLO numerical model simulated for WIPP
performance. Sections 4 through 6 describe two-phase flow patterns and define dependent
variables describing this flow within the vicinity of the repository (i.e., gas or brine flow between

the UDRZ and the ceiling of the upper waste panel) as follows:

e Section 4: Flow within the UDRZ

e Section 5: Flow through the panel closures that separate the lower waste panels from upper

waste panels
e Section 6: Flow within the LDRZ

Those Latin Hypercube Sampled (LHS) independent variables that most affect flow between the
DRZ and the waste panel are given at the end of each section. Detailed descriptions of flow
within these regions are given relative to other dependent variables that have been reported in

Helton et al. (1998) as having a direct impact on repository performance.

Section 7 presents plots of time-dependent variables affecting system performance for selected
simulations. These plots are overlaid so that the reader can see the interrelationship that selected

dependent variables have with respect to other dependent variables. The dependent variables are:

e pressures within the lower and upper waste panels,
e gas saturations within the lower and upper waste panels,

o the fraction of uncorroded iron remaining in the lower and upper waste panels,
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e gas and brine flow exiting the repository via the borehole penetrating the UDRZ and the

lower waste panel,

e vertical and horizontal gas and brine flow exiting the ceiling and floor of the upper waste

panel and,

e brine crossing the panel closures between the lower waste panel and the upper waste panel.

Finally, contour plots of gas saturation within the modeled region are provided just before or

after pivotal events occur. Examples of such events are:

e just after the upper borehole plug degrades and the lower borehole creep closes (1200 and

2200 years, respectively),

e when all the metal in a waste panel has corroded (the time at which this occurs varies among

simulations),

e when all gas has evacuated from the southern portion of the UDRZ or the lower waste panel.

1.3  Method of Analysis

This analysis was performed to determine correlations between those dependent variables
defining flow between the DRZ and waste panels, described in Sections 4 through 6, and
independent sampled variables. The code PCCSRC (Iman et al., 1985) was used to determine
standardized rank regression coefficient (SRRC) values. This method is frequently employed by
the WIPP PA group (Helton, 1993). If the absolute value of an SRRC between variables was

0.4 or greater, it was believed the independent variable affected the behavior of the dependent
variable. Sections 4 through 6 report this relationship. This program also generated plots of
SRRC values for the dependent variables over the time span of the model. These SRRC plots are
given in the analysis. In addition to SRRC analysis, scatterplots were generated between
variables. Scatterplots provide a graphic representation of the correlation between any two
variables by plotting one variable as a function of the other variable at a specified time and for all

runs in a scenario (100 runs). Scatterplots are a valuable tool for sensitivity analysis because they
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may indicate a correlation between variables that might not be detected when only SRRC values
are assessed. Those scatterplots demonstrating significant patterns in activity between variables
are given in Sections 4 through 6 as necessary. Scatterplots were generated to examine model

behavior at pivotal times and/or events. These times are:

999 years, to represent repository processes just before intrusion,
e 1000 years, the time of intrusion,

e 1500 years, to capture repository performance affected after borehole degradation (at

1200 years),
e 5500 years, midway through the modeled period,

e 10,000 years, the end of the modeled period.

1.4  Sampled Variables Used in the BRAGFLO Model

For the 1996 WIPP PA for the CCA (see Helton et al., 1998, Chapter 5), specific values for
several input variables were deemed as having a degree of subjective uncertainty. Therefore,
based on available knowledge and analyses from past WIPP PAs, a distribution was developed
for each variable to characterize its ‘range of uncertainty.” These variables were sampled using
the LHS method and their resulting values were used as input parameters for several of the PA
models. Each realization of the PA represents a unique ‘draw’ of a single sampling from the
uncertain variables. For the 1996 PA, there were 100 ‘realizations’ that were composed of a
unique set of sampled input parameters. Three sampled suites (i.e., replicates) were created. A
sampled suite represents a set of 100 unique realizations. Table 1.1 lists the uncertain variables
that were sampled as input parameters in the BRAGFLO model and that were analyzed with
respect to DRZ fluid flow. Table 1.1 is adapted from Table 5.2.1 of Helton et al. (1998), and all

equations and figure numbers provided in that table correspond to that report.




Table 1.1. LHS Variables Used in the BRAGFLO Model®

Variable

Description

ANHBCEXP

ANHBCVGP

ANHCOMP

ANHPRM

Brooks-Corey pore distribution parameter for anhydrite (dimensionless). Used in
BRAGFLO. Defines A in Egs. (4.2.9) - (4.2.11) for regions 20, 21, 28 of Fig. 4.2.1
for use with Brooks-Corey model; defines A in m = A/(1+A) in Eqgs. (4.2.18) -
(4.2.20) for use with van Genuchten-Parker model in same regions. See
ANHBCVGP. Distribution: Student’s with 5 degrees of freedom. Range: 0.491 to
0.842. Mean, Median: 0.644. Database identifiers: 587 (S_MB139, PORE_DIS),
527 (S_ANH_AB, POR_DIS), 566 (S_MB138, PORE_DIS). Variable 25 in LHS.
Additional information: Howarth and Christian-Frear 1997; WIPP PA 1992-1993
Vol. 3, p. 2-54.

Pointer variable for selection of relative permeability model for use in anhydrite.
Used in BRAGFLO. See ANHBCEXP. Distribution: Discrete with 60% 0, 40% 1.
Value of 0 implies Brooks-Corey model defined by Egs. (4.2.9)-(4.2.11); value of 1
implies van Genuchten-Parker model defined by Egs. (4.2.18)-(4.2.20). Data base
identifiers: 596 (§_MB139, RELP_MOD), 536 (S_ANH_AB, RELP_MOD, 575
(S_MB138, RELP_MOD). Variable 22 in LHS. Additional information; Howarth
and Christian-Frear 1997; WIPP PA 1992-1993 Vol. 3, p. A-149.

Bulk compressibility of anhydrite (Pa~!). Used in BRAGFLO. Pore
compressibility Brin Eq. (4.2.6) defined by ANHCOMP divided by initial porosity
(i.e., ¢g in Table 4.2.1) for use in regions 20, 21, 28 of Fig. 4.2.1. Distribution:
Student’s with 3 degrees of freedom. Range: 1.09 x. 10711 t02.75 x 10710 Pa-1,
Mean, Median: 8.26 x 10-11 Pa~1. Correlation: —0.99 rank correlation with
ANHPRM. Data base identifiers: 580 (S_MB139, COMP_RCK), 521
(S_ANH_AB, COMP_RCK), 560 (S_MB138, COMP_RCK). Variable 21 in LHS.
Additional information: Saulnier et al. 1991, Stensrud et al. 1992.

Logarithm of intrinsic anhydrite permeability (m?). Used in BRAGFLO. Defines
permeability tensors Kg, K, in Egs. (4.2.1), (4.2.2) for regions 20, 21, 28 in Fig.

4.2.1. Specifically, the anhydrite is assumed to be isotropic, with result that
ANHPRM is the logarithm of the diagonal elements of K, for the indicated regions
and similarly defines the diagonal elements of Kg after a correction is made for the
Klinkenberg effect as shown in Eq. (4.2.29). Distribution: Student’s with 5 degrees
of freedom. Range: —21.0 to —17.1 (i.e., permeability range is 1 x 1021 to

1% 10-17-1 ;2), Mean, Median: -18.9. Correlation : —0.99 rank correlation with
ANHCOMP. Data base identifiers: 570 (S_MB138, PRMX_LOG), 571(S-MB138,
PRMY_LOG), 572(S_MB138, PRMZ_LOG), 531 (S_ANH_AB, PRMX_LOG),
532 (S_ANH_AB, PRMY_LOG), 533(S_ANH_AB, PRMZ_LOG), 591
(S_MB139, PRMX_LOG), 592 (S_MB139, PRMY_LOG), 593 (S_MB139,
PRMZ_LOG). Variable 20 in LHS. Additional information: Howarth and
Christian-Frear 1997, Saulnier et al. 1991, Stensrud et al. 1992.

# Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.
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Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)®

Variable

Description

ANRBRSAT

ANRGSSAT

BHPRM®

BPCOMP

BPINTPRS

Residual brine saturation in anhydrite (dimensionless). Used in BRAGFLO.
Defines S, in Egs. (4.2.13) - (4.2.14) for use in regions 20, 21, 28 of Fig. 4.2.1.
Distribution: Student’s with 5 degrees of freedom. Range: 7.85 % 1073 to 1.74 x
1071, Mean, Median: 8.36 x 10-2. Data base identifiers: 598 (S_MB139,
SAT_RBRN), 538 (S_ANH_AB, SAT_RBRN), 577(S_MB138, SAT_RBRN).
Variable 23 in LHS. Additional information: Howarth and Christian-Frear 1997,
WIPP PA 1992-1993 Vol. 3, p. 2-52.

Residual gas saturation in anhydrite (dimensionless). Used in BRAGFLO. Defines
Sgrin Eq. (4.2.14) for use in regions 20, 21, 28 of Fig. 4.2.1. Distribution:
Student’s with 5 degrees of freedom. Range: 1.39 x 102 to 1.79 x 10~1. Mean,
median: 7.71 x 10~2. Database identifiers: 599 (S_MB139, SAT_RGAS), 539
(S_ANH_AB, SAT_RGAS), 578 (S_MB138, SAT_RGAS). Variable 24 in LHS.
Additional information: Howarth and Christian-Frear 1997; WIPP PA 1992-1993
Vol. 3, p. 2-53.

Logarithm of intrinsic borehole permeability (m?). Used in BRAGFLO. Defines
permeability tensors K,, Ky, in Egs. (4.2.1), (4.2.2) for region 1 in Fig. 4.2.1 when
borehole with properties similar to silty sand is present. Specifically, the borehole
is assumed to be isotropic, with result that BHPRM is the logarithm of the diagonal
elements of K, for the indicated region and similarly defines the diagonal elements

of Kg after a correction is made for the Klinkenberg effect as shown in Eq. (4.2.29).
Distribution: Uniform. Range: —14 to -11 (i.e., permeability range is 1 x 1014 to
1 x 10711 m?). Mean, median: ~12.5. Data base identifiers: 3184 (BH_SAND,

PRMX_L.OG), 3190 (BH_SAND, PRMY_LOG). Variable 30 in LHS. Additional
information: Thompson et al. 1996.

Logarithm of bulk compressibility of brine pocket (Pa~!). Used in BRAGFLO.
Pore compressibility By in Eq. (4.2.6) defined by 108PCOMP divided by initial
porosity (i.e., ¢g in Table 4.2.1) for use in region 30 of Fig. 4.2.1. Distribution:
Triangular. Range: —11.3 to -8.00 (i.e., bulk compressibility range is 1 x 10~113 to
1 x 10-8 Pa~l). Mean, mode: —9.80, -10.0. Correlation: —0.75 rank correlation
with BPPRM. Data base identifier: 61 (CASTILER, COMP_RCK). Variable 29 in
LHS. Additional information: Freeze 1996a.

Initial pressure in brine pocket (Pa). Used in BRAGFLO. Defines py, (x, y, ~5) in

Table 4.2.4 for region 30 in Fig. 4.2.1. Distribution: Triangular. Range: 1.11 x 107
to 1.70 x 107 Pa. Mean, mode: 1.36 x 107 Pa, 1.27 x 107 Pa. Data base identifier:
66 (CASTILER, PRESSURE). Variable 27 in LHS. Additional information:
Freeze and Larson 1996; WIPP PA 1992-1993 Vol. 3, Sect. 4.3.

# Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.
® Throughout this report, ‘BHPRM’ and ‘BHPERM are used interchangeably.
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Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)®

Variable

Description

BPPRM

BPVOL

HALCOMP

Logarithm of intrinsic brine pocket permeability (m2). Used in BRAGFLO.
Defines permeability tensors K,, K, in Egs. (4.2.1), (4.2.2) for region 30 in Fig.
4.2.1. Specifically, the brine pocket is assumed to be isotropic, with result that
BPPRM is the logarithm of the diagonal elements of K, for the indicated region and
similarly defines the diagonal elements of Kg after a correction is made for the
Klinkenberg effect as shown in Eq. (4.2.29). Distribution: Triangular. Range: —
14.7 to -9.80 (i.e., permeability range is 1 x 107147 to 1 x 109-80 ;2), Mean,
mode: ~12.1, -11.8. Correlation: —0.75 with BPCOMP. Data base identifiers: 67
(CASTILER, PRMX_LOG), 68 (CASTILER, PRMY_LOG). Variable 28 in LHS.
Additional information: Freeze 1996b, Popielak et al. 1983.

Pointer variable for selection of brine pocket volume. Used in BRAGFLO.
Distribution: Discrete, with integer values 1, 2, ..., 32 equally likely. Originally
intended to select from 32 equally-likely brine pocket maps obtained by assuming
five regions beneath repository, with each region either containing or not containing
pressurized brine. This produces 32 (i.e., 2) possible brine pocket maps. This
approach was abandoned when more information on brine pockets became available
(Powers et al. 1996) and the only role that BPVOL now plays is to determine
volume of brine (m3) contained in the brine pocket. Specifically, the volumes are
32,000, 64,000, 96,000, 128,000 and 160,000 m? if the original maps contained 0
or 1, 2, 3, 4 or 5 brine pockets, and the corresponding probabilities are 0.1875,
0.3125, 0.3125, 0.15625 and 0.03125. The indicated volumes define V4, in Eq.

(4.2.16) and thus define ¢ for region 30 in Fig. 4.2.1; in addition, the number of
drilling intrusions nD required to deplete the pressurized brine beneath the
repository is defined by nD = 2V,,,,/32,000 (i.e., 2, 4, 6, 8 or 10 intrusions
depending on whether the associated brine volume is 32,000, 64,000, 96,000,
128,000 or 160,000 m3; see nD in Table 6.6.2 of Sect. 6.6). For the presentation of
sensitivity analysis results, BPYOL 1s assigned the brine volumes that correspond to
the sampled integer values. Data base identifiers: 3194 (CASTILER, GRIDFLO).

Variable 31 in LHS. Additional information: Larson 1997, Swift et al. 1996,
Powers et al. 1996.

Bulk compressibility of halite (Pa~!). Used in BRAGFLO. Pore compressibility Br
in Eq. (4.2.6) defined by HALCOMP divided by initial porosity (i.e., ¢g in Table
4.2.1) for use in region 19 of Fig. 4.2.1. Distribution: Uniform. Range:

2.94 x 1071210 1.92 x 10710 Pa~1. Mean, median: 9.75 x 10-11 Pa-1,9.75 x 10-11
Pa~!. Correlation: —0.99 rank correlation with HALPRM. Data base identifier:

541 (S_HALITE, COMP_RCK). Variable 19 in LHS. Additional information:
Christian-Frear 1996a.

# Adapted from Table 5.2.1, Helion et al. (1998), figure and equation numbers correspond to figures and equations in that report.
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Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)’

Variable Description

HALPOR Halite porosity (dimensionless). Used in BRAGFLO. Defines ¢g in Eq. (4.2.6) for

region 19 in Fig. 4.2.1. Distribution: Piecewise uniform. Range: 1.0x 1073 to

3 x 102, Mean, median: 1.28 x 102, 1.00 x 10~2. Data base identifier: 544
(S_HALITE, POROSITY). Variable 17 in LHS. Additional information: Howarth
1996; WIPP PA 1992-1993 Vol. 3, p. 2-41.

HALPRM Logarithm of halite permeability (m?). Used in BRAGFLO. Defines permeability
tensors Kg, K, in Egs. (4.2.1), (4.2.2) for region 19 in Fig. 4.2.1. Specifically, the
halite is assumed to be isotropic, with result that HALPRM is the logarithm of the
diagonal elements of K, for the indicated region and similarly defines the diagonal
elements of Kg after a correction is made for the Klinkenberg effect as shown in Eq.
(4.2.29). Distribution: Uniform. Range: —24 to -21 (i.e., permeability range is 1 X
1072* to 1 x 10721 m?). Mean, median: —22.5, —22.5. Correlation: —0.99 rank
correlation with HALCOMP. Data base identifiers: 547 (S_HALITE,
PRMX_LOG), 548 (S_HALITE, PRMY_LOG). Variable 18 in LHS. Additional
information: Davies and Beauheim 1996, Domski 1996a, Christian-Frear 1996b.

SALPRES Initial brine pressure, without the repository being present, at a reference point
located in the center of the combined shafts at the elevation of the midpoint of
MB 139 (Pa). Used in BRAGFLO. Defines ppp, which is used to define py(x, y, 0)
(Table 4.2.4). With respect to computational cells in Fig. 4.2.1, defines initial brine
pressure at location of cell (23,6). Distribution: Uniform. Range: 1.104 x 107 to
1.389 x 107 Pa. Mean, median: 1.247 x 107 Pa, 1.247 x 107 Pa. Data base
identifier: 546 (S_HALITE, PRESSURE). Variable 26 in LHS. Additional
information: Domski 1996b; WIPP PA 1992-1993 Vol. 3, p. 2-38.

SHBCEXP Brooks-Corey pore distribution parameter for shaft (dimensionless). Used in
BRAGFLO. Defines A in Egs. 4.2.9) - (4.2.11) for regions 3-11 in Fig. 4.2.1.
Distribution: Piecewise uniform. Range: 0.11 to 8.10. Mean, median: 2.52, 0.94.
Variable 16 in LHS. Additional information: Kelley et al. 1996a,b; Hurtado 1996.

SHPRMASP Logarithm of intrinsic permeability (m2) of asphalt component of shaft seal (m2).
Used in BRAGFLO. Permeability tensors Kg, K, in Egs. (4.2.1), (4.2.2) for region
5 in Fig. 4.2.1 are functions of asphalt permeability (i.e., k; = 10%, x = SHPRMASP,
in Eq. (4.2.34)), halite permeability (i.e., k,,, = 10%, x = HALPRM, in Eq. (4.2.35),
and shaft DRZ permeability (i.e., k;, = 10%, x = SHPRMDRZ, in Eq. (4.2.35)), with
diagonal elements of K, defined by k, in Eq. (4.2.34) and the diagonal elements of
K, defined similarly after a correction is made for the Klinkenberg effect as shown
in Eq. (4.2.29). Distribution: Triangular. Range: —21 to —18 (i.e., permeability
range is 1 x 102! to 1 x 10-18 m2). Mean, mode: -19.7, —20.0. Data base
identifiers: 2283 (ASPHALT, PRMX_LOG), 2284 (ASPHALT, PRMY_LOG).

Variable 11 in LHS. Additional information: Kelley et al. 1996a,b; Repository
Isolation Systems Department 1996.

* Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.




Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)®

Variable

Description

SHPRMCLY

SHPRMCON

SHPRMDRZ

SHPRMHAL

Logarithm of intrinsic permeability (m?) for clay components of shaft. Used in
BRAGFLO. Defines permeability tensors K, K in Egs. (4.2.1), (4.2.2) for regions

4,10 in Fig. 4.2.1; specifically, the clay component is assumed to be isotropic, with
result that SHPRMCLY is the logarithm of the diagonal elements of K, for the

indicated regions and the diagonal elements of Kg are defined similarly after a

correction is made for Klinkenberg effect as shown in Eq. (4.2.29). Plays same role
in definition of Kg, K}, for regions 8, 9 in Fig. 4.2.1 as SHPRMASP does in the
definition of Kg, K,, for region 5 in Fig. 4.2.1, with result that Kg, K}, are functions
of SHPRMCLY, HALPRM and SHPRMDRZ. Distribution: Triangular. Range:
~21to —17.3 (i.e., permeability range is 1 x 10721 to 1 x 10173 m2). Mean, mode:

-18.9, -18.3. Additional information: Kelley et al. 1996a,b; Repository Isolation
Systems Department 1996.

Same as SHPRMCLY (as used for regions 4, 10 in Fig. 4.2.1) but for concrete
component of shaft seal (i.c., region 6 in Fig. 4.2.1) for O to 400 yr. Distribution:
Triangular. Range: —17.0 to —14.0 (i.e., permeability range is 1 x 1017 to 1 x
1014 m?). Mean, mode: -15.3, -15.0. Data base identifiers: 2470 (CONC_T1,
PRMX_LOG), 2471 (CONC_T1, PRMY_LOG). Variable 10 in LHS, Additional
information: Kelley et al. 1996a,b; Repository Isolation Systems Department 1996.

Logarithm of intrinsic permeability (m2) of DRZ surrounding shaft. Used in
BRAGFLO. Defines k;, in Eq. (4.2.35). Used in definition of effective
permeability for shaft in regions 5, 8, 7 and 9 of Fig. 4.2.1. See SHPRMASP,
SHPRMCLY, SHPRMHAL. Distribution: Triangular. Range: —17.0to -14.0 (i.e.,
permeability range is 1 X 1017 to 1 x 10~14 m2). Mean, mode: —-15.3,-15.0. Data
base identifier: 3133 (SHFT_DRZ, PRMX_LOG). Variable 12 in LHS.
Additional information: Kelley et al. 1996a,b; Knowles et al. 1996.

Pointer variable (dimensionless) used to select intrinsic permeability in crushed salt
component of shaft seal at different times. Used in BRAGFLO. Distribution:
Uniform. Range: 0to 1. Mean, mode: 0.5, 0.5. A distribution of permeability
(m?) in the crushed salt component of the shaft seal (i.e., region 7 in Fig. 4.2.1) is
defined for each of the following time intervals: [0, 10 yr], [10, 25 yr], [25, 50 yr},
[50, 100 yr], [100, 200 yr], [200, 10,000 yr] (see Table 2, Kelley et al. 1996a).
SHPRMHAL is used to select a permeability value from the cumulative distribution
function for permeability for each of the preceding time intervals with result that a
rank correlation of 1 exists between the permeabilities used for the individual time
intervals. Once selected, crushed salt permeabilities are used to define Kg, K, in
Egs. (4.2.1), (4.2.2). For region 7 (Fig. 4.2.1) in the same manner as SHPRMASP
is used to define Kg, K, for region 5 (Fig. 4.2.1). Data base identifier: 2939

(SALT_T1, CUMPROB). Variable 13 in LHS. Additional information: Kelly et
al. 1996a,b; Vaughn and McArthur 1996.

# Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.
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Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)®

Variable

Description

SHRBRSAT

SHRGSSAT

WASTWICK

WFBETCEL

WGRCOR

WGRMICH

Residual brine saturation in shaft (dimensionless). Used in BRAGFLO. Defines
Sprin Eqs. (4.2.23) - (4.2.24) for regions 3-11 in Fig. 4.2.1. Distribution: Uniform.
Range: 0to 0.4. Mean, median: 0.2, 0.2. Additional information: Kelley et al.
1996a,b.

Residual gas saturation in shaft (dimensionless). Used in BRAGFLO. Defines Sgr
in Eq. (4.2.24) for regions 3-11 in Fig. 4.2.1. Distribution: Uniform. Range: Oto
0.4. Mean, median: 0.2, 0.2. Data base identifiers: 2529 (SALT_T1,
SAT_RGAS), 2546 (SALT_T2, SAT_RGAS), 2563 (SALT_T3, SAT_RGAS),
2580 (SALT_T4, SAT_RGAS), 2597 (SALT_TS5, SAT_RGAS), 2993 (SALT_T®6,
SAT_RGAS), 2512 (EARTH, SAT_RGAS), 3015 (CL.LAY_RUS, SAT_RGAS),
2543 (CL_L_T1, SAT_RGAS), 2360 (CL_L_T2, SAT_RGAS), 2377 (CL_L_T3,
SAT_RGAS), 3083 (CL_L_T4, SAT_RGAS), 2394 (CL_M_T1, SAT_RGAS),
2411 (CLL_M_T2, SAT_RGAS), 2428 (CL._M_T3, SAT_RGAS), 2445 (CL_M_T4,
SAT_RGAS), 2462 (CL._M_T5, SAT_RGAS), 2326 (CLAY_BOT, SAT_RGAS),
2479 (CONC_T1, SAT_RGAS), 2495 (CONC_T2, SAT_RGAS), 3064
(CONC_MON, SAT_RGAS), 2292 (ASPHALT, SAT_RGAS). Variable 14 in
LHS. Additional information: Kelley et al. 1996a,b; Mayer et al. 1992.

Increase in brine saturation of waste due to capillary forces (dimensionless). Used
in BRAGFLO. Defines S, in Eq. (4.2.71) for regions 23, 24 in Fig. 4.2.1.
Distribution: Uniform. Range: 0to 1. Mean, median: 0.5, 0.5. Data base
identifier: 2231 (WAS_AREA, SAT_WICK), 2138 (REPOSIT, SAT_WICK).
Variable 8 in LHS.

Scale factor used in definition of stoichiometric coefficient for microbial gas
generation (dimensionless). Used in BRAGFLO. Defines B in Eq. (4.2.70) for
regions 23, 24 in Fig. 4.2.1. Distribution: Uniform. Range: 0 to 1. Mean, median:
0.5, 0.5. Data base identifier: 2994 (CELLULS, FBETA). Variable 5 in LHS.
Additional information: Wang and Brush 1996a,b.

Corrosion rate for steel under inundated conditions in the absence of CO, (m/s).
Used in BRAGFLO. Defines R; in Eq. (4.2.49) for regions 23, 24 in Fig. 4.2.1.
Distribution: Uniform. Range: 0 to 1.58 x 10-14 m/s. Mean, median:

7.94 x 10715 mys, 7.94 x 10715 my/s. Data base identifier: 2907 (STEEL,

CORRMCQ?2). Variable 1 in LHS. Additional information: Wang and Brush
1996a.

Microbial degradation rate for cellulose under humid conditions (mol/kges). Used
in BRAGFLO. Defines R,,; in Eq. (4.2.51) for regions 23, 24 in Fig. 4.2.1,
Distribution: Uniform. Range: 0 to 1.27 x 1079 mol/kges. Mean, median:

6.34 x 10-10 mol/kges, 6.34 x 10710 mol/kges. Data base identifier: 656
(WAS_AREA, GRATMICH), 2127 (REPOSIT, GRATMICH). Variable 4 in LHS.
Additional information: Wang and Brush 1996a.

? Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.




Table 1.1. LHS Variables Used in the BRAGFLO Model (Continued)?

Variable Description

WGRMICI Microbial degradation rate for cellulose under inundated conditions (mol/kges).
Used in BRAGFLO. Defines R,;; in Eq. (4.2.51) for regions 23, 24 in Fig. 4.2.1.
Distribution: Uniform. Range: 3.17 x 10-10t0 9.51 x 10~ mol/kges. Mean,
median: 4.92 x 1072 mol/kges, 4.92 x 10~ mol/kges. Data base identifier: 657
(WAS_AREA, GRATMICI), 2128 (REPOSIT, GRATMICI). Variable 3 in LHS.
Additional information: Wang and Brush 1996a.

WMICDFLG Pointer variable for microbial degradation of cellulose. Used in BRAGFLO.
Distribution: Discrete, with 50% 0, 25% 1, 25% 2. WMICDFLG =0, 1, 2 implies
no microbial degradation of cellulose, microbial degradation of only cellulose,
microbial degradation of cellulose, plastic and rubber. Data base identifier: 2823
(WAS_AREA, PROBDEG), 2824 (REPOSIT, PROBDEG). Variable 2 in LHS.
Additional information: Tierney 1996a.

WRBRNSAT Residual brine saturation in waste (dimensionless). Used in BRAGFLO. Defines
Spr in Egs. (4.2.13) - (4.2.14) for use in regions 23, 24 in Fig. 4.2.1. Also used in
BRAGFLO_DBR; see Sect. 4.7.4. Distribution: Uniform. Range: 0 to 0.552.
Mean, median: 0.276, 0.276. Data base identifiers: 670 (WAS_AREA,
SAT_RBRN), 2741 (REPOSIT, SAT_RBRN). Variable 7 in LHS. Additional
information: Vaughn 1996a.

WRGSSAT Residual gas saturation in waste (dimensionless). Used in BRAGFLO. Defines Sqgr
in Eq. (4.2.14) for use in regions 23, 24 in Fig. 4.2.1. Also used in
BRAGFLO_DBR; see Sect. 4.7.4. Distribution: Uniform. Range: O to 0.15.
Mean, median: 0.075, 0.075. Data base identifiers: 671 (WAS_AREA,
SAT_RGAS), 2137 (REPOSIT, SAT_RGAS). Variable 6 in LHS. Additional
information: Solutions Engineering 1995.

 Adapted from Table 5.2.1, Helton et al. (1998); figure and equation numbers correspond to figures and equations in that report.




2. Mathematical Model of Disturbed Rock Zone

This section briefly describes the modeling assumptions for the DRZ with respect to void volume
and permeability and the assumptions for fluid flow that were numerically implemented by
BRAGFLO. A brief background on the mechanical processes that caused the development of the
DRZ is given below.

The WIPP repository is excavated within laterally continuous halites and polyhalites. The halite
is interbedded with thin layers of clay and anhydrite. The removal of halite to create the waste
region creates pressure nonequilibrium between the newly created open surfaces (near
atmospheric pressure) and the host rock. The visco-elastic nature of halite, coupled with this
newly created stress-strain field, causes the halite within the vicinity of the excavated face to
deform as it closes the excavated room. This process is commonly called creep closure. The
creep closure process is enough to initiate grain boundary separation and create microfractures
within a few meters of the excavation. Some of these microfractures grow in size and form
macrofractures, and in some cases, the excavated face of the host rock exfoliates along these
larger fracture lines. When this happens, the exfoliated rock is not connected to the host rock and
becomes part of the room rubble. Once disengaged from the host rock, the detached material
will no longer transmit fluids from the enhanced fracture network that penetrates into the host
rock. With time, the visco-elastic nature of the rock will cause the surrounding rock to close in
on the excavated void. As this happens, microfractures will close or ‘heal’ as the excavated
room closes and pressures rise to that of lithostatic. Given the processes described above, the

volume of the DRZ will also be reduced as the room shrinks in size.

In the creation of a DRZ, several host rock properties are changed due to the process of creep
closure. These are 1) increased void volumes due to halite dilation and 2) enhanced fluid
permeability via larger and more connected voids, along grain boundaries. (A more detailed
discussion of the DRZ numerical conceptualization can be found in the 1996 WIPP PA Salado
Flow analysis document [Bean et al., 1996].)

Because the DRZ lies above and below the excavated area (see Figure 1.3), its void volume and

permeability can affect brine and gas flow between the waste disposal areas and other areas of
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the repository. Of interest is the level of realism implemented in the PA’s DRZ numerical model
with respect to effective DRZ permeabilities and void volumes and how the DRZ numerical
model couples with the model used to derive void volume and permeability for the waste

regions.

For the 1996 PA, the void volume of the DRZ is a function of a) halite porosity (five years after
closure, a sampled parameter), b) DRZ compressibility, and c) changes in the initial value for
DRZ porosity given its functional relationship with compressibility and pressure.' DRZ
permeability is a function of a) absolute permeabilities,’ b) actual brine or gas saturations, and
¢) residual brine and gas saturations. The model used by BRAGFLO for waste panel volumes is
the product of a separate set of calculations that take into account the visco-elastic nature of the

host rock and the waste material. This is incorporated in BRAGFLO by use of a look-up table.

The following section will demonstrate that:

e  While absolute (i.e., formation or nonadjusted) DRZ permeability is approximately two
orders of magnitude less than absolute waste panel permeability, DRZ effective permeability
can be greater than waste panel permeability given the extent of brine or gas saturations

within the two regions.

e Even though initial DRZ void volumes are much smaller than the waste disposal regions,
toward the later half of the modeled period there are many realizations where DRZ void

volumes are much greater than those of the waste disposal region.

Due to the preceding modeling assumptions implemented by the 1996 PA, the DRZ can become
a gas or brine pathway that significantly promotes or ‘short circuits’ fluid flow between the upper

and lower waste panels.

! Pressure fluctuations from processes active within the waste regions and the repository affect the void volume of
the DRZ in a similar fashion as the model for the waste region itself, but to a different degree, as the two regions use
two different numerical models.

? Formation permeability values given 100% brine saturation.




The organization of this section is as follows:

o First, a brief description is given as to how the BRAGFLO model determines DRZ volumes,
the relationship between DRZ volumes and waste panel volumes, and how these volumes

change with respect to time and location.

e Second, the functional relationship between effective permeabilities, gas and brine

saturations, and other sampled parameters is briefly described.

e Third, gas saturations within the DRZ and the upper and lower waste panel are briefly

compared. (Details of gas saturations are provided in Section 3.)

e Fourth, a short analysis is presented of the range in effective permeabilities between the DRZ

and the two modeled waste regions at various times within the modeled period.

e Finally, a brief description is given of the mathematical model employed by BRAGFLO used

to derive effective permeabilities.

2.1 Numerical Implementation of the DRZ Pore Volumes

In the BRAGFLO model, the DRZ volume is a function of the adjoining Salado halite porosity
given by:

®o ,, = Do, +.0029 2-1)
where

@, = halite porosity at the initial time (a sampled variable) at reference

halite

pressure p,

This porosity value represents the region after the five-year waste panel emplacement period.

The formation compressibility affects DRZ porosity by:

@, = Do, exp[C; (p — py)] (2-2)
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C. = DRZ rock compressibility of the material.

The value of rock compressibility is converted to pore compressibility by dividing bulk

compressibility by @ __(assigned value of 7.41 x 107" Pa™).

oDRZ

For this study, DRZ void volumes above and below the waste panels were compared. Figure 2.1
shows hairplots’ illustrating the variations in DRZ void volumes for an E1 intrusion for different

realizations with time. Labels defining these areas are given below:

¢ PVL_UWPS = DRZ volumes (m’) above the lower waste panel, south of the borehole,
e PVL_UWPN = DRZ volumes (m’) above the lower waste panel, north of the borehole,
e PVL_UROR = DRZ volumes (m®) above the upper waste panels,

e PVL_LWPS = DRZ volumes (m3) below the lower waste panel, south of the borehole,
e PVL_LWPN = DRZ volumes (m’) below the lower waste panel, north of the borehole,

e PVL_LROR = DRZ volumes (m’) below the upper waste panels.

The set of boxplots* given in Figure 2.2 shows the DRZ void volumes taken at 999, 1500, and
10,000 years. For comparison, plots of waste panel volumes taken at the same time are provided
below the DRZ plots. The waste panel void volumes rapidly decrease soon after repository
closure, experience a slight increase between 1000 and 1200 years, then fluctuate between
declining and increasing values from 1200 to 10,000 years (see Helton et al., 1998, Section 8.3).

Volumes for the majority of simulations stabilize around 6000 years.

* Hairplots illustrate results for the entire suite of 100 simulations, which are overlaid on one plot.
* Boxplots present results in graphical form as the mean, median, 25th and 75th quantile groups, as well as outliers
within a population set. Boxplots are presented from data taken at significant times within the modeled period.
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FIGURE 2.1, VOID VOLUMES OF THE DRZ as a function of time for an E1 intrusion (individual curves represent different realizations of problem parameters)
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FIGURE 2.2. BOXPLOTS FOR CHANGES IN waste panel (left column) and DRZ void volume (right column) at 999,
1500, and 10,000 years




It is evident from the hairplots in Figure 2.1 that all DRZ volumes are proportional to one
another and appear to change in unison. General trends observed for DRZ volume changes are

1) a gradual increase in void volumes is seen soon after repository closure, 2) voids slightly
increase at the time of intrusion (1000 years), 3) volumes reach near maximum levels value
during the 200-year period when the lower borehole is connected only to the lower Castile
reservoir (and minimum connection exists between the Salado and the upper units), 4) DRZ
voids rapidly decline when the upper borehole plug degrades at 1200 years, and 5) DRZ volumes
are reduced to relatively constant values soon after 2200 years, when the lower portion of the

borehole closes.

All DRZ volume changes above and below the waste panels are directly proportional to one
another (see Figure 2.3). Because of this relationship, changes in DRZ volumes with respect to

other processes and properties are given only for the DRZ above the upper waste panel
(PVL_UROR).

All DRZ regions do not behave as isolated zones, but respond to repository processes in unison
and to the same extent. This behavior is not unique to the DRZ. The lower and upper waste
panel volumes do not behave as isolated units but respond in unison to repository processes as
illustrated in Figure 2.4. The plots given in Figure 2.4 show the relationship between void
volumes of the lower and upper waste panels at 999 and 10,000 years. Examining these figures,

it is seen that the volumes of the two waste panels are also directly proportional to one another.

Waste panel volumes are a function of initial room porosity and pressure changes, somewhat
similar to DRZ volumes, but the mathematical formulation of waste panel volumes is dependent
on a different conceptual model. This model is numerically formulated with a code called
SANTOS.’ Because the two numerical models differ, coupling the DRZ and the waste panel
volume changes in BRAGFLO may not capture the creep closure conceptual model described at
the beginning of this section. Consequently, the void volumes of the waste panels and the DRZ

change at quite different rates and to a different extent; this is illustrated in Figure 2.5.

* Details are described in the BRAGFLO analysis package (Bean et al., 1996).
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FIGURE 2.3. SCATTERPLOTS FOR (a) DRZ void volumes below the south side of the lower waste panel versus DRZ
void volumes below the north side of the lower waste panel at 999; (b) DRZ void volumes above north side of lower
waste panel with respect to DRZ void volume above upper waste panel at 999 years; and (c) DRZ void volumes
above the north side of the lower waste panel with respect to DRZ void volumes above the upper waste panel at
10,000 years

Interestingly, at 10,000 years there are simulations in which the DRZ void volumes are actually

larger than those of the waste disposal regions (see Figure 2.5).

The right plot of Figure 2.5 shows that at 10,000 years there are realizations with relatively large

DRZ void volumes associated with relatively small upper waste panel volumes. When adding
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the DRZ volume below the waste panel, this difference is enhanced. Conversely, multiple
realizations have relatively small DRZ void volumes coupled with relatively large upper waste

panel volumes.

Given this analysis, the following questions are asked:

e What are the dominant variables and processes that impact DRZ volumes, and

o How strongly does the relationship between halite porosity and DRZ volume persist

throughout the modeled period?

The answers to these questions are evident in Figures 2.6 and 2.7. Figure 2.6 is a set of
scatterplots showing a strong correlation of halite porosity with UDRZ void volumes located
above the upper waste panel at 999 and 10,000 years. It should be noted that only modest
changes in DRZ void volumes occur for all realizations between 999 and 10,000 years. SRRC
analysis shows the sensitivity of DRZ void volumes is dominated by halite porosity alone. This
is illustrated in Figure 2.7, which is the SRRC plot for the DRZ void above the upper waste panel
(PVL_UROR) with respect to HALPOR.

By comparison, the sensitivity analysis reported in Helton et al. (1998) shows that panel room
volumes are influenced by those parameters affecting repository pressures (i.e., microbial

degradation, gas generation, etc.).

The following questions come to mind:

e Is there an inconsistency in the model results as to what impacts volume changes between the

DRZ and disposal room models, and

e Is it realistic to have DRZ volumes larger than waste panel volumes given current knowledge

of the visco-plastic response of the Salado halite to the WIPP excavation?




R1S3 - Pore Volume of DRZ at Time=999 years R183 - Pore Volume of DRZ at Time=10000 years
T T T T J

T T T T T T T T
s L . 315 | W
. : « * . .
a0 . ° o 270 . . 4
» . . = G®
o 25 L - ~ = & 225 . . ~
=] - =) o
5 .t » v .. . ‘. L3
g 20 - ., - = g 18.0 .. -
g - . - % -.' M
| . . \ o -
. ' . e . _
u>_ 15 . ] . . a 135 |
-« . - o - e . l.'
10 | AN . 9.0 Y -
i .. L%
- . %y X
«u b -
5r, . #o N 45~ 20 W
-.-\ '_h':;-
oL" ! L | 1 ) - 00 L ] ] I ! ST
4 8 12 16 20 24 28 4 8 12 16 20 24 28
HALPOR ( *10-%) HALPOR ( *10°%)
TRI-6342-5716-2
(@ (b)

FIGURE 2.6. DRZ VOID VOLUMES (m’) ABOVE the upper waste panel (PVL_UROR) at (a) 999 and (b) 10,000
years with respect to halite porosity (HALPOR)
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FIGURE 2.7. SRRC RESULTS SHOWING HALPOR is the most influential LHS parameter affecting UDRZ void
volumes above the upper waste panel (PVL_UROR)




2.2 Derivation of Effective Brine and Gas Permeabilities for Disturbed Rock Zone,
Panel Closures, and Waste Disposal Area

As described in the BRAGFLO analysis report (Bean et al., 1996), two-phase flow is modeled
throughout the numerical grid, including the repository, the DRZ, and surrounding vicinity
(including regions such as the marker beds). For two-phase flow calculations, a permeability for
brine and gas must be derived when the porous medium is not fully saturated with one or the
other fluid; this permeability is called effective permeability. To determine an effective
permeability, BRAGFLO uses a relative permeability, which is the ratio of the effective
permeability (permeability at less than 100% saturation) with respect to absolute permeability

(permeability at 100% saturation). The relative permeability of a porous media is defined as

bl
|
> |

(2-3)

=

where

, = relative permeability of the formation to phase /

k, = effective permeability of the formation to phase [

k = absolute permeability of formation

2.2.1 How Fluid Saturation Impacts Effective Permeability

The effective or relative permeability with respect to a fluid phase depends on the saturation of
that phase. For fluids within a phase to remain mobile, a continuous flow path for that phase
must be maintained in the porous media. As the phase saturation decreases, the ability for that
phase to transport fluid decreases. There is a saturation at which continuity of the flow path
breaks down and advective transport within the phase is no longer possible. The maximum
saturation at which this occurs is called the residual saturation for that phase. The effective
permeability for a phase as seen from Equation 2.3 is the product of the formation permeability
and the phase relative permeability. Therefore, the dependence of effective permeability on

saturation is equivalent to the dependency of relative permeability on saturation.

2-12



As described in Section 2.3, the Brooks-Corey model represents relative brine saturation as a
function of effective brine saturation by
Sb = Sbr

S, =b_“br 2-4
=5y 2-4)

This empirical equation guarantees that the effective saturation is zero at residual brine saturation
and has value one when brine saturation is one. Figure 2.8 shows a plot of this equation for
residual brine saturations 0.0 and 0.55. As demonstrated in Figure 2.8, when residual brine

saturation is relatively high, this causes effective brine saturation to become relatively low.

‘Effective’ Brine Saturations w.r.t Actual Brine Saturation
Calculated from Maximum and Minimum LHS Residual Brine Saturation Values

0.9 - R P
—o— Effective Brine Sat (given Sp=0)

—o— Effective Brine Sat (given Sy=0.55)

Effective Brine Saturation

Actual Brine Saturation

FIGURE 2.8. BOUNDING VALUES FOR EFFECTIVE brine saturations assigned to the waste disposal area

Several empirical models have been developed to derive relative permeabilities in terms of
saturation; the Brooks-Corey model is used by BRAGFLO. (A brief description of the Brooks-
Corey mathematical model used by BRAGFLO for the 1996 PA to determine relative
permeabilities is provided at the end of this section.) Input parameters for the DRZ, waste
panels, and panel closures required for the relative permeability model are residual saturations,
pore size distribution, and absolute permeability. These values, together with formation

permeability, are listed in Table 2-1.




Table 2.1.  Input Parameters Affecting Permeability in the DRZ, Panel Closures, and

Waste Disposal Area
Parameter DRZ Panel Closures Waste Disposal Area
Pore size distribution (1) 0.7 0.94 2.89
Residual brine saturation 0.0 0.2 sampled range (0.0 - .55)
(Sor)
Residual gas saturation (Sgs) 0.0 0.2 sampled range (0.0 - .15)
Absolute permeability (Kops, m?) 1.0 x 10715 1.0x 10715 ~1.70215 x 1013

2.2.2 DRZ and the Waste Panel Effective Permeabilities

For the waste disposal area, while absolute permeabilities are higher than in the DRZ, given the
wide range in sampled brine and gas residual saturations, effective permeabilities (a function of
relative and absolute permeability) can vary over several orders of magnitude and go below that
of the panel closures and the DRZ. Figure 2.9 illustrates the bounding values for effective brine
and gas permeabilities derived for the waste disposal area, again using the maximum and
minimum assigned residual brine saturations. One can see that a large value for brine saturation
can still translate to a very low effective brine saturation and permeability, given a high assigned

sample value for residual brine saturation.

Given that the interface between the DRZ/waste disposal area has a large surface area, the DRZ
pathway for fluid flow to and from the waste disposal areas can become significant if brine or gas
saturations appreciably differ between the DRZ and adjoining waste areas. BRAGFLO results
for the E1 scenario indicate the brine saturation for the upper waste panel is generally much less
than that for the lower waste panel, the LDRZ, and the UDRZ to the south of the panel closures
(see Table 2.2). As indicated by the values for brine saturation in Table 2.2, the lower waste
panel has the highest brine saturation and the upper waste panel has the lowest. In the majority
of cases after intrusion, brine saturations in the DRZ below both waste panels and above the

upper waste panel are higher than the upper waste panel itself.
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Bounding Values for 'Effective’ Gas and Brine Permeabilities in the Waste Disposal Areas
Calculated from Minimum and Maximum LHS Residual Brine and Gas Saturations
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FIGURE 2.9. BOUNDING EFFECTIVE BRINE AND gas permeabilities assigned to the waste disposal area using the

functional relationship between effective permeability and residual brine and gas saturations.

Consequently, it is possible for effective brine permeabilities of the upper waste panel to fall

below those of the DRZ, especially for realizations with very high sampled residual brine

saturations.

The bars in Figure 2.10 show the effective brine permeabilities for each simulation using

absolute brine saturations of ~0.20 and 0.30° and their respective LHS residual brine saturation

values.

Effective Gas Permeability

The shaded area of the plot shows the range of effective brine permeabilities for the DRZ area

above and below the lower waste panel and below the upper waste panel, given the mean values

° Brine saturation values falling within the mean and median for the upper waste panel that are most likely to occur

in the upper waste panel between 1000 and 10,000 years.
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Table 2.2. Mean, Median, Minimum, and Maximum Brine Saturations Calculated from
300 LHS Elements for the Lower and Upper Waste Panel, the DRZ Above
and Below the Upper Waste Panel, and the DRZ Below the Lower Waste
Panel

WAS_SATB REP_SATB SATBUWPN SATBUROR SATBLROR
1,000 years
Mean 0.768 0.276 0.137 0.121 0.724
Median 0.882 0.187 0.123 0.123 0.719
Minimum 0.003 0.000 0.029 0.029 0.194
Maximum 0.986 0.961 0.957 0.262 ~1.000
WAS_SATB REP_SATB SATBUWPN  SATBUROR SATBLROR
10,000 years
Mean 0.873 0.261 0.485 0.138 0.807
Median 0.912 0.194 0.651 0.112 0.818
Minimum 0.171 ~0.000 0.082 0.072 0.340
Maximum 0.996 0.978 _0.978 0.613 0.999
* WAS_SATB = brine saturation lower waste panel
REP_SATB = brine saturation upper waste panel
SATBUWPN = brine saturation upper DRZ (above north side of lower waste panel)
SATBUROR = DRZ brine saturation, above upper waste panel
SATBLROR = DRZ brine saturation, below upper waste panel.

seen for DRZ brine saturations (i.e., brine saturations between ~0.60 to ~0.87). Note that more

than 50% of the realizations have upper waste panel effective permeabilities less than DRZ

permeabilities. As this figure illustrates, even though absolute permeabilities in the DRZ are two

orders of magnitude lower than the waste panel, given the degree of brine saturation in the DRZ,

it is very likely that effective brine permeability in the DRZ be higher than those for the waste

regions. Consequently, the effective permeability and the volume of DRZ can facilitate or inhibit

fluid flow between the waste disposal areas and the borehole. Details of fluid flow within these

areas are discussed in Sections 4, 5, and 6.

Given the preceding analysis, the following questions arise:

e Is it realistic to have a constant permeability (absolute) assigned to the DRZ given the

volume variation (a function of halite porosity) of the DRZ, and

2-16




Effective Brine Permeability for Upper Waste Panels and DRZ
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FIGURE 2.10. RANKED EFFECTIVE BRINE PERMEABILITIES for the upper waste panel at absolute brine saturations

of ~0.20 to 0.30. The shaded box on the plot represents the range for effective brine permeability in the DRZ for

brine saturations ranging between 0.6 and 0.87, which represent median values for DRZ brine saturation above the
north side of the lower waste panel and below the upper waste panels. The plots illustrate there are over 54
simulations (within a 100 simulation set) that will have DRZ permeability greater than upper waste panel

permeability.

e How does a constant and relatively high value for DRZ permeability affect repository

performance with respect to fluid movement between panels?

2.3  Mathematical Model Used to Derive Effective Permeability

The following is a brief review of the mathematics employed in the Brooks-Corey model.

Details are given in the BRAGFLO analysis package.




For the DRZ, the panel closures, and the waste disposal area, BRAGFLO employs a modified

Brooks-Corey model, which is defined below:

krb - (2+34)4 (2_5)

by = (1-5,)(1-57) (2-6)
where

k, = relative permeability to the brine phase

S = effective saturation

S
M

pore size distribution constant

&
]

relative permeability to the gas phase.

Effective saturation for brine is defined as

A
‘S"3 — b br , (2_7)
1 - Sbr
where
S, = actual brine saturation
S,, = residual brine saturation.
Effective saturation for gas is defined as
= 5 =Sy ) (2-8)
1 - Sgr - Sbr

where

S, = residual gas saturation.




As a reminder to the reader, residual saturation is the point where a fluid is no longer continuous

within the pore space, and consequently flow of that fluid ceases.
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3. Gas Saturation in the Waste Disposal Areas and Adjoining DRZ

As discussed in Section 2, effective permeabilities are partially functions of saturation. Given
this functionality, when the fluid saturation levels in the DRZ significantly differ between regions
or change with time from those of the adjoining waste disposal areas, a highly heterogeneous and
‘transient’ permeability field is created between the waste disposal areas and the DRZ.
Therefore, the variation in fluid saturation within the DRZ can cause a heterogeneous effective
‘permeability field’ unique to each realization, which in turn can create preferential brine and gas
flow paths between the upper and lower waste panels, and in the event of an intrusion, the
borehole. The purpose and organization of this section is to 1) compare gas saturation between
the waste disposal areas and adjoining DRZ, 2) discuss trends and general patterns for gas
saturation within the waste disposal areas and the DRZ, 3) determine the potential impacts of
DRZ fluid flow on repository performance, and 4) discuss those variables that control DRZ

saturation.

For brevity, only gas saturation (as opposed to brine saturation) is discussed in this section. In
the BRAGFLO model, brine saturation is a function of gas saturation (i.e., brine saturation = 1 —
gas saturation). A detailed description of brine saturation within the waste panels is provided in

Chapter 8.3 of Helton et al. (1998).

Table 3.1 defines the variables names for gas saturation within the waste panels and adjoining

DRZ (which are illustrated in Figure 3.1.1).
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Table 3.1 Dependent Variables Defining Gas Saturations in the Waste Panels and Adjoining DRZ
(note variable names shown on boxplots are abbreviated and given in parenthesis)

Variable
WAS_SATG (W_SATG)
REP_SATG (R_SATG)

Description

Lower waste panel gas saturation

Upper waste panel gas saturation

SATGUWPN (SGUWPN) UDRZ gas saturation, above north side of lower waste panel
SATGUWPS (SGUWPS) UDRZ gas saturation, above south side of lower waste panel
SATGUROR (SGUROR) UDRZ. gas saturation, above upper waste panel
SATGLWPN (SGLWPN) LDRZ gas saturation, below north lower waste panel
SATGLWPS (SGLWPS) LDRZ gas saturation, below south lower waste panel
SATGLROR (SGLROR) LDRZ gas saturation, below upper waste panel
3 N
S
.
i
[ e Operation s, B
B SATGUWPS (| SATGUWPN i{ SATGUROR
{ ), & )N\
! WAS_SATG . REP_SATGJ
§ ms SATGLWPN g SATGLROR \
s ( Pawglngea
Salado

Experimentat -
Foorm

TRI-6342-4872-1

FIGURE 3.1.1. REGIONS OF DISPOSAL SYSTEM for which gas saturations were evaluated

3.1  Comparison of Gas Saturation for the Waste Disposal Areas and Adjoining DRZ

This section provides boxplots for gas saturation in the DRZ and waste disposal areas at 999,
1500, 5500, and 10,000 years, and hairplots that show variations in gas saturation in the waste

panels and their adjoining DRZ over time. The box plots present the mean, median, 25th, and
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75th quantiles and outliers for gas saturations. The boxplots in Figures 3.1.2 and 3.1.3 show that,

prior to intrusion,

o At 999 years in the UDRZ region above all waste panels, the majority of realizations have

gas saturation well above the 0.90 level.

e In the LDRZ below the upper waste panels, a wide range in gas saturation occurs. This
spread ranges from 0.8 to well below 0.1. Gas saturation in the LDRZ below the lower waste
panel is much less than in the LDRZ directly up-dip. There are multiple realizations with gas

saturation in the LDRZ lying below the lower waste panel that are above the 0.2 level.

e In the waste disposal areas, gas saturation is relatively high, with the upper waste panel

having the highest value, with less spread and fewer outliers.

For times after intrusion:

e At 1500, 5500, and 10,000 years, gas saturation in the UDRZ above the lower waste panels
remains fairly significant (above 0.20 levels). Mean UDRZ gas saturation levels above the
south and north halves of the lower (intruded) waste panel fall between ~0.3 and 0.5, with the

values for the south half being slightly lower than the values for the north.

e At 1500, 5500, and 10,000 years, the highest gas saturation occurs in the UDRZ above the
upper waste panel for the majority of realizations, with a mean value above ~0.8. Gas

saturations within this area of the UDRZ fluctuate less between realizations.

e LDRZ gas saturation below the lower waste panel dramatically drops between 999 and

10,000 years. Mean values at 1500 and 10,000 yr are well below 0.09.
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FIGURE 3.1.2. BOXPLOTS FOR GAS SATURATION levels (unitless) taken at 999 and 1500 years in the DRZ (top
row) and within the lower and upper waste panels (bottom row)
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FIGURE 3.1.3. BOXPLOTS FOR GAS SATURATION levels (unitless) taken at 5500 and 10,000 years in the DRZ (top
row) and within the lower and upper waste panels (bottom row)
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¢ Gas saturations within the upper and lower waste panel are dramatically different from those
at 999 years. The upper waste panel remains dominantly gas saturated, with a mean value

well above 0.8, similar to that seen prior to intrusion.

» The lower waste panel has a dramatic reduction in gas saturation after 999 years, with mean

values falling from 0.3 to below 0.1 between 1500 and 10,000 years.

When comparing boxplots for the DRZ and the waste disposal areas, it should be noted that:

e All DRZ areas experience a decrease in gas saturation levels as a result of the intrusion event.

The decline in degree of gas saturation is most marked in the down-dip regions of the DRZ.

e Mean values for gas saturation in the waste disposal areas are higher than mean values for
gas saturation in the LDRZ lying directly below these areas; the most pronounced difference

is seen between the upper waste panel and the LDRZ just below this area.

e UDRZ gas saturations above the upper waste panel have less spread and remain the highest

levels throughout the modeled period.

e A large variation exists between realizations for UDRZ gas saturation lying directly above
the lower waste panel. Of interest is the increasing spread, from 1500 to 10,000 years, for
UDRZ gas saturation in the area just south of the borehole. In contrast, in the UDRZ just
north of the borehole the spread for UDRZ gas saturation constricts, with the bulk of

realizations showing an overall decline in UDRZ gas saturation.




3.1.1 Summary of Gas Saturation in the Lower (WAS_SATG) and Upper (REP_SATG)
Waste Panels

Figure 3.1.4 gives hairplots for gas saturations in both the lower and upper waste panels. For the
first 100 years after repository closure, gas saturations of the upper and lower waste panels are
similar. Differences in saturations between the two regions begin to appear around 500 years,
and are primarily due to the 1-degree slope of the repository; the lower waste panel tends to be
less gas saturated than to the upper waste panels as brine drainage accumulates in this down-dip
area. The upper waste panels tend to become more gas saturated as gas produced early on
migrates and is stored in the up-dip location of the excavated area. After intrusion, a dramatic
difference is seen in gas saturation between the lower (intruded) and upper (unintruded) waste
panels. For most realizations, soon after intrusion, gas saturation for the lower waste panels
dramatically decreases to minimum levels; in the upper waste panels gas saturations remain well

above ~0.8 (i.e., ~80% of the void volume is gas filled).

WAS_SATG: Volume-Averaged Gas Saturation in Waste Panel REP_SATG: Volume-Averaged Gas Saturation in Rest of Repository
Scenario 3: At 1000 years borehole penetrates repository and Scenario 3: At 1000 years borehole penetrates repository and
brine pocket., Replicate 1 brine pocket., Replicate 1

REP_SATG in dimensionless

WAS_SATG in dimensionless

=
! 1 I T T I T I 1

0.0
0 1000 2000 3000 4000 5000 6000 7000 8000 $000 10000

Time (Years} Time (Years)

(a) (b)
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FIGURE 3.1.4. GAS SATURATION HAIRPLOTS FOR (a) lower and (b) upper waste panels
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3.1.2 Summary of Gas Saturation in the DRZ

Figure 3.1.5 gives hairplots for gas saturations in all modeled regions of the DRZ. The upper left
and middle plots show gas saturations for the area above the south and north side of the lower
waste panel, respectively (divided by the borehole). The upper right plot gives the gas
saturations for the UDRZ above the upper waste panel. The lower left and middle plots show gas
saturations for the LDRZ below the south and north sides of the lower waste panel, respectively;

the lower right plot shows gas saturations for the area below the upper waste panel.

Note the marked reduction in gas saturation that all DRZ regions experience between intrusion
(1000 years) and borehole degradation (1200 years). Of additional interest are the four distinct
levels for gas saturation (seen in Figure 3.1.5) that most realizations tend to cluster around in the
UDRZ above the southern half of the lower waste panel (south of the borehole). The number of

‘cluster zones’ seems to diminish moving up-dip.

A brief overview of gas saturation within the UDRZ and LDRZ is given in the next two sections.

3.1.2.1 UDRZ Gas Saturation

The top row in Figure 3.1.5 shows the variation with time for UDRZ gas saturation. For the
majority of realizations, UDRZ gas saturations above the upper and lower waste panels steadily
increase from ~0.0 to values well above ~0.7 within the first hundred years after repository
closure. This increase is due to brine drainage out of the DRZ to the waste panel below and the
migration into the DRZ of gas from microbial gas production and, to a lesser extent, iron
corrosion. The increase soon subsides, and thereafter, gas saturations decline to values below
~0.4. Gas saturations in the UDRZ above the upper waste panel stay above 0.8 for the majority
of simulations from ~200 to 999 years. After intrusion, the similarity between saturations in the
UDRZ above the two waste regions tends to diminish. Generally, gas saturation increases

moving up-dip (south to north).
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After intrusion and upper borehole degradation, UDRZ saturations above the lower waste panel
cluster into several distinct regions. Of interest is the reduction in the number of cluster ‘zones’
Jjust north and south of the area divided by the borehole. There are four distinct zones in the
south half, and only two distinct zones due north. For the UDRZ region south of the borehole,
gas saturations for most realizations cluster around four levels, ~0.15, 0.3, 0.6, and 0.85, with a
larger population appearing to hover around the ~0.15 and 0.85 level. Interestingly, some
realizations seem to have UDRZ gas saturations that migrate among all four levels from the time
of upper borehole degradation to the end of the modeled period. The reason for the two
additional gas saturation levels that appear in the area south of the borehole, but not seen to the
north, is the tendency for an entrapped gas ‘bubble’ to form in the area just south of the borehole.
This ‘bubble’ persists and tends to form for realizations that have medium values for borehole

permeability and relatively high values for halite porosity.




Gas saturation tends to settle in fewer clusters in the UDRZ just north of the borehole (still above
the intruded waste panel). In this area, gas saturation tends to cluster around the 0.8 and 0.3
levels. As in the UDRZ due south, multiple realizations experience a fluctuation in saturation

levels that migrate from one saturation level to another.

Prior to intrusion, UDRZ gas saturation above the upper waste panel does not vary much between
realizations. Gas saturation remains well above 0.85 for the majority of realizations. After
intrusion, UDRZ gas saturation here only slightly decreases; most realizations have gas
saturations that cluster around 0.85. Between 1200 and 4000 years, a few realizations have gas
saturations that drop dramatically below 0.8. However, these levels begin to rise, and around

~4000 years eventually settle at ~0.8.

3.1.2.2 LDRZ Gas Saturation

The bottom row in Figure 3.1.5 shows the variation over time for LDRZ gas saturation. Similar
to the UDRZ, gas saturation in the LDRZ increases moving up-dip. For many realizations,
LDRZ gas saturation below the lower waste panel reaches to values well above 0.3 prior to
intrusion. Gas saturation is reduced to near 0.0 (approaching near complete brine saturation)
between 1200 and 2200 years, coincident with the time that the lower borehole experiences creep

closure.

In the area below the upper waste panel, a wide range exists in gas saturation values prior to
intrusion. Approximately one fourth of the realizations have saturations well above the mean
value of ~0.3, with a few climbing to values above the 0.8 level. At the time of upper borehole
degradation (1200 years), gas saturation in the LDRZ is reduced to relatively low levels for many
realizations, then increases again midway through the modeled period. Numerous realizations
have saturations that cluster around the 0.4 level and remain there from the time of upper

borehole degradation to the end of the modeled period.
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3.2  Effects of Gas Saturation On Fluid Flow Between Waste Regions

Because the DRZ has no capillary pressure for gas or brine to overcome and a value of zero for
residual gas and brine saturation, and because these material properties are coupled with a ‘slab’
geometry, the DRZ serves like a continuous seepage face joining all the repository. This seepage
face transmits fluid between the down-dip and the up-dip regions of the repository. The
condition that enhances fluid flow is the degree of fluid saturation. Consequently, any hindrance
to flow provided by the panel closures is effectively negated by the adjoining DRZ above and
below the waste panels. The DRZ effectively allows (or transmits) the more dynamic processes
that occur in the lower waste panel (i.e., the intrusion event) to propagate up-dip to the upper
waste panel, effectively short circuiting any hindrance to fluid flow between the two waste

regions provided by the panel closures.

Because the upper waste panel is less brine saturated than the LDRZ, the LDRZ becomes a brine
‘line’ source. Because the upper waste panel is less gas saturated then the UDRZ, the UDRZ
becomes a gas ‘line’ sink. The two conditions, in effect for most realizations, keep the upper
waste panel dynamically linked to the more active and transient processes occurring in the lower
waste panel connected to the borehole. This condition affects repository performance in the

following ways.

¢ A single intrusion event into a single waste panel will immediately reduce gas saturations
throughout the entire repository, most markedly in the lower waste panel. Because the
UDRZ is continuous and has high DRZ effective gas permeability, gas is easily transmitted
toward the borehole via the UDRZ from all waste disposal areas, which lowers repository
pressure. Lower gas saturation promotes brine drainage from the adjoining anhydrites, and
because the LDRZ is more brine saturated, more drainage will come from the lower southern
anhydrites (i.e., south MB 139). Once the lower waste panel is brine filled, excess brine will
flow up-dip, via the LDRZ, toward the upper waste panel. From the LDRZ, brine flows up
through the upper waste panel floor where it can be used for iron corrosion. Gas from
corrosion flows out the upper waste panel ceiling to the UDRZ. From the UDRZ, given the

borehole connection, this gas will flow down-dip toward the borehole.




o In effect, the DRZ configuration and degree of saturation promotes a counterclockwise

circular fluid path between the up-dip and down-dip regions of the repository. Eventually,
gas evacuation will lower pressures throughout the entire repository until they are
equilibrated to that of the overlying units via the borehole connection. After this
equilibration is achieved, minimal pressure differences will exist between each panel because
of the DRZ ‘manifold’ that connects waste regions. Consequently, when a second intrusion
into another waste panel occurs, its impact on overall repository performance will be far less

than that of the first.

3.3  Variables Affecting Gas Saturation in the Waste Panels and Adjoining DRZ

3.3.1 Variables Influencing Lower (WAS_SATG) and Upper (REP_SATG) Waste Panel
Gas Saturation Levels

3.3.1.1 Variables Influencing Lower Waste Panel Gas Saturation (WAS_SATG) Levels

Standardized rank regression coefficients (SRRCs) for variables influencing gas saturation in the
lower waste panel are given in Figure 3.3.1a. This figure indicates that, prior to intrusion,
WAS_SATG is inversely correlated with HALPOR (halite porosity) and positively correlated
with microbial degradation (controlled by the WMICDFLG ‘switch’). Low values for HALPOR
mean less brine will drain into the waste panel, keeping the panel more gas than brine filled.
High values for microbial degradation mean microbial generated gas will fill up the waste room,

increase pressures, and inhibit brine drainage from both the DRZ and the anhydrites.

After intrusion, WAS_SATG is inversely correlated with borehole permeability (BHPRM) and
positively /carrelated with residual gas saturation (WRGSSAT). Low BHPRM values mean brine
is impeded from entering into the repository and gas is impeded from flowing out (keeping
repository pressures at relatively higher levels). Thus, gas is more likely to remain in the waste
regions early in the modeled period rather than later. Gas will flow out of the waste region only

when gas saturation levels are above the assigned residual gas saturation values (WRGSSAT).
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independent variables for gas saturations in (a) lower and (b) upper waste panels

Consequently, those realizations with high values for WRGSSAT will have higher gas saturation

levels.

3.3.1.2 Variables Influencing Upper Waste Panel Gas Saturation (REP_SATG) Levels

SRRC:s for variables most influencing gas saturation in the upper waste panels are given in
Figure 3.3.1b. This figure indicates that, prior to intrusion, the single variable of significant
influence on REP_SATG is halite porosity (HALPOR). HALPOR influences REP_SATG for

the same reason this variable influences WAS_SATG.

After intrusion, iron corrosion rates (WGRCOR) and borehole permeability (BHPRM) influence
REP_SATG. BHPRM influences REP_SATG for the same reason it influences WAS_SATG.
WGRCOR shows up as influencing REP_SATG for less obvious reasons. The upper waste
panel is an important storage site for gas later in the modeled period, especially for realizations
with small DRZ volumes and low borehole permeabilities. As a reminder, the dominant gas-
producing mechanism after intrusion is iron corrosion. As gas is produced in all waste regions,

but more extensively in the lower waste panel, it migrates upward through the ceiling of the
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waste disposal areas to the UDRZ. Gas will tend to move into the up-dip regions of the
repository, especially for those realizations with high values for iron corrosion and with low
values for BHPRM. As DRZ storage capacity reaches maximum values, some gas migrates back
down through the upper waste panel ceiling, thus keeping gas saturation in the upper waste panel

relatively high due to the influx of gas produced in the lower waste panel.

3.3.2 Variables Influencing DRZ Gas Saturation Levels

3.3.2.1 UDRZ Gas Saturation Levels Above the Lower Waste Panel (South and North Sides -
SATGUWPS and SATGUWPN, respectively) and Above the Upper Waste Panels
(SATGUROR)

The plots in Figure 3.3.2 show that, prior to intrusion, halite porosity (HALPOR) and microbial
degradation (WMICDFLG > 0) most influence gas saturation in the UDRZ above all waste

panels.

Microbial degradation is important because it is the dominant gas-producing process early in the
modeled period. The correlation between WMICDFLG and UDRZ gas saturations increases in
strength between the time of intrusion and upper borehole degradation. Upon upper borehole
degradation, decreased pressure results in brine from the lower brine reservoir displacing resident
gas upward to the UDRZ; those realizations with microbial degradation will have more gas to be
displaced upward (as indicated in the correlation ‘spike’ at 1000 years). The inverse correlation
with HALPOR is due to the functional relationship that halite porosity plays in DRZ volumes.
Those realizations with low HALPOR values will have smaller DRZ void volumes and have
smaller gas storage capacities. This limited DRZ storage will ‘fill up’ more rapidly for

realizations with gas generation from microbial degradation.

Because the south side of the UDRZ adjoins south MB 138, any brine drainage from south
MB138 will drain into the south UDRZ. This brine competes with gas for DRZ void volume,
hence the inverse correlation with anhydrite permeability (ANHPRM) and SATGUWPS. Brine
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FIGURE 3.3.2. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing most influential
independent variables for gas saturations above lower waste panel for area (a) south of borehole, (b) north of
borehole, and (c) above the upper waste panel

drainage from the anhydrites to the DRZ is at the DRZ/anhydrite interface (more specifically,
from south MB 138 and Anhydrite AB). Because the area north of the borehole does not contact
an anhydrite layer, no correlation is seen between anhydrite permeability and DRZ gas saturation

just north of the borehole (SATGUWPN or SATGUROR).
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Halite permeability above the DRZ will facilitate the transmission of brine from the overlying
units to the DRZ and brine that drains from the undisturbed halite will displace resident DRZ
gas. Therefore, a very weak inverse correlation is seen between SATGUROR and halite

permeability (HALPRM).

3.3.2.2 Gas Saturation in LDRZ Below South and North Sides of the Waste Panel
(SATGLWPS and SATGLWPN) and Below the Upper Waste Panel (SATGLROR)

Figure 3.3.3 illustrates SRRC for the most influential variables controlling gas saturation in the
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FIGURE 3.3.3. STANDARDIZED RANK REGRESSION COEFFICIENT results showing most influential independent
variables for gas saturations below the lower waste panel for area (a) south of borehole, (b) north of borehole, and
(c) below the upper waste panel
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In general, parameters that control LDRZ gas saturation levels below all waste panels prior to
intrusion also appear to dominate after the intrusion. Note that there is no connection to the
lower brine reservoir prior to 1000 years. Therefore, the brief correlation at ~100 years between
brine reservoir compressibility (BPCOMP) and LDRZ gas saturation below the upper waste

panel is an anomaly.

Prior to intrusion, LDRZ gas saturation levels below the south and north halves of the lower
waste panel (SATGLWPS and SATGLWPN) are positively correlated with microbial
degradation (WMICDFLG > 0) and halite porosity (HALPOR). Those realizations with
microbial degradation and large volumes of brine drainage will have relatively large volumes of
gas produced. Gas storage space will be limited as gas migrates up-dip. Consequently, some of

this gas will be displaced to the LDRZ.

Gas saturation in the LDRZ below the upper waste panel, SATGLROR, is negatively correlated
with halite porosity, HALPOR, before and several thousands of years after intrusion. Low values
for HALPOR equate to smaller DRZ volumes for gas storage. Gas storage space will become
more limited in the more up-dip region of the repository, as this is the end point of the gas
migration route prior to intrusion. Thus, the degree of gas saturation in the LDRZ below the
upper waste panel is controlled more by available gas storage space, rather than gas production

Pprocesses.

Residual brine saturation, WRBRNSAT, controls the amount of brine that is retained in the
waste regions prior to draining to the LDRZ. High values for WRBRNSAT mean less brine goes
to the LDRZ; consequently, a weak positive correlation exists between WRBRNSAT and
SATGLROR within the first 100 years of closure. The negative correlation between
SATGLROR and anhydrite permeability, ANHPRM, becomes significant at ~6000 years.
Coupling this negative correlation with that for HALPOR and SATGLROR implies those
realizations with high ANHPRM values and relatively lower DRZ void volumes will have
enough brine from anhydrite drainage at ~6000 years to fill up the LDRZ voids.
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4. Brine and Gas Flow in the UDRZ

Vertical and lateral brine and gas flow within and between the UDRZ and regions of the waste
disposal area are discussed in this section. Three flow boundaries were evaluated for vertical
flow and two for lateral flow. For vertical flow, these boundaries were between the UDRZ and
1) the lower waste panel, 2) the top of the panel closure separating the two modeled waste
disposal regions, and 3) the upper waste panel. Lateral flow (parallel to the ceiling of the waste
panels) was calculated within the UDRZ through the two vertical sections above the north and
south boundary of the panel closure. These boundaries within the UDRZ were selected to
determine the extent to which the panel closures may serve as a source or sink between the
UDRZ and the two waste disposal areas. (A more detailed evaluation of flow within the panel
closures between the two waste disposal areas is discussed in Section 5.) Figure 4.1.1 depicts

those regions and boundaries where UDRZ flow was evaluated.

The organization of Section 4 is as follows. Section 4.1 presents the variables defining vertical
flow crossing the highlighted boundaries between the UDRZ and each delineated zone.

Following these definitions, hairplots — results for the entire suite of 100 simulations overlaid
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FIGURE 4.1.1. LOCATIONS IN UDRZ AT which lateral and vertical brine and gas flow were assessed




on one plot —are presented for each defined variable. These hairplots illustrate the variation in
behaviors that may occur for a single variable from simulation to simulation, given the unique
combination of sampled variables assigned to each simulation. Hairplots are referred to
throughout each subsection. Using the same format, descriptions of the variables defining lateral

fluid flow in the UDRZ are then presented.

To better understand the trends and overall behavior of each variable throughout the modeled
period, boxplots for each variable will be presented at the end of Section 4.1. As a reminder,
boxplots present in graphical form the mean, median, 25th and 75th quantile groups of a variable
over the 100 simulations, as well as outliers within a population set. Boxplots are presented for

results at four significant times within the modeled period. These are as follows:

e 999 years, just prior to intrusion,
e 1500 years, 300 years after the upper borehole plug degrades,
e 5500 years, midway through the modeled period,' and

¢ 10,000 years, the end of the modeled period.

Section 4.2 gives a brief overview of UDRZ brine and gas flow throughout the modeled period.
Scatterplots are presented to illustrate the relationship between flow in the UDRZ and other
processes inside the waste disposal area. Section 4.3 will present the dependent variables most
affecting flow in the UDRZ. Section 4.4 provides a pictorial representation of the written

summary for brine and gas flow given in Section 4.2.

! Prior examination of several dependent variables within the suite of simulations revealed several processes had
stabilized soon after 5000 years. Therefore, it was decided to choose values for dependent variables at 5500 years
rather than 5000 years.




4.1 Variables Used to Define Flow

4.1.1 Vertical Flow Between UDRZ Waste Disposal Area and the Panel Closures

Vertical brine and gas flow between the UDRZ and the lower waste panel was subdivided
between the area residing north and south of the borehole (as depicted in Figure 4.1.1). Table 4.1
lists variable names defining vertical flow from the UDRZ into the top of the lower waste panel.
Figures 4.1.2 through 4.1.5 are hairplots graphically depicting this vertical brine and gas flow

(cumulative).

Table 4.2 defines variable names for vertical brine and gas flow between the UDRZ and the top

of the panel closures; the corresponding hairplots are presented in Figures 4.1.6 and 4.1.7.

Table 4.1. Dependent Variables for Vertical Brine and Gas Flow Through the Ceiling of the
Lower Waste Panel South and North of Borehole (note variable names shown on
boxplots are abbreviated and given in parenthesis)

Variable Definition
South of Borehole
BRTWPSIC (BRTWSIC) Cumulative brine flow (m’) into the top of the lower waste panel from UDRZ
BRTWPSOC (BRTWSOC) Cumulative brine flow (m®) out of the top of the lower waste panel into UDRZ
GSTWPSIC (GSTWSIC) Cumulative gas flow (m®) into the top of the lower waste panel from UDRZ
GSTWPSOC (GSTWSOC) Cumulative gas flow (m®) out of the top of the lower waste panel into UDRZ
North of Borehole
BRTWPNIC (BRTWNIC) Cumulative brine flow (m®) into the top of the lower waste panel from UDRZ
BRTWPNOC (BRTWNOC) Cumulative brine flow (m®) out of the top of the lower waste panel into UDRZ
GSTWPNIC (GSTWNIC) Cumulative gas flow (m’) into the top of the lower waste panel from UDRZ

GSTWPNOC (GSTWNOC) Cumulative gas flow (m®) out of the top of the lower waste panel into UDRZ

Table 4.2. Dependent Variables for Vertical Brine and Gas Flow Into and QOut of Top of Panel

Closures
Variable Definition
BRNDTPSC Cumulative brine flow (m®) down into the top of the panel closure from UDRZ
BRNUTPSC Cumulative brine flow (m®) up out of the top of the panel closure into UDRZ
GASDTPSC Cumulative gas flow (m®) down into the top of the panel closure from UDRZ
GASUTPSC Cumulative gas flow (m®) up out of the top of the panel closure into UDRZ
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FIGURE 4.1.7. HAIRPLOTS FOR CUMULATIVE VERTICAL gas flow (m®) between the UDRZ and the top of the panel
closure
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Table 4.3 defines the variables for vertical brine and gas flow between the UDRZ and the ceiling
of the upper waste panels (see also Figure 4.1.1). Figures 4.1.8 and 4.1.9 are hairplots for these

cumulative gas and brine flows.

Table 4.3. Dependent Variables for Vertical Brine and Gas Flow Into and Out of Upper Waste
Panel Closures (variable names shown on boxplots are abbreviated and given in

parenthesis)
Variable Definition
BRN_DRAC (BRNDRAC)  Cumulative brine flow (m®’) down through the ceiling of the upper waste panels from
UDRZ
BRN_URAC (BRNURAC)  Cumulative brine flow (mn°) up through the ceiling of the upper waste panels into the
UDRZ
GAS_DRAC (GASDRAC)  Cumulative gas flow (m*) down through the ceiling of the upper waste panels from
UDRZ
GAS_URAC (GASURAC)  Cumulative gas flow (m®) up through the ceiling of upper waste panels into the
UDRZ
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Cumulative Brineflow down into Upper Waste Panels from Above Cum. Brineflow up out of Top of Upper Waste Panels to DRZ Above
Ao T =7 ] Wpr——7 7 T T T
[ [
— — 186 -1
g0l ] @ T
¥ 5
g 5
Ol :,I
Zz b4
& ~ — &
5 1 =
E g
o] %
0.0 : e T : 1
0.0 20 4.0 6.0 8.0 10.0 0.0 20 40 60 8.0 10.0
Time-Years('103) Time-Years('103)

TRI-6342-5615-0

FIGURE 4.1.8. HAIRPLOTS FOR CUMULATIVE VERTICAL brine flow (m®) crossing between ceiling of upper waste
panel and UDRZ
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SNL WIPP PA26: BRAGFLO SIMULATIONS (CCA R1 S3)

Cumulative Gasflow down into Upper Waste Panels from Above
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FIGURE 4.1.9. HAIRPLOTS FOR CUMULATIVE VERTICAL gas flow (m°) crossing between ceiling of upper waste
panel and UDRZ




4.1.2 Lateral Gas and Brine Flow in UDRZ Above the Panel Closures

Variable names for lateral north and south flow within the UDRZ, just above the panel closures,
are given in Table 4.4 (see also Figure 4.1.1). Figures 4.1.10 through 4.1.13 are hairplots that

illustrate cumulative gas and brine flow crossing these regions.

Boxplots for vertical brine and gas flow are depicted in Figures 4.1.14 through 41.17. Boxplots
for lateral gas flow are depicted in Figures 4.1.18 and 4.1.19.




Table 4.4. Dependent Variables for Lateral Brine and Gas Flow Within UDRZ Above South and
North Panel Closures

Variable Definition

North-Flowing Brine

BRAPSSIC Lateral cumulative brine (m?) flowing north within UDRZ crossing the
boundary just above the south side of the panel closures

BRAPSNOC Lateral cumulative brine (m’) flowing north within UDRZ crossing the
boundary just north of the panel closures

GSAPSSIC Lateral cumulative gas (m®) flowing north within UDRZ crossing the
boundary just above the south side of the panel closures

GSAPSNOC Lateral cumulative gas (m®) flowing north within UDRZ crossing the
boundary just north of the panel closures

South-Flowing Brine

BRAPSNIC Lateral cumulative brine (m3) flowing south within UDRZ crossing the
boundary just north of the panel closures

BRAPSSOC Lateral cumulative brine (m’) flowing south within UDRZ crossing the
boundary just above the south side of the panel closures

GSAPSNIC Lateral cumulative gas (m®) flowing south within UDRZ crossing the
boundary just north of the panel closures

GSAPSSOC Lateral cumulative gas (m®) flowing south within UDRZ crossing the
boundary just above the south side of the panel closures
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FIGURE 4.1.10. HAIRPLOTS FOR CUMULATIVE LATERAL BRINE flow (m”) within the UDRZ above the panel
closure going in a northerly direction
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FIGURE 4.1.11. HAIRPLOTS FOR CUMULATIVE LATERAL GAS flow (m®) within the UDRZ above the panel closure
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FIGURE 4.1.12. HAIRPLOTS FOR CUMULATIVE LATERAL BRINE flow (m®) within the UDRZ above the panel
closure going in a southerly direction
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FIGURE 4.1.13. HAIRPLOTS FOR CUMULATIVE LATERAL GAS flow (m’) within the UDRZ above the panel closure
going in a southerly direction
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FIGURE 4.1.14. BOXPLOTS FOR VERTICAL BRINE flow through the lower waste panel ceiling at (a) 999 years,
(b) 1500 years, (c) 5500 years, and (d) 10,000 years
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FIGURE 4.1.15. BOXPLOTS FOR VERTICAL BRINE flow through the top of panel closures and upper waste ceilings
for (a) 999 years, (b) 1500 years, (c) 5500 years, and (d) 10,000 years
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FIGURE 4.1.16. BOXPLOTS FOR VERTICAL GAS flow through the lower waste panel ceiling for (a) 999 years, (b)

1500 years, (c) 5500 years, and (d) 10,000 years
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FIGURE 4.1.17. BOXPLOTS FOR VERTICAL GAS flow through the top of panel closures and upper waste panel
ceilings for (a) 999 years, (b) 1500 years, (c) 5500 years, and (d) 10,000 years
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FIGURE 4.1.18. BOXPLOTS FOR LATERAL BRINE flow in the UDRZ passing the area above the panel closures at
(a) 999 years, (b) 1500 years, (c) 5500 years, and (d) 10,000 years
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FIGURE 4.1.19. BOXPLOTS FOR LATERAL GAS flow in the UDRZ passing the area above the panel closures at (a)
999 years, (b) 1500 years, (¢} 5500 years, and (d) 10,000 years




4.2  Overview of Brine and Gas Flow in the UDRZ

4.2.1 Flow Prior to Time of Intrusion
4.2.1.1 Brine Flow

Prior to intrusion, the primary brine flow direction in the UDRZ is downward, limited to times
soon after repository closure, and primarily caused by drainage from the DRZ drainage down to
the waste region and secondarily from anhydrite drainage. After the first hundred years of the
modeled period, gas flow upwards to the UDRZ impedes downward-flowing brine. Newly-
generated gas reduces brine permeabilities in the UDRZ and increases repository pressures, thus

lowering the pressure potential that drives brine drainage.

The hairplots in Figures 4.1.10 and 4.1.12 and the boxplots in Figure 4.1.16 show that lateral
brine flow in the UDRZ before intrusion is minimal and what little occurs is in a southerly
direction, The extent of lateral-flowing brine is affected by gas generation processes within the
waste regions. South-flowing brine occurs for those realizations that have relatively low
volumes of gas generated and relatively large halite porosities. For these realizations, relatively
large UDRZ brine-filled pore voids (a function of halite porosity) drain into the lower portion of
the upper waste panels. This drainage is minimally impeded by gas flow upward, and collects at
the south end of the upper waste panel(s) lying just north of the panel closures. This area
approaches near 100% brine saturation, causing brine to overflow through the ceiling of the

upper waste panel into the UDRZ, initiating lateral brine flow to the south.

Boxplots for vertical brine drainage at 999 years (prior to intrusion) (Figure 4.1.14), show the
majority of brine that drains from the UDRZ passes through the upper waste panel ceiling and is
due to the much larger UDRZ surface area abutting the upper waste panel compared to the lower

panel.

4.2.1.2 Gas Flow

Prior to intrusion, gas produced in all waste disposal areas predominantly flows upward to the
UDRZ. Once in the UDRZ, its flow path is deflected northward by the less permeable
undisturbed halite and heads toward the northern (i.e., up-dip) part of the repository. From the
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lower waste panel, gas migrates upward to the UDRZ, then heads north, crossing the area above

the panel closures. Gas generation early in the modeled period is primarily from microbial
degradation of cellulose, rubbers and plastics (half of the sampled set) with only a minor
contribution from iron corrosion. Because the down-dip (later the intruded) waste panel is more
brine saturated than the up-dip (later the unintruded) waste panels, it has more brine reserves for
iron corrosion; thus, a relatively larger portion of gas is produced in the lower waste panel via

iron corrosion compared to the upper waste panels.

More gas flows out the north side of the lower waste panel compared to the south side (see
boxplots in Figure 4.1.15). This is partially due to the location of the panel relative to dip,
making the south half in the down-dip direction more brine saturated compared to the north. The
one degree dip of the repository makes the upward gas flow path less than perpendicular to the
ceiling; the dip effectively deflects the gas flow path towards the north. Additionally, the
differences in the gas-saturation between the south and north halves produce a preferential gas.
flow path through the north half of the lower waste panel, enhancing the already diagonal gas
flow path trajectory. Because the panel closures are more brine- than gas-saturated, they serve as

a low permeability gas barrier, deflecting the diagonal gas flow path upward to the UDRZ.

A portion of gas that flows north in the UDRZ eventually passes through the concrete shaft to the
experimental rooms, terminating in the operations and experimental rooms. Because gas
generation increases repository pressures, a direct relationship is seen between repository
pressures and north-flowing gas in the UDRZ and gas flow through the concrete shaft prior to

intrusion (see Figure 4.2.6b in Section 4.2.3).

4.2.2 Flow After Time of Intrusion
4.2.2.1 Brine

At 1000 years, the time of repository intrusion, an upward and northward brine pulse is
introduced in the UDRZ for the majority of simulations. The pulse is caused by a pressure

differential between the lower Castile brine reservoir and the repository producing a pressure
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wave” within the repository. The pressure wave propagates up through the borehole. Where
Castile compressibilities are high, the pressure wave introduces Castile brine into the lower waste
panel and some brine is displaced upward into the UDRZ. For these realizations, the pressure
wave displaces a portion of resident brine (brine already in the excavated area prior to intrusion)
into the UDRZ. This brine flows laterally up-dip toward the upper waste panels (see the
hairplots given in Figure 4.1.10). Brine crosses the area in the UDRZ just above the panel
closures while compressing resident UDRZ gas. This gas forms a semi-impermeable gas wedge
above the panel closures that deflects brine downward through the top of the panel closures and

the south side of the upper waste panel ceiling.

For many realizations, the north-flowing brine pulse lasts only a few hundred years and ceases
soon after upper borehole degradation. For others, brine flow up-dip continues to the end of the
modeled period and is affected by gas flow patterns and gas saturations within the UDRZ and
borehole permeability. The extent of this ‘up-dip’ brine flow is primarily affected by the ease
with which gas is evacuated out the repository and replenishing brine is introduced in the UDRZ
from upper units via the borehole, and secondarily by the volume of brine not used for iron
corrosion in the lower waste panels. Any excess brine flows through the lower waste panel
ceiling into the UDRZ. The ease with which brine flows northward through the UDRZ is
affected by resident gas produced in the waste panels and stored in the UDRZ; this results in
relatively high gas pressures and saturations inhibiting incoming brine. High gas saturations also
mean this area has low-effective brine and high-effective gas permeabilities, two combinations
that impede lateral brine flow. Realizations with little gas production have more north-flowing
brine in the UDRZ compared to realizations with maximal gas generation (i.e., microbial
degradation of cellulose and/or rubber and plastics, and/or high iron corrosion rates) from the

time of intrusion to the end of the modeled period.

The ease with which gas is evacuated out of the UDRZ, a function of borehole permeability,
affects the extent to which replenishing brine enters the area (discussed in Section 4.3).

Consequently, a correlation is observed between north-flowing brine and borehole permeability.

2 BRAGFLO does not numerically model a ‘wave function.” The term ‘pressure wave’ describes the advancing
pressure gradient that propagates outward from a focal point.
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This correlation strength increases with time. For realizations with relatively low borehole

permeabilities, the UDRZ regions across all the excavated area remain close to 100% gas
saturated throughout the modeled period. For realizations with medium to high borehole
permeabilities, the UDRZ gas saturation levels spatially vary as gas is vented out the repository.
The southern (down-dip) portion of the UDRZ. is the first to reach relatively high brine saturation
levels. Once these levels are reached, brine drainage from the ‘south’ Anhydrite AB (which had
ceased when the UDRZ was more gas saturated and of high pressure) begins again to flow into
the UDRZ. The borehole may still be venting gas upward when the ‘south’ UDRZ becomes
brine saturated. Consequently, the UDRZ just up-dip from the borehole becomes less brine
permeable. This situation promotes incoming brine that enters the UDRZ via the borehole and/or
the south Anhydrite AB, to flow downward through the south ceiling of the lower waste panel

rather than the north half.

Gas flow in the borehole decreases when iron corrosion in the lower waste panel is near
depletion and coincides with repository pressures approaching that of the overlying units (i.e.,
hydrostatic pressures). Once hydrostatic pressures are reached, brine flow increases down the
borehole from units above the Salado. From the UDRZ, a portion of this brine is partitioned into
the lower waste panel and the remainder flows laterally up-dip toward the upper waste panel.
Brine flowing up-dip is deflected downward into the top of the panel closures and through the
ceiling of the upper waste panel lying just north of the panel closures, provided the brine/gas
interface is north of the panel closures. This UDRZ deflection point is the interface between a
high brine-saturation zone adjoining a high gas-saturation zone. This brine/gas interface slowly
moves up-dip, as more and more gas is vented out the repository, terminating above the area just
north of the panel closures. Figure 4.2.11 in Section 4.2.3 illustrates the gas-saturation wedge,

which serves as this brine deflection point.

Boxplots (Figure 4.1.14) show the increase in vertical brine drainage through the lower panel
ceiling that occurs between 1500 and 5500 years. During this time frame, drainage through the

upper waste panel ceiling (Figure 4.1.15) remains at about the same level as prior to intrusion.

4-22




After intrusion, few realizations have brine flow in the southerly direction. Those that do have
relatively small volumes of gas are generated. If there are small volumes of gas generated,
repository pressures will be relatively lower, and the UDRZ is then more likely to have higher
brine saturations and effective permeabilities. These conditions facilitate brine drainage from
north MB 138 and Anhydrite AB. This drainage is then allowed to ‘gravity flow’ down-dip,
southward, through the UDRZ.

4.2.2.2 Gas Flow

Upon intrusion, a pressure wave is transmitted up-dip within the repository caused by the
pressure differential between the repository and underlying units via the borehole. For most
realizations, this pressure pulse briefly compresses resident gas upward, out of the lower waste
panel, and northward through the UDRZ. From the UDRZ, gas is pushed back down through the
upper waste panel ceiling and through the concrete shaft. When the upper borehole plug
degrades, the pressure gradient reverses; gas flow direction switches from a northerly to a

southerly direction.

Parameters that most affect gas flow are (1) borehole permeabilities (which impact the ease with
which the pressure gradients between units above and below are transmitted to the repository),
(2) the extent of gas produced prior to intrusion (a function of microbial degradation), (3) the
extent and rate in which gas is generated after intrusion, and (4) replenishment of brine into the
areas where gas is generated. The extent to which ‘new’ gas is generated, in turn affecting gas
flow in the UDRZ, is most affected in the lower panel by iron corrosion rates and in the upper

waste panel by the availability of replenishing brine that comes in contact with the iron drums.

Gas flow towards the borehole is initiated when the upper borehole degrades at 1200 years. This
gas flow is impeded in realizations that have relatively small DRZ volumes, lower borehole
permeabilities, and a component of UDRZ north-flowing brine that is countercurrent to the
south-flowing gas. Consequently, gas ‘backs up’ in the UDRZ within the vicinity of the panel
closures and the area lying due north of the closures. This condition keeps the north side of the
UDRZ highly gas-saturated, especially for realizations with relatively low borehole

permeabilities, preventing replenishing brine from entering the UDRZ and those regions below.
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Once south-flowing gas passes through the UDRZ above the panel closures, it will eventually

exit the borehole.

When repository pressures are reduced to levels between 6 and 8 MPa, gas flow that exits
through the borehole declines, and in some cases, ceases. Once this occurs, replenishing brine
drains into the repository via the borehole and/or anhydrite drainage. A portion of the brine that
enters the UDRZ flows into the lower waste panel. Some UDRZ brine flows up-dip towards the

upper waste panel, thus restricting UDRZ south-flowing gas.

Gas production via microbial degradation is completed by ~1000 years. Gas production via iron
corrosion nears completion in the lower waste panel toward the later half of the modeled period
for a large majority of realizations because iron, required for gas generation, is close to being
completely corroded. Concurrently, gas flow out the lower waste panel ceiling ceases or
dramatically declines. For the upper waste panel, no realizations become iron depleted.
Therefore, gas production continues in the upper waste panel long after it has ceased in the lower
waste panel if brine contacts uncorroded iron. For many realizations, gas flow is intermittent
through the ceiling of the upper waste panel to the UDRZ. This intermittent gas flow is tied to
brine availability: i.e., as brine supplies are used up through the corrosion processes, gas
production ceases and will not continue until replenishing brine levels within the waste area rise
up-dip to elevations where uncorroded iron resides. Therefore, for the later half of the modeled
period, realizations with borehole permeabilities in the middle to upper percentile group will
have intermittent lateral gas flow heading toward the borehole. Realizations with lower borehole

permeabilities will have less intermittent gas flow.

The following section provides scatterplots pictorially illustrating the relationship between gas

and brine flow just described and those independent variables that influence this flow.

4.2.3 Scatterplots

Plots (Figures 4.2.1 through 4.2.14) illustrating brine and gas flow in UDRZ are provided in this

section.

4-24




TIME 999 SCATTER PLOTS FOR CCA
—T T T T T T L

21 | ws® 7]
18 |- . .
15+ * —

121 - .

BRN_DRAC (10%)
¢
1

o~ _ L L | 1 | L
4 8 12 16 20 24 28

HALPOR (10°3)

TRI-6342-5317-0

FIGURE 4.2.1. SCATTERPLOTS TAKEN AT 999 YEARS, for cumulative vertical brine drainage (m3) from the UDRZ
downward through the ceiling of the upper waste panels, BRN_DRAC, with respect to halite porosity, HALPOR.
This plot illustrates the direct relationship between brine drainage downward through the UDRZ to the upper waste
panel and halite porosity. Realizations with relatively large values for HALPOR will have a greater DRZ volume
from which brine drains
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FIGURE 4.2.2. SCATTERPLOTS TAKEN AT 999 YEARS for south-flowing brine in the UDRZ passing above the
closures with respect to halite porosity, HALPOR, and microbial degradation, WMICDFLG. The above two plots
show south-flowing brine in the UDRZ, BRAPSSOC, while minimal at 999 years, is enhanced for realizations
approaching maximum halite porosity values (HALPOR) and those with no microbial degradation
(WMICDFLG)=0

/
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FIGURES 4,2.3. SCATTERPLOTS, TAKEN AT 999 YEARS, for gas flow out the ceiling of the north half of the lower
waste panel, GSTWPNOC, with respect to north-flowing gas in the UDRZ passing above the panel closures,
GSAPSNOC. The above scatterplot shows that as gas flows out the north half of the lower waste panel ceiling, its
flow path is deflected northward in the UDRZ, passing above the panel closures. This plot implies that a significant
volume of gas that exits the ceiling of the north side of the lower waste panel (and to a lesser extent the south side,
not shown) flows up-dip through UDRZ toward the north regions of the repository
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FIGURE 4.2.4. SCATTERPLOTS, TAKEN AT 999 YEARS, for gas flow (m®) out the north and south ceilings
(GSTWPSOC and GSTWPNOC, respectively) of the lower waste panel with respect to gas generation processes,
i.e., iron corrosion, WRGCOR, and microbial degradation, WMICDFLG. These scatterplots illustrate the
differences between gas flow out the upper and lower halves of the lower waste panel ceiling (GSTWPSOC and
GSTWPNOC, respectively) and show which gas generation processes most impact gas flow through the ceiling.
Note that gas flow is greater for GTWPNOC compared to GTWPSOC and a stronger correlation strength exists
between GSTWPNOC and microbial degradation (when WMICDFLG > 0) and iron corrosion (WRGCOR) as
compared to GSTWPSOC. More gas flows out the upper half of the waste panel ceiling, GSTWPNOC, because gas
migrates diagonally up-dip from the south to the north, with a preferred path through the less brine-saturated north
half. All gas flowing diagonally is deflected upward at the panel closure to the UDRZ. Hence, gas flow out the
north ceiling of the lower waste panel represents gas generation processes in effect for both halves of the lower waste
panel. This translates into a stronger relationship between WGRCOR and WMICDFLG for gas flow out the north
ceiling compared to the south
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FIGURES 4.2.5. SCATTERPLOTS, TAKEN AT 999 YEARS, showing the relationship between north-flowing gas (m’)
in the UDRZ passing above the panel closures, GSAPSSIC, and gas passing from the UDRZ through the south side
of the concrete shaft, GSCN3SIC, with the lower waste panel pressures (Pa). The above two plots illustrate the
relationship between repository pressure and north-flowing gas. Realizations with higher pressures tend to have
more gas that flows northward in the UDRZ. This north-flowing gas in the UDRZ passes above the panel closures
and through the south side of the concrete shaft
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FIGURES 4.2.6. SCATTERPLOTS, TAKEN AT 999 YEARS, showing the relationship between gas flow (m’) from the
UDRZ through the south side of the concrete shaft, GSCN3SIC, with respect to flow into the UDRZ from the ceiling
of the north half of the lower waste panel, GSTWPNOC, and from the ceiling of the upper lower waste panels,
GAS_URAC. This north flowing gas in the UDRZ passes above the panel closures and through the south side of the
concrete shaft. Gas flow into the south side of the concrete shaft (GSCN3SIC) coincides with gas flow out the ceiling
of the north half of the lower waste panel, (GSTWPNOC) and the ceiling of the upper waste panel (GAS_URAC).
The two plots imply a large portion of gas that flows out the ceiling of the waste disposal areas is deflected
northward and passes or pushes resident UDRZ gas through the concrete shaft
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FIGURE 4.2.7. SCATTERPLOTS, TAKEN AT 1500 YEARS, showing the relationship between brine flow (m®) out the
north and south halves of the lower waste panel into the UDRZ (BRTPWSQC and BRTWPNOC, respectively), and
north flowing brine passing above the panel closures (BRAPSSIC and BRAPSNOC) with respect to brine reservoir
compressibility, BPCOMP. The above scatterplots show that realizations assigned higher reservoir compressibilities
will have more brine that is partitioned into and flows northward in the UDRZ. More brine flows through the north
ceiling of the lower waste panel than through the south half. This is because the area above the north ceiling is filled
with a more compressible fluid, i.e., gas. Therefore, the pressure wave of the intrusion event can compress more
resident fluid above the north half of the lower waste panel compared to the south. Greater compression here allows
more brine to enter through the north ceiling. Comparing BRAPSSIC and BRAPSNOC, more brine flows out the
area north of the panel closures than enters from the south side. This is because the panel closures serve as a source
of brine, which flows out the top of the closures into the UDRZ at the time of intrusion. Those realizations with
optimal gas generation from microbial degradation, WMICDFLG > 0, and iron corrosion, WGRCOR, will have
larger gas volumes generated within the waste disposal areas. These relatively larger quantities of gas will flow up
into the UDRZ and approach maximal compressibilities, gas pressures and saturations, rendering the UDRZ less
brine-permeable and requiring higher gradients for brine to flow through the UDRZ
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FIGURE 4.2.8. SCATTERPLOTS, TAKEN AT 1500 YEARS and 10,000 years, showing the relationship between north-
flowing brine (m®) in UDRZ above the panel closures with respect to parameters controlling gas generation from
microbial degradation (WMICDFLG) and iron corrosion (WRGCOR). Those realizations with low gas production
(no microbial degradation; WMICDFLG = 0) and low iron corrosion rates will have more north-flowing brine at
1500 years and 10,000 years
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FIGURE 4.2.9. SCATTERPLOTS, TAKEN AT 1500 (a and b) and 10,000 (b and ¢) years, showing the relationship
between north-flowing brine (m®) in the UDRZ passing above the panel closures with respect to borehole
permeabilities, BHPRM, and brine flow from the UDRZ down through panel closures (BRNDTPSC). Realizations
with higher borehole permeabilities tend to have more north-flowing brine than those assigned lower values.
Comparing the difference between brine volume in BRAPPSIC and BRAPSNOC at 1500 and 10,000 years (b)
illustrates the role the panel closures themselves play as a brine source or sink within the UDRZ. At the time of
intrusion brine is introduced into the UDRZ through the ceiling of the lower waste panels and top of the panel
closures (discussed in Section 5), then is deflected up-dip through the UDRZ. Consequently more brine flows out
the north face, BRAPSNOC, than enters from the south, BRAPSSIC. The difference is the amount that flows out the
top of the closures
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FIGURE 4.2.10. SCATTERPLOTS TAKEN AT 1500 and 10,000 years (a and b) showing the relationship between brine
(m*) flow down through the top of the panel closures (BRNDTPSC) with respect to borehole permeability
(BHPRM). Soon after the borehole plugs degrade, the role of the panel closures switches from source to sink. Brine
moves up-dip in the UDRZ as it is introduced into the UDRZ via the borehole or as brine ‘overflow’ from the lower
waste panel ceiling. Brine is deflected downward at the brine/gas interface resident in the UDRZ within the vicinity
above the panel closures. Some brine flows downward through the top of the panel closures, and the remainder
moves up-dip and is deflected downward through the upper waste panels ceilings. Note the increase in correlation
between UDRZ north-flowing brine and brine flow down the top of the panel closures with BHPRM between 1500
and 10,000 years. This increase is because of the increasing importance that the borehole plays in facilitating gas out
of the repository, and more specifically at the UDRZ, which allows brine flow to enter
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FIGURE 4.2.11. GAS SATURATION CONTOUR PLOTS taken at (a) ~1400, (b) 5400, (c) 8100, and (d) 10,000 years
for realization 76 (R183). The four gas saturation plots show the changing position of the ‘gas lens’ (i.e., brine/gas
saturation interface) that deflects incoming brine flow in the UDRZ downward through the panel closures or through
the southern portion of the upper waste panel ceiling. Note the gas bubble that forms by 8100 years in the south side
of the UDRZ is not seen at 10,000 years. (Figure 4.1.1 identifies the borehole, the shaft seal, and other features of
the modeled area.) H
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R183 - Gas Brine and Fiow in DRZ at @ 1500 years
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FIGURES 4.2.12. SCATTERPLOTS, TAKEN AT 1500 YEARS, showing the relationship between north flowing gas
(m*) in the UDRZ passing above the panel closures with respect to brine reservoir compressibilities (BPCOMP).
The above scatterplots show realizations with high reservoir compressibility will have more gas displaced northward
in the UDRZ above the panel closures. (Note: GSAPSSIC is equivalent to GSAPSNOC, indicating the panel

closure contributes minimal to no gas to the UDRZ)
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FIGURE 4.2.13. SOUTH-FLOWING GAS (m®) IN the UDRZ (shown only as GSAPSNIC) at 1500 (left) and 10,000
(right) with respect to microbial degradation flag (WMICDFLG > 0), iron corrosion rates WGRCOR, and borehole
permeability BHPRM. Higher gas volumes flow southward for those realizations with high borehole permeabilities,
BHPRM. Note the increase in correlation for south-flowing gas and BHPRM between 1500 and 10,000 years and
the decrease in correlation with WMICDFLG
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FIGURE 4.2.14. SOUTH-FLOWING GAS (m3) IN the UDRZ taken at (a) 1500 and (b) 10,000 years. The two plots
show the majority of gas that flows out the repository via the borehole/UDRZ interface at the top of the UDRZ
(GASBHUDZ) at 1500 and 10,000 years has also passed through the UDRZ above the panel closures (GSAPSSOC).
The plots illustrate the UDRZ is a significant pathway for gas evacuation out the entire repository via the borehole
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4.2.4 Overlay Plots

The flow scenarios described above are depicted in the following overlay plots (Figures 4.2.15
and 4.2.16). These figures illustrate the relationship between UDRZ brine and gas flow direction
for realizations assigned relatively high and low borehole permeabilities. Flow is plotted with
respect to 1) flow in the borehole, 2) pressures in the lower and upper waste panel, 3) saturation
within the lower and upper waste panels, and 4) the extent of iron being corroded. The flow
patterns seen for Realization 27 are representative of simulations assigned high values for
borehole permeability. Realization 4 represents simulations assigned low borehole permeability

values.

Section 7 presents more overlay plots depicting flow between the various regions of the

excavated area, including the UDRZ, relative to borehole flow and iron corrosion.
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FIGURE 4.2.15. OVERLAY PLOTS FOR REALIZATION 27, representative of realizations assigned high BHPRM
values. These plots illustrate changes in brine and gas flow direction (a) in the UDRZ with respect to 1) repository
pressure and saturation, 2) the extent of uncorroded iron (b), and 3) borehole flow (c). Note: The switch between
gas and brine flow in the UDRZ (a) coincides with the switch between gas and brine flow within the borehole (c).
Brine flow down the borehole (c) coincides with iron in the lower waste panel being completely consumed
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FIGURE 4.2.16. OVERLAY PLOTS FOR REALIZATION 4, representative of realizations assigned low BHPRM values.
These plots illustrate changes in brine and gas flow direction in the UDRZ with respect to 1) repository pressure and
saturations, 2) the extent of iron uncorroded, and 3) borehole flow. Note: The interrelationship between iron
becoming depleted in the lower waste panel (c) coincides with an increase in UDRZ brine flow around 6000 years
(a). Plots (a) and (b) show gas flow out the boreholes; (b) is at the same rate as lateral south-flowing gas in the
UDRZ




4.3  Parameters Affecting Brine and Gas Flow in the UDRZ

This section presents plots of SRRCs between the sampled independent variables and those
‘dependent variables that define gas and brine flow in the UDRZ region over the 10,000-year

modeled period.

4.3.1 Brine Flow
4.3.1.1 Vertical Brine Flow Into the Lower Waste Panel
Vertical Brine Flow Between the South Side of the Lower Waste Panel and UDRZ

Figure 4.3.1 illustrates the most influential parameters controlling vertical brine flow between the

south portion of the lower waste panel and the UDRZ.

PCCSRC PLOTS PCCSRC PLOTS
1.00 T T T T T

0.50

0.25 -

0.00

-0.25 —

STANDARDIZED RANK REGRESSION COEFFICIENT
STANDARDIZED RANK REGRESSION COEFFICIENT

Deé;endenl Variable
RTWPSIC
-0.75 | ~—— HALPOR — -0.75

-------- BHPERM
e ANHPRM

100 LL S L ! 1 L ] -1.00 L L L I i 1 i
0.0 15 3.0 45 6.0 75 9.0 0.0 1.5 30 45 6.0 7.5 0.0
(*10%) (110"

TRI-6342-5356-0

FIGURE 4.3.1. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical brine flow (m) between south portion of lower waste panel and UDRZ

Downward Flow (BRTWPSIC). Prior to intrusion, SRRC analysis shows that vertical brine flow
from the UDRZ into the south half of the lower waste panel, BRTWPSIC, is most influenced by
HALPOR. After intrusion, a strong correlation appears between BRTWPSIC and the LHS
parameters ANHPRM and BHPRM. The correlation strength between BRTWPSIC and these
independent variables gradually increases through the end of the modeled period. HALPOR is
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the most influential variable affecting BRTWPSIC because it determines the amount of fluid-

filled UDRZ volumes that drain brine downward into the waste disposal area.

Once repository pressures are lowered and gas has been evacuated out the south side of the
UDRZ, brine will tend to flow out the marker beds. The ease of drainage out of the marker bed
is directly a function of ANHPRM. Because the south half of the upper waste panel abuts the
south face of Anhydrite AB, drainage from this marker bed will flow directly through the south
half of the lower waste panel ceiling, hence the strong correlation with ANHPRM.

The correlation strength increases for BHPRM because this parameter affects changes in
repository pressure and facilitates the ease with which gas is evacuated out of the UDRZ,
allowing brine to enter. These ‘dynamic processes’ promote brine drainage from the south lying
anhydrites and, eventually, brine flow down the borehole, some entering through the south waste

panel ceiling.

Upward Flow (BRTWPSOC). Brine flow out the south half of the lower waste panel ceiling to the
UDRZ occurs briefly between the time of intrusion and again during the time of borehole
degradation (see hairplots in Figure 4.1.1 and the boxplots in Figure 4.1.14). This pulse of
upward flowing brine is inversely correlated with microbial degradation, WMICDFLG > 0,
coincident with the time of borehole degradation. For those realizations where WMICDFLG is
partially or fully in effect, gas saturations will be high within the disposal areas. These
realizations will have relatively higher repository pressures. High gas pressures inhibit brine
flow from the brine reservoir to the repository. This condition impedes the displacement of brine

into the UDRZ at the time of the intrusion pressure wave.

The strong negative correlation between BRTWPSOC and WMICDFLG decreases soon after the
upper borehole plug degrades, and is replaced by an increase in correlation strength for the LHS
parameters BHPRM and HALPOR. The positive correlation with BHPRM and HALPOR results
from these two parameters impacting the volume of incoming brine that is displaced upward
during the pressure pulse of the intrusion and borehole degradation events. Large HALPOR

values mean more brine has accumulated in the south regions of the repository; this brine is
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displaced upward through the waste panel ceiling during the two pressure pulses. Larger
BHPRM values mean the pressure gradient between the repository and/or the upper and lower
units is more easily transmitted via the borehole. This pressure transmission enables more
resident brine to be displaced and/or more gas to be evacuated out of the UDRZ, allowing

replenishing brine to enter.

Vertical Brine Flow in Lower Waste Panel North of Borehole

Figure 4.3.2 illustrates the most influential parameters controlling vertical brine flow north of the

borehole.
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FIGURE 4.3.2. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical brine flow between north portion of lower waste panel and UDRZ

Downward Flow (BRTWPNIC). Prior to and after intrusion, the parameters that most influence
downward-flowing brine from the UDRZ to the lower waste panel residing north of the borehole
(BRTWPNIC) are similar to those for BRTWPSIC, except that the parameter ANHPRM is
absent. Anhydrite drainage does not significantly affect flow into the north side of the lower
waste panel because 1) the positioning of the north half of the lower waste panel is up-dip from

the south anhydrites, and 2) the positioning of the borehole. The borehole’s ongoing flow
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processes and assigned material properties serve as barriers to brine crossing from the southern to

the northern half of the lower waste panel.

Upward Flow. Prior to intrusion, brine partitioned upward into the UDRZ, BRTWPNOC, is

minimal to nonexistent. Therefore, no further discussion is provided.

After intrusion, parameters controlling BRTWPNOC are similar as that for BRTPWSOC—i.c.,
positively correlated with BHPRM and negatively correlated with WMICDFLG. However, no
correlation exists with HALPOR, and a strong correlation with BPCOMP shows up that is not
seen for BRTPWSOC. The positive correlation with BPCOMP is due to this variable affecting
the amount of Castile brine that is released upward through the borehole into the lower waste
panel (given the appropriate pressure gradient). Incoming brine enters both halves of the lower
waste panel, but because the two halves will have significantly different gas/brine saturations,
their ‘compression potentials’ will be very different. Because the UDRZ above the north half of
the waste panel is filled with a more compressible gas, the pressure wave of the intrusion can

more easily introduce Castile brine through the north ceiling.

Vertical Brine Flow Between Top of Panel Closures and UDRZ

Figure 4.3.3 illustrates the most influential parameters controlling vertical brine flow between the

top of the waste panel closures and the UDRZ (BRNDTPSC and BRNUTPSC).

Downward Flow (BRNDTPSC). Prior to intrusion, HALPOR is the most important parameter
affecting downward vertical brine through the top of the panel closures from the UDRZ, for the
same reasons as described previously for BRTWPSIC and BRTWPNIC.

At the time of intrusion, realizations with high pressures and gas saturations in the UDRZ, a
function of WMICDEFLG, will have less brine displaced down through the top of the panel
closures during the pressure wave of the intrusion event. Hence, the BRNDTPSC is negatively

correlated with WMICDFLG for the period between the intrusion event and borehole

degradation.
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FIGURE 4.3.3. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical brine flow (a) into top of waste panel closures from UDRZ and (b) out top of

waste panel closures to UDRZ

The parameter BHPRM replaces WMIDFLG as influencing BRNDTPSC soon after ~1200 years,

when the upper borehole plug degrades. BHPRM gains in correlation strength from 1500 to

10,000 years because of the multiple functions that the borehole plays in depressurizing the

repository, evacuating gas out the UDRZ and enabling replenishing brine to enter the UDRZ

region above the panel closures.

Upward Flow (BRNUTPSC). Upward flowing brine exiting the top of the panel closures

(BRNUTPSC) is negatively correlated with WMICDFLG and positively correlated with BHPRM
for the same reasons that these parameters influence upward brine flow through the two halves of

the lower waste panel—i.e., the high gas pressures created by microbial degradation create more

resistance for brine moving into the UDRZ during the pressure wave of the intrusion event.
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Vertical Brine Flow into the Ceiling of the Upper Waste Panel

Figure 4.3.4 illustrates the most influential parameters controlling vertical brine through the

ceiling of the upper waste panel.
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FIGURE 4.3.4. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical brine flow between upper waste panel and UDRZ

Downward Flow (BRN_DRAC). Downward-flowing brine into the ceiling of the upper waste
panel (BRN_DRAC) before and after intrusion is primarily a function of HALPOR. HALPOR is

important for several reasons:

e The volume of brine that drains into the ceiling of the fluid-filled upper waste panel is a
function of DRZ pore volumes, and HALPOR is the primary variable that determines UDRZ

pore volumes.

e Large UDRZ pore volumes affect the ease with which gas can be evacuated out of the UDRZ,

allowing replenishing brine to enter this area.

Upward Flow. Brine flow upward, through the ceiling of the upper waste panel (BRN_URAC),

before and after intrusion, occurs for only a few simulations (see boxplots in Figure 4.1.14) and




ceases for all but three simulations soon after the closure of the lower borehole plug at 2200

years (see Figure 4.1.8). An inverse correlation exists between BRN_URAC and the parameters
WMICDFLG and WGRCOR. Simulations that do have an upward flow of brine have minimum
gas generation from either microbial degradation (WMICDFLG = 0, or 1) or iron corrosion
(WGRCOR). Consequently, the UDRZ and upper waste panels will have higher brine
saturations and lower repository pressures. The two conditions favor brine to up-well from the

south side of the upper waste panel to the UDRZ.

4.3.1.2 Lateral Brine Flow In the UDRZ Crossing the Area Above the Panel Closures
South-Flowing Brine

Figure 4.3.5 illustrates the most influential parameters controlling the lateral south-flowing brine

within the UDRZ that passes above the panel closures (BRAPSNIC and BRAPSSOC).

STANDARDIZED RANK REGAESSION COEFFICIENT

075

0.50

0.25

0.00

-0.25

-0.75

PCCSRC PLOTS

T \]\l T 1 I !

L ]
L B

Dsg)endem Variable
- RAPSSOC -

—— HALPOR

It L | ] L 1 L
0.0 1.5 3.0 45 6.0 75 9.0
(110°%)

(a)

STANDARDIZED RANK REGRESSION COEFFICIENT

1.00

075

0.50

0.25

-0.28

-0.50

-0.75

-1.00

PCCSRC PLOTS

L \\\RL\A

Deapandam Variable

d RAPSNIC —
—— HALPOR

-------- SHRGSSAT

| 1 | A L |
0.0 1.5 3.0 45 6.0 7.5 9.0
(*10%)

TRI-6342-5360-0

(b)

FIGURE 4.3.5. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for lateral south-flowing brine in UDRZ (a) south and (b) north of panel closures

Prior to intrusion, south-flowing brine in the UDRZ is minimal (less than ~100 m> ) and occurs
for only a few simulations (see boxplots in Figure 4.1.16). After intrusion, the number of

simulations with south-flowing brine remains about the same as that prior to intrusion. A strong




correlation exists between south-flowing brine and HALPOR before and after intrusion, for the

same reasons given for BRN_DRAC.

North-Flowing Brine Above Panel Closures (BRAPSSIC and BRAPSNOC)

Figure 4.3.6 illustrates the most influential parameters controlling lateral north-flowing brine

above the panel closures (BRAPSSIC and BRAPSNOC) within the UDRZ.
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FIGURE 4.3.6. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical brine flow (m®) between south portion of lower waste panel and UDRZ

Prior to intrusion, northward (up-dip) brine flow does not occur in the UDRZ. Thus, the
correlation strength between north-flowing brine and HALPOR is due to numerical noise and is

disregarded.

After intrusion, brine flow northward above the panel is initiated (see Figure 4.1.1). The
uncertainty for brine flow northward is inversely correlated with WMICDFLG between 1000 and
1200 years. After 1200 years, north-flowing brine is positively correlated with the BPCOMP and
BHPRM after the upper borehole plug degrades.
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Those realizations with biodegradation of cellulose and/or rubber and plastics (WMICDFLG > 0,
50% of the sampled set) have relatively higher gas saturations and pressures in the UDRZ. High
gas saturations reduce effective brine permeabilities. These two conditions impede incoming
brine from flowing up-dip above the panel closures once in the UDRZ. The strong inverse
correlation with WMICDFLG dramatically declines once the upper borehole plug degrades,
enabling gas to be evacuated out the repository via the borehole and reducing UDRZ gas

saturations and pressures.

Greater BPCOMP values enhance the likelihood that brine fills up the lower waste panel, or is
displaced up into the UDRZ. During the pressure wave of the intrusion event, some brine flows
up-dip once in the UDRZ. When the upper borehole plug degrades, a second pressure wave
occurs within the repository, promoting additional brine displacement into the UDRZ, some
sourced from the Castile reservoir. Consequently, a brief increase in BPCOMP correlation
strength is seen for up-dip brine flow between 1200 and 1500 years. Concurrently, BHPRM

rapidly increases in correlation strength.

BHPRM becomes the dominant parameter for north-flowing brine from 1200 years to the end of
the modeled period. Realizations with high BHPRM values have relatively rapid gas evacuation
out of the UDRZ and excavated areas, and, in turn, reduce repository pressures. Once pressures
are reduced, brine is allowed to enter the UDRZ either from anhydrite drainage or down the
borehole. Some of this brine is diverted from a vertical to a lateral up-dip (northerly) flow

direction in the UDRZ.

4.3.2 Gas Flow
4.3.2.1 Vertical Gas Flow Between the Lower Waste Panel and UDRZ
Vertical Gas Flow Between South Portion of the Lower Waste Panel and UDRZ

Figure 4.3.7 illustrates the most influential parameters controlling vertical gas flow between the

south portion of the lower waste panel and the UDRZ.
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FIGURE 4.3.7. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical gas flow out of south portion of lower waste panel

Downward Flow (GSTWPSIC). GSTWPSIC occurs for only a few realizations during the time of
intrusion and lower borehole closure (see boxplots in Figure 4.1.16 and hairplots in Figure 4.1.3).
No single variable was found to significantly affect gas flow downward from the UDRZ through
the ceiling of the south lower waste panel (GSTWPSIC). Consequently, discussion will be given

only for gas flow upward through the waste panel ceiling.

Upward Flow (GSTWPSOC). Prior to intrusion, gas flow out the south half of the lower waste
panel ceiling (GSTWPSOC) is influenced by WMICDFLG and HALPOR. Both parameters
impact gas production within the waste disposal areas. Biodegradation (WMICDFLG > 0) is the
dominant gas generation independent variable for the first 1000 years, and is not limited by the
availability of brine, but rather by the quick degradation of plastics and cellulosics in the waste
disposal area. Because biodegradation of cellulose and/or rubber and plastics (WMICDFLG > 0)
is assigned to 50% of the realizations, it dominates the uncertainty within the sampled set for
GSTWPSOC. Prior to intrusion, brine supplies for iron corrosion tend to be limited; therefore,
gas generation from corrosion is affected by those parameters affecting brine supplies rather than

corrosion rates. Because UDRZ brine drainage is the primary brine source to the waste areas




prior to intrusion, and because the volume of brine drained is a function of halite porosity, a

positive correlation is seen between GSTWPSOC and HALPOR.

After intrusion, a large volume of brine is introduced into the excavated area via the borehole
from either the lower or upper non-Salado units, and tends to accumulate in the south region of
the lower waste panel. At this time, gas production from iron corrosion changes from being
brine-limited to corrosion-rate limited; thus, post-intrusion gas rising up to the UDRZ tends to be
influenced by iron corrosion rates, WGRCOR. Because the cumulative gas volumes created by
iron corrosion do not exceed that from biodegradation (when WMICDFLG > 0 ) until well after
the intrusion event, WGRCOR does not dominate the uncertainty for GSTWPOC until midway

through the modeled period.

Vertical Gas Flow Between North Portion of the Lower Waste Panel and UDRZ

Figure 4.3.8 illustrates the most influential parameters controlling vertical gas flow between the

north portion of the lower waste panel and the UDRZ.
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FIGURE 4.3.8. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for vertical gas flow (a) into and (b) out of north portion of lower waste panel
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Downward Flow (GSTWPNIC). Prior to intrusion, no gas flows downward from the UDRZ to the

lower waste panel (GSTWPNIC). Therefore, no further discussion is presented.

When the upper borehole plug degrades, a pulse of gas is pushed from the UDRZ down through
the north half of the lower waste panel. Plug degradation produces a pressure gradient between
the up-dip and down-dip regions of the repository, promoting a surge of gas towards the
borehole. Due to model configuration, the borehole serves as a bottleneck, creating a localized
high pressure zone as gas is constricted within the smaller confines of the UDRZ as it approaches
the borehole. The constricted flow causes gas to be forced down through the north waste panel
ceiling prior to exiting the borehole. This situation is more likely to occur for realizations with

high gas production early on, hence the strong correlation strength with WMICDFLG.

Upward Flow (GSTWPNOC). Prior to and after intrusion, upward gas flow through the
northern half of the lower waste panel ceiling into the UDRZ—GSTWPNOC—is enhanced for
those realizations assigned gas generation from WMICDFLG, for reasons similar to those
described for GSTWPSOC.

Soon after intrusion, in both halves of the lower waste panel, plentiful brine supplies exist for
iron corrosion for the majority of realizations. Gas generation from iron corrosion becomes
corrosion-rate limited, rather than brine-limited. Consequently, the correlation strength between
WGRCOR and GSTWPSOC increases. The correlation strength for WGRCOR plateaus at
~5500 years and decreases slightly thereafter, because the number of simulations producing gas

via iron corrosion decreases as iron inventories become depleted.

Vertical Gas Flow In and Out of the Panel Closures

This section describes vertical gas flow out of the panel closures, GASUTPSC, as depicted in
Figure 4.3.9.
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FIGURE 4.3.9. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential

independent variable on upward-flowing gas out of the panel closure

A brief pulse of gas is pushed out the top of the panel closures when the upper borehole
degrades. This pulse is positively correlated with BHPRM. Those realizations with high values
for BHPRM will have a better connection between the repository and the upper units, causing a

larger ‘pressure pulse’ to displace gas through the panel closures.

Effectively no gas flows down through the top of the panel closures.

4.3.2.2 Vertical Gas Flow Between the Upper Waste Panel and UDRZ

Figure 4.3.10 illustrates the most influential parameters controlling vertical gas flow between the

upper waste panel and the UDRZ.

Downward Flow (GAS_DRAC)

Prior to intrusion, gas flow down into the ceiling of the upper waste panel, GAS_DRAC, is
negatively correlated with HALPOR because this parameter affects the size of DRZ volumes

where gas is stored as it flows upward from the waste
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independent variables on controlling vertical gas flow (a) down to upper waste panel from DRZ and (b) up into
UDRZ from upper waste panel

regibns. As discussed in Section 3, low HALPOR values mean smaller UDRZ volumes, and
smaller UDRZ volumes mean less gas storage space. The UDRZ reaches its maximum gas
storage capacity earlier for those realizations with smaller DRZ volumes. Once this DRZ gas
storage capacity is maximized, newly-generated gas flowing up-dip in the UDRZ introduced
from the south will be deflected downward from the UDRZ through the upper waste panel

ceiling to the more compressible upper waste panel where it is stored.

After intrusion, an increase in GAS_DRAC is seen for many realizations, which lasts between
~1000 and 3000 years (see hairplot in Figure 4.1.9 and boxplots in Figure 4.1.16). A strong
correlation begins to appear at this time between GAS_DRAC and WMICDFLG and BHPRM.
WMICDFLG determines the extent of this downward flow from the UDRZ for the same reasons
- as given for GSTWPNIC, discussed previously. In short, simulations with microbial degradation
will be more gas pressurized and, consequently, are more likely to have gas back up through the
upper waste panel ceiling as it flows toward the borehole. High values for BHPRM mean the

pressure wave between the repository and the upper and lower units, created at the time of
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intrusion, can be more easily transmitted within the repository. This pressure pulse compresses
and moves resident UDRZ gas back down through the ceiling of the upper waste panel within the
time frame of the intrusion event (at 1000 years) to lower borehole closure (at 2200 years).
Because creation of the pressure wave is partially a function of BHPRM, a spike is seen in the

correlation strength for this parameter and GAS_DRAC.

Upward Flow (GAS_URAC)

Gas flow out of the ceiling of the upper waste panel (GAS_URAC) is strongly correlated with
microbial degradation (WMICDFLG > 0), the dominant gas-production mechanism early in the
simulation, for reasons similar to those given for GASTWPNQOC. After intrusion, an increase in
correlation strength is seen for HALPOR, which is not seen in GSTWPNOC or GSTPWSOC.
HALPOR affects the uncertainty for GAS_URAC for the following reasons:

e HALPOR determines the amount of UDRZ volumes draining brine into the excavated area
early in the modeled period. Some of this brine is stored in the experimental and operations
rooms and the LDRZ. As the repository gas pressure increases, brine stored in the
experimental and operation rooms is impeded from flowing down-dip toward the upper waste
panel. When repository gas pressures are reduced after intrusion, much of the brine stored in
the LDRZ and in the operations and experimental rooms flows into the upper waste panel,
where it is used for gas production via iron corrosion. Consequently, the extent of DRZ brine
drainage early on positively affects the amount of gas exiting the upper waste panel ceiling

later in the modeled period due to its delayed release.

e Large values for HALPOR mean there is more room for replenishing brine to pass through
the UDRZ while gas is being evacuated. Some of this brine is used for gas production while

later rises up through the upper waste panel ceiling.

4.3.2.3 Lateral Gas Flow In the UDRZ Crossing the Area Above the Panel Closures
North-Flowing Gas

Figure 4.3.11 illustrates the most influential parameters controlling lateral, north-flowing gas

above the panel closures within the UDRZ.
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FIGURE 4.3.11. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for lateral, north-flowing gas within UDRZ above the (a) south and (b) north side of panel
closures (GSAPSSIC and GSAPSNOC, respectively)

Prior to intrusion, the lateral flow of gas in the UDRZ is principally to the north. The uncertainty
for north-flowing gas is dominated by biodegradation because it is the dominant gas-generation
process for the first 1000 years of the modeled period. Gas generated by corrosion is brine-
limited, thus it does not come into play as a dominant gas-generating process affecting north-
flowing gas until a limited time just after the intrusion event, when replenishing brine enters the

waste regions and is then used for gas production via iron corrosion.

After intrusion, the number of realizations with north-flowing gas is greatly reduced because the

dominant gas flow direction is southward.

South-Flowing Gas (GSAPSSOC and GSAPSNIC)

Figure 4.3.12 illustrates the most influential parameters controlling lateral, south-flowing gas

above the panel closures within the UDRZ.
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FIGURE 4.3.12. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for controlling lateral, south-flowing gas above panel closures within the UDRZ (GSAPSSOC
and GSAPSNIC)

Prior to upper borehole degradation, minimum to no gas flows south above the panel closures,
GSAPSSOC and GSAPSNIC; thus the positive correlation with halite porosity early in the

simulation period is spurious.

At the time of upper borehole degradation, south-flowing gas is initiated. Flow in this direction

is strongly correlated with WMICDFLG.

WMICDEFLG is strongly correlated with south-flowing gas for several reasons. Simulations with
gas produced from microbial degradation early in the modeled period have relatively higher
volumes of gas, which tend to create higher repository pressures. Higher repository pressures
tend to create a significant pressure potential between the repository and upper units. At the time
of upper borehole degradation, this relatively large pressure potential between the upper and
lower units and the repository is transmitted through the borehole, creating a pressure wave
between the up-dip and down-dip regions of the repository toward the borehole. The pressure
wave carries gas with it. High BHPRM values mean less impedance for gas evacuation out of

the repository, the majority of which is funneled through the UDRZ, reducing repository
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pressures. Once pressures are reduced, replenishing brine from anhydrite drainage or drainage
from units above or below the repository is more likely to occur. This brine can be used for

additional gas generation via iron corrosion if it contacts uncorroded drums.
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5.

Brine and Gas Flow between the Upper and Lower Panels via Panel
Closures

This section describes lateral brine and gas flow across the panel closures.! Two flow boundaries
were evaluated for lateral flow across the panel closures—the south face of the closure abutting
the lower waste panel and the north face of the panel closure abutting the upper waste panels.
Figure 5.1.1 depicts those boundaries of the panel closures where flow was evaluated. Vertical

flow between the DRZ and the top and bottom of the panel closures is described in Sections 4
and 6, respectively.
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FIGURE 5.1.1. REGIONS OF DISPOSAL SYSTEMS for which lateral flow across panel closures was assessed

The organization of Section 5 is as follows. Section 5.1 presents those variables defining lateral
flow through the panel closures. Following these definitions, hairplots—results for the entire
suite of simulations overlaid on one plot—are presented for each defined variable. These

hairplots illustrate the variation in behaviors that may occur for a single variable from simulation

! Throughout this report, the term ‘panel closures’ is used in text; in some illustrations, the term ‘panel’s’ is used
instead.




to simulation, given the unique combination of sampled variables assigned to each simulation,

and are referred to throughout each subsection.

To facilitate a better understanding of trends and the overall behavior of each dependent variable
throughout the modeled period, boxplots for each dependent variable are presented at the end of
Section 5.1. Boxplots graphically present the mean, median, 25th and 75th quantile groups, as
well as outliers within a population set. Boxplots are presented for data at four significant times

within the modeled period. These are as follows:

e 0999 years, just prior to intrusion,
e 1500 years, 300 years after the upper borehole plug degrades,
® 5500 years, midway through the modeled period,” and

e 10,000 years, the end of the modeled period.

Section 5.2 gives a brief overview of brine and gas flow through the closures during the modeled
period. Scatterplots are presented to illustrate the relationship between flow through the closures

and sampled parameters. Section 5.3 presents the variables most affecting panel closure flow.

5.1  Variables Used to Define Flow

Variables defining lateral brine and gas flow within the panel closure between the upper and
lower waste panels are given in Table 5.1. Table 5.2 lists variables for gas flow between the
same regions. Figures 5.1.2 through 5.1.5 are hairplots for cumulative brine and gas crossing the

north and south faces of the panel closure.

? Prior examination of several variables within the suite of simulations revealed several processes had settled soon
after 5000 years. Therefore, values were chosen for variables at 5500 years rather than 5000 years.
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Table 5.1. Dependent Variables for Cumulative Brine Flow (m®) Between the Upper and Lower
Waste Panels Via Panel Closures. (Note, variable names shown on boxplots are
abbreviated and given in parenthesis.)

Variable

Definition

South-Flowing Brine

BRNPSIWC
(BPSIWC)

BRNPSORC
(BPSORC)

North-Flowing Brine

BRNPSIRC
(BPSIRC)

BRNPSOWC
(BPSOWC)

Cumulative brine flow (m’) out of panel closures into the lower waste panel (i.e., flow
out of the south face of the panel closure)

Cumulative brine flow (m’) into panel closures from the upper waste panel (i.e., flow
into the north face of the panel closure)

Cumulative brine flow (n’) out of panel closures into the upper waste panel (i.., flow
crossing out of north face of the panel closure)

Cumulative brine flow (m’) into panel closures from the lower waste panel (i.e., flow
into the south face of the panel closure)

Table 5.2. Dependent Variables for Cumulative Gas Flow (m>) Between the Upper and Lower
Waste Panels Via Panel Closures

Variable Definition

South-Flowing Gas
GASPSIWC Cumulative gas flow (m’) out of panel closures into the lower waste panel (i.e., flow
(GPSIWCO) out of the south face of the panel closure)
GASPSORC Cumulative gas flow (m’) into panel closures from the upper waste panel (i.e., flow
(GPSORS) into the north face of the panel closure)

North-Flowing Gas
GASPSIRC Cumulative gas flow (m’) out of panel closures into the upper waste panel (i.e., flow
(GPSIRC) out of the north face of the panel closure)
GASPSOWC Cumulative gas flow (m’) into panel closures from the lower waste panel (i.e., flow
(GPSOWC(C) into the south face of the panel closure)
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Boxplots for cumulative brine flow across the panel closures are depicted in Figure 5.1.6 and

boxplots for cumulative gas flow across the panel closures appear in Figure 5.1.7.
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Gas Flow through Panel Seals, Time=909 y
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5-7




5.2  General Summary of Lateral Flow Across the Panel Closures

The panel closures can potentially serve as a seepage face, transmitting brine or gas to and from
the waste disposal areas and between the UDRZ and the LDRZ, thus affecting repository
performance. Therefore, the efficiency of the closures and the extent to which they transmit fluid
between the regions is of interest. This section briefly describes lateral brine and gas flow
between the upper and lower waste disposal areas via the panel closures. Vertical fluid flow in
and out of the closures’ tops and bottoms is described in the sections pertaining to flow in the

UDRZ and the LDRZ (Sections 4 and 6).

5.2.1 Brine Flow

5.2.1.1 Prior to Intrusion

Less then 1000 m” of brine flows laterally through the panel closures prior to intrusion. For
realizations that do have brine flow, the dominant lateral brine flow direction is southward, from
the upper to the lower waste panel, and is driven by gravitational gradient. Overall, more brine
drains out of the closure’s south face to the lower waste panel than enters from the north face.
The extra contribution of brine that exits the south face is due to vertical brine flow into the top
and bottom of the closures via the UDRZ and the LDRZ, respectively, which is then deflected

southward within the panel closures.

Lateral brine flow through the closures is affected by DRZ volumes, effective brine
permeabilities within the waste disposal regions, and gas saturations within the lower waste panel
and/or the upper waste panels, which are functions of HALPOR, WRBRNSAT, and
WMICDEFLG, respectively (see Figure 5.2.2 in Section 5.2.2). For vectors with halite porosities
in the upper 50th percentile group, the potential for brine to flow from the upper waste panel to
the lower waste panel increases. However, those realizations with large halite porosities may not
contribute to flow crossing the panel closure if they have high assigned values for residual brine
saturations (WRBRNSAT, an LHS parameter) coupled with large volumes of gas generated via

microbial degradation (a function of the WMICDFLG switch). Realizations that are assigned




halite porosities in the upper 50th percentile and have little or no gas generation from microbial
decay will have relatively larger volumes of brine flowing through the panel closures. For
realizations with halite porosities in the lower 50th percentile, brine is not passed from the upper

to the lower waste panels via the panels closures.

Only one realization, which was assigned the highest anhydrite permeability, exhibited any brine

flow through the closures from the lower waste panel to the upper waste panels.

5.2.1.2 After Intrusion

Lateral brine flow through the closures increases dramatically after intrusion. The direction
(either to the north or to the south) and volumes of brine crossing the panel closures is strongly
dependent on borehole permeabilities, the amount of brine flow from the brine reservoir, iron
corrosion rates, and the time frame in which iron in the lower waste panel is completely

corroded—functions of BHPRM, BPCOMP, and WGRCOR.

For realizations with relatively high borehole permeabilities, gas is readily evacuated out the
lower waste panel, enabling replenishing brine to enter. These conditions cause the lower waste
panel to become more brine-saturated than the upper waste panel, enabling iron corrosion in this
area to become rate- rather than brine-limited. As a result, excess brine accumulates in this
down-dip region. This excess brine creates a pressure gradient between the two waste regions

which promotes the passage of brine from the lower to the upper waste panel via the closures.

For realizations with low borehole permeabilities, the repository generally maintains higher gas
saturation levels and pressure. Combined, these conditions inhibit brine drainage into the
repository from the anhydrites or down the borehole. High gas saturation and pressures maintain
the same brine flow direction as that prior to intrusion, but with more brine draining out the south
face of the panel closure than into the north side. The brine source into the closures comes from
brine that drains by gravity from the north portion of the LDRZ southward, accumulates in the
south portion of the LDRZ under the lower waste panel, and then backs up through the bottom of

the panel closures. Brine continues to flow out the panel closures’ south face until most of the




iron is corroded in the lower waste panel. Once iron in the lower waste panel is corroded, brine
begins to accumulate in the lower waste panel, gradients are then reversed between the two waste

disposal regions, and lateral flow direction in the panel closures reverses from a down-dip to an

up-dip direction.

Figure 5.2.1 shows overlay plots illustrating flow through the panel closures for two realizations
assigned low and high borehole permeabilities (Realizations 4 and 50, respectively). The change

in flow direction that occurs for Realization 4 around 5000 years should be noted.’

Scatterplots that illustrate the gas and brine flow patterns just described, and their correlation

with those sampled variables, follow the overlay plots.

* Section 7 includes additional overlay plots illustrating several processes dominant in the repository and how these
processes affect brine (and gas) flow between waste and non-waste regions of the repository.
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FIGURE 5.2.1. OVERLAY PLOTS SHOWING RELATIONSHIP between brine flow direction through panel closures
with respect to borehole permeabilities and time of intrusion. The upper frame is representative of a realization
assigned a low borehole permeability; the lower frame represents a high borehole permeability




5.2.2 Gas Flow

For the majority of realizations, two gas pulses pass between the lower and upper waste panels
via the panel closures. The first pulse of gas occurs at the time of intrusion (1000 years) due to
the pressure pulse within the repository when the borehole connects the Castile reservoir (usually
of high pressure) to the repository. The second gas pulse occurs at 1200 years, when the upper
borehole plug degrades. Realizations with reservoir pressures greater than the repository will
have a pressure pulse transmitted through the repository, which carries Castile brine upward to
the lower waste panel. This brine-induced pressure pulse displaces resident gas from the lower

to the upper waste panel via the panel closures.

When the upper borehole plugs degrade at 1200 years, repository pressures are quickly reduced
for realizations with high gas pressures produced from microbial degradation and high borehole
permeabilities. This pressure reduction causes a second pressure pulse to pass through the
repository, but in the opposite direction from the first. A gas pulse enters the north side of the
panel closures and exits the south side (from the upper to the lower waste panel via the panel
closures). Immediately after the second gas pulse, a large influx of brine displaces any gas in the
panel closures. Brine primarily enters the closures from the LDRZ and the lower waste panel.
Because capillary pressure is modeled in the panel closures, and the closures have a relatively
high residual gas saturation of 0.2 (a non-sampled parameter), gas does not displace brine in the
panel closures after the 1200 year pulse. The following scatterplots (Figure 5.2.2) illustrate the
relationship between gas and brine flow through the panel closures just described and the

independent variables influential to this flow.

5-12
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FIGURE 5.2.2. SCATTERPLOTS OF BRINE FLOW just prior to intrusion (999 years) (a) into lower waste panel via the
south panel closure face and (b) out of the upper waste panel through the north panel closure face with respect to
halite porosities for flowing brine. Note: The plot indicates that more brine flows through the panel closures in
realizations with high halite porosities. The right plot (b) for BNPSORC vs HALPOR shows that brine flow crosses
the panel closures from the upper waste panels toward the lower waste panel for realizations with halite porosities
>~1.4 x 107; for realizations with halite porosities < ~1.4 x 107, no brine flows from the upper waste panels via the
panel closures. The left plot (a) shows small amounts of brine exit the panel closures south face to the lower waste
panel without passing through the upper waste panel




Figure 5.2.3 shows that realizations with high residual brine saturations have limited brine flow

laterally crossing the panel closure face.
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The following scatterplots taken at 10,000 years (Figure 5.2.5) show (a) the strong positive
relationship between brine flow entering the south side of the panel closures from the lower
waste panel and Castile reservoir compressibility, (b) a negative correlation seen with microbial
degradation, and (c) noncorrosion rates. For comparison, scatterplots are provided for brine that
enters the upper waste panel via the closure face with respect to the same independent variables
((d) reservoir pressures, (¢) microbial degradation and iron, and (f) corrosion rates). Note that
more brine enters the upper waste panel than exits the lower waste panel via the closures. The

extra contribution of brine enters the closure tops and bottoms via the DRZ.
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The scatterplots given in Figure 5.2.6 show flow direction through the panel closure is strongly

correlated with borehole permeability.
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FIGURE 5.2.6. SCATTERPLOTS OF BRINE FLOW through panel closures at 10,000 years with respect to borehole
permeabilities (BHPRM given on these plots as BHPERM) for brine flowing (a) into the lower waste panel via the
south panel closure face, (b) out of the upper waste panel through the north panel closure face, (c) into the upper
waste panel via the south panel closure face, and (d) out of the upper waste panel through the north panel closure
face. These plots illustrate the dominant flow direction through the panel closures for those realizations assigned
high borehole permeability. Up-dip will be from the lower waste panel to the upper waste panel. Conversely,
realizations assigned lower borehole permeabilities will have brine flow through the panel closures in a down-dip
direction. Note the difference in the volume of brine that enters and exits the closure north and south face. The extra
contribution is due to brine that passes up through the closures’ top or bottoms via the DRZ.
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5.3  Parameters Affecting Lateral Flow Across the Panel Closures

5.3.1 Brine Flow

53.1.1 South-Flowing Brine: Flow out of the Upper Waste Panels and Flow into the Lower
Waste Panels (BRNPSORC, BRNPSIWC)

Figure 5.3.1 illustrates the independent variables that most affect lateral south-flowing brine

within the panel closures using SRRC analysis.

For the first few hundred years after repository closure, brine flow out of the upper waste panels
via the panel closures is positively correlated with HALPOR and negatively correlated with
parameters that influence effective brine saturations within the waste panels, i.e., WRBRNSAT
and WMICDFLG. Realizations with higher assigned values for residual brine saturation

(WRBRNSAT) will have lower effective brine permeabilities within the waste disposal area.
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FIGURE 5.3.1. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for south-flowing brine (a) into the lower waste panel and (b) out of the upper waste panel
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These lower brine permeabilities create more resistance to brine flowing laterally within the
upper waste panel toward the panel closures. Consequently, less brine will actually enter the
closures. Additionally, when assigned values for WRBRNSAT are high, brine flow will cease
altogether at a higher values of ‘absolute’ brine saturation. Realizations with WMICDFLG > 0
(50% of the sampled set) will have high gas saturations rendering lower effective brine
permeabilities; hence, résidual brine saturation is more likely to be reached. After intrusion,
south-flowing brine through the panel closures ceases for most realizations. For the few
realizations with a component of south-flowing brine, low borehole permeability, with low

residual brine saturation, and high halite porosities seem to be the determining factors.

5.3.1.2 North-Flowing Brine: Flow out of the Lower Waste Panels and Flow into the Upper
Waste Panels (BRNPSIRC, BRNPSOWC).

Figures 5.3.2 through 5.3.4 illustrate the independent variables that most affect lateral north-

flowing brine within the panel closures from SRRC analysis.
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FIGURE 5.3.2. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for north-flowing brine (a) out of the lower waste panel and (b) into the upper waste panel




Prior to intrusion north-flowing brine through the panel closures is practically zero, so it is not
discussed further. After intrusion, a positive correlation exists between north-flowing brine and
parameters BHPRM and BPCOMP, and negative correlations appear between the north-flowing
brine and parameters WMICDFLG and WGRCOR. Large quantities of gas produced via
microbial degradation or iron corrosion will render the repository more gas saturated and of
higher pressures. Consequently, gas will take longer to evacuate the repository, and repository
pressures will be lowered at a slower rate before brine can flow into the excavated areas.
Additionally, high values for WGRCOR mean more brine is ‘consumed’ via iron corrosion.
More brine consumed via corrosion reduces the accumulation of excess brine that would flow

through the panel closures.

High brine volumes in the lower waste panel mean this area will have relatively high pressures
(due to a higher density of brine) and will result in an ‘oversupply’ of brine in this area. High
brine volumes and high pressures promote brine flow through the south face of the panel closures
toward the upper waste panel. Both high BHPRM and high BPCOMP promote relatively large
amounts of brine to enter the lower waste panel, which, in turn, promotes brine flow up-dip
through the south face of the panel closures. The more compressible the Castile formation, the
‘more of its brine will be released through the borehole into the lower waste panel, some
transmitted through the closures. BHPRM increases in correlation strength with north-flowing
brine between 1200 to 10,000 years and replaces the negative correlation with microbial
degradation and halite porosities. This increase in correlation strength is because at 1200 years,
the upper borehole plug degrades, causing gas to be evacuated out of the repository, and reducing
repository pressures; the extent of this evacuation is a function of BHPRM. Once repository
pressures are reduced, brine is more likely to flow into the lower waste panel via anhydrite or
borehole drainage, creating a brine oversupply in the lower waste panel, some of which would

flow through the panel closures.
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5.3.2 Gas Flow

5.3.2.1 South-Flowing Gas out of the Upper Waste Panels and into the Lower Waste Panels
(GASPSORC, GASPSIWC)

Figure 5.3.3 illustrates the independent variables that most affect lateral south-flowing gas within

the panel closures using SRRC analysis.
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FIGURE 5.3.3. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for south-flowing gas (a) into the lower waste panel and (b) out of the upper waste panels

Gas flow in the southerly direction is positively correlated with microbial degradation (a function
of WMICDFLG), which is the major gas-producing mechanism at the time of intrusion, and
BHPRM, which controls gas flowing out of the repository, toward the borehole. South-flowing
gas through the panel closures occurs briefly, as a pulse, when the borehole degrades; this causes
a pressure differential, i.e., gradient, between the up- and down-dip portions of the repository.
The pressure differential creates a ‘gas pulse’ from the up-dip regions of the repository towards
the borehole. This relatively high pressure gradient is able to overcome capillary threshold
pressures assigned to the panel closures, displacing resident brine. The flow carries gas that is

‘pushed’ through the north face of the panel closures and out the south face.




After the gas pressure wave subsides, a brine pulse follows, originating from the LDRZ. After
this brine pulse, the closures remain brine-saturated through the rest of the modeled period. Gas
pressures and saturation levels are too low within the DRZ or waste regions to overcome the

threshold pressure necessary to displace resident brine. Consequently, gas flow through the

closures ceases after ~1500 years.

5.3.2.2 North-Flowing Gas out of the Lower Waste Panel and into the Upper Waste Panel
(GASPSOWC, GASPSIRC)

Figure 5.3.4 illustrates the independent variables most affecting north flowing gas out of the

lower waste panel into the panel closure south face using SRRC analysis.
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FIGURE 5.3.4. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variable for north-flowing gas out of the lower waste panel

The pulse of north flowing gas from the lower waste panel through the panel closures at 1000
years is positively correlated with WMICDFLG. Those realizations with microbial degradation
will have higher gas saturations and higher repository pressures. In combination, these

conditions mean the pressure wave will push more gas from the lower to the upper waste panel at

the time of intrusion.




No correlation is seen between the sampled parameters and gas flow out of the north face of the

panel closures into the upper waste panel.
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6. Brine and Gas Flow in Lower Disturbed Rock Zone

Vertical and lateral brine and gas flow within and between the LDRZ and regions of the waste
disposal area are discussed in this section. Figure 6.1.1 depicts the regions and boundaries where
LDRZ flow was evaluated. Three flow boundaries were evaluated for vertical flow and two for
lateral flow. For vertical flow, these boundaries were between the LDRZ and the lower waste
panel, the bottom of the panel closure separating the two modeled waste regions, and the upper
waste panel. Lateral flow was calculated within the LDRZ (parallel to the floor of the waste
panels) in the region just below the panel closures. This region was selected in order to
determine the extent to which the panel closures may serve as a source or sink between the
LDRZ and the two waste disposal areas. (A more detailed evaluation of flow within the panel

closures between the two waste disposal areas is discussed in Section 5.)
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FIGURE 6.1.1. LOCATIONS IN LDRZ AT which lateral and vertical brine and gas flow were assessed




The organization of Section 6 is as follows. Section 6.1 presents those dependent variables
defining vertical flow crossing the highlighted boundaries. Following these definitions,
hairplots, results for the entire suite of simulations overlaid on one plot, will be presented for
each defined dependent variable. These hairplots illustrate the variation in behaviors that may
occur for a single dependent variable within the suite of realizations. These plots will be

referenced throughout each subsection.

Boxplots for each dependent variable will be presented at the end of Section 6.1. Boxplots
present in graphical form values for the mean, median, 25th, and 75th quantiles and outliers
within a population. In this way, trends and overall behaviors of each dependent variable
throughout the modeled period can be better understood. For this report, boxplot data was taken

at four significant times within the modeled period:

e 999 years, just prior to intrusion,

e 1500 years, 300 years after the upper borehole plug degrades,

e 5500 years, approximately midway through the modeled period', and
e 10,000 years, the end of the modeled period.

These boxplots will also be referenced throughout Section 6.

Section 6.2 gives a brief overview of LDRZ brine and gas flow throughout the modeled period.
Scatterplots to illustrate the relationship between flow in the LDRZ and other processes inside
the waste disposal area are presented at the end of this section. Section 6.3 gives the dependent

variables most affecting flow in the LDRZ.

! Prior examination of several dependent variables within the suite of simulations revealed several processes had
settled soon after 5000 years. Therefore, values for dependent variables at 5500, rather than 5000, years were
chosen.




6.1 Variables Used to Define Flow

6.1.1 Vertical Flow

Vertical flow of brine and gas into and out of the lower waste panel north and south of the
borehole was also assessed. The dependent variables listed in Table 6.1 relate to vertical flow
into the bottom of the lower waste panel. Hairplots defining flow in and out of these regions

over the modeled period are given in Figures 6.1.2 through 6.1.5.

Table 6.1. Dependent Variables for Vertical Brine and Gas Flow Into/Out of Lower Waste Panel.
(Note, variable names given on the boxplots are in parenthesis)

Variable Definition
South of Borehole
BRBWPSIC (B_BWSI) Cumulative brine flow (m®) into bottom of lower waste panel floor south of
borehole from LDRZ
BRBWPSOC (B_BWSO) Cumulative brine flow (m’) out of bottom of lower waste panel floor south of
borehole into LDRZ
GSBWPSIC (G_BWSI) Cumulative gas flow (m’) into bottom of lower waste panel floor south of
borehole from LDRZ
GSBWPSOC (G_BWSO) Cumulative gas flow (m’) out of bottom of lower waste panel floor south of
borehole into LDRZ
North of Borehole
BRBWPNIC (B_BWNI) Cumulative brine flow (m®) into bottom of lower waste panel floor north of
borehole from LDRZ
BRBWPNOC (B_BWNO)  Cumulative brine flow (m’) out of bottom of lower waste panel floor north of
borehole into LDRZ
GSBWPNIC (G_BWNI) Cumulative gas flow (m®) into bottom of lower waste panel floor north of
borehole from LDRZ

GSBWPNOC (G_BWNO)  Cumulative gas flow (m’) out of bottom of lower waste panel floor north of
borehole into LDRZ
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Vertical flow into and out of the bottom of the upper waste panel and into and out of the bottom
of the panel closures is defined by the dependent variables listed in Table 6.2. Hairplots defining

flow in and out of these regions over the modeled period are given in Figures 6.1.6 and 6.1.9.

Table 6.2. Dependent Variables for Vertical Brine and Gas Flow Into/Out of Upper Waste Panel
and Panel Closures (note variable names shown on boxplots are abbreviated and given
in parenthesis)

Variable Definition

Panel Closures

BRNUBPSC (BRUBPS) Cumulative brine flow (m’) into bottom of panel closures from LDRZ

BRNDBPSC (BRDBPS) Cumulative brine flow (m’) out of the bottom of panel closures into LDRZ

GASUBPSC (GSUBPS) Cumulative gas flow (m’) into bottom of panel closures from LDRZ

GASDBPSC (GSDBPS) Cumulative gas flow (m’) out of bottom of panel closures into LDRZ
Upper Waste Panel

BRN_URBC (B_UBBC) Cumulative brine flow (m’) through upper waste panel floor from LDRZ

BRN_DRBC (B_DRBC) Cumulative brine flow (m’) down into the LDRZ from the upper waste panel
floor

GAS_URBC (G_URBC) Cumulative gas flow (m®) through upper waste panel floor from LDRZ
GAS_DRBC (G_DRBC) Cumulative gas flow (m’) down into LDRZ from upper waste panel floor
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6.1.2 Lateral Flow

Lateral flowing fluid within the LDRZ in the region just below the panel closures is defined by

the variables listed in Table 6.3. Hairplots defining flow in and out of these regions over the

modeled period are given in Figures 6.1.10 through 6.1.13. Boxplots for vertical brine and gas

flow through the floor of the upper and lower waste panel are presented in Figures 6.1.14 through

6.1.17. Boxplots for lateral brine and gas flow in the LDRZ crossing the area under the panel

closures are presented in Figures 6.1.18 and 6.1.19.

Table 6.3. Dependent Variables for Lateral Brine and Gas Flow Below Panel Closures (note
variable names shown on boxplots are abbreviated and given in parenthesis)

Variable Definition
North Flowing
BRBPSSIC (BBPSSI) Cumulative brine flow (m®) north in LDRZ, crossing boundary just below south
side of panel closures
BRBPSNOC (BBPSNO) Cumulative brine flow (m®) flow north in LDRZ, crossing boundary just below
north side of panel closures
GSBPSSIC (GBPSSI) Cumulative gas flow (m’) flow north in LDRZ, crossing boundary just below
south side of panel closures
GSBPSNOC (GBPSNO) Cumulative gas flow (m®) flow north in LDRZ, crossing boundary just below
north side of panel closures
South Flowing
BRBPSNIC (BBPSNI) Cumulative brine flow (m’) flow south in LDRZ, crossing boundary just below
north side of panel closures
BRBPSSOC (BBPSSO) Cumulative brine flow (m’) flow south in LDRZ, crossing boundary just below
south side of panel closures
GSBPSNIC (GBPSNI) Cumulative gas flow (m’) flow south in LDRZ, crossing boundary just below
north side of panel closures
GSBPSSOC (GBPSSO) Cumulative gas flow (m’) flow south in LDRZ, crossing boundary just below

south side of panel closures
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FIGURE 6.1.14. BOXPLOTS FOR VERTICAL BRINE flow through south and north halves of lower waste panel floor
(top plots); and through the bottom of the panel closures and floor of the upper waste panel. Boxplots show flow at

999 and 1500 years
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Vertical Brine Flow Through Floor of Lower Waste Panel, Time=5500y
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FIGURE 6.1.15. BOXPLOTS FOR VERTICAL BRINE flow through south and north halves of lower waste panel floor
(top plots); and through the bottom of the panel closures and floor of the upper waste panel. Boxplots show flow at
5500 and 10,000 years
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FIGURE 6.1.16. BOXPLOTS FOR VERTICAL GAS flow through the south and north halves of the lower waste panel

(top plots); and through the bottom of the panel closures and floor of the upper waste panel. Boxplots show flow at
999 and 1500 years '
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Vertical Gas Flow Through Floor of Lower Waste Panel, Time=5500y
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FIGURE 6.1.17. BOXPLOTS FOR VERTICAL GAS flow through the south and north halves of the lower waste panel

(top plots); and through the bottom of the panel closures and floor of the upper waste panel. Boxplots show flow at
5500 and 10,000 years
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FIGURE 6.1.18. BOXPLOTS FOR LATERAL BRINE flow in LDRZ crossing the area under the panel closures.
Boxplots show flow taken at 999, 1500, 5500, and 10,000 years
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FIGURE 6.1.19. BOXPLOTS FOR LATERAL GAS flow in LDRZ crossing the area under the panel closures. Boxplots
show flow taken at 999, 1500, 5500, and 10,000 years




6.2  Summary of Brine Flow in LDRZ

6.2.1 Flow Prior to Time of Intrusion

Brine Flow

For the first few hundred years after repository closure, repository pressures are much lower than
in the host rock. This creates pressure gradients between the two DRZ regions, which promote
vertical brine flow downward from the UDRZ, through the excavated areas, toward the LDRZ.
In the lower waste panel, vertical downward drainage into the LDRZ lasts only a few hundred
years; for the upper waste panels, downward brine flow continues up until the time of intrusion,
long after downward flow has ceased in the lower waste panel (compare Figures 6.1.2 and 6.1.4,
left side, with Figure 6.1.8, left side). Generally, lateral brine flow is predominantly southward
prior to intrusion; north-flowing brine is nonexistent in all but one realization, which had the
highest assigned value for anhydrite permeability (see hairplots given in Figures 6.1.10 and
6.1.12).

As brine vertically drains into the LDRZ, its flow direction is deflected laterally southward at the
interface of the less permeable undisturbed halitic host rock. From here, brine that drained
through the excavated region joins south-flowing brine drained from the anhydrite layers (notably

direct brine drainage from ‘north” MB 139).

For those realizations with low DRZ volumes (a function of halite porosity), as south-flowing
brine passes under the panel closures, some preferentially flows upward through the closure

bottom and is then deflected down-dip (southward) into the lower waste panel.

Drainage into the LDRZ from the panel closures is predominantly downward for the majority of
realizations (see boxplots in Figure 6.1.14). Realizations with high assigned values for halite
porosity will have more brine flow downward through the panel closures to the LDRZ, and 1s

enhanced for realizations with no gas production from microbial degradation.
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As brine flows through the LDRZ voids,” it moves upward through the waste panel floors.
Because the south half of the lower waste panel is down-dip and abuts south MB 139, the total
volume of brine that moves upward through the lower waste panel ‘south’ floor is far greater
than the volume of the north side of the lower waste panel, ranging from 2 to 10 times greater

(see Figure 6.2.1 and boxplots for brine flow taken at 999 years in Figure 6.1.14).

Those realizations that have relatively large volumes of gas generated (predominantly from
microbial degradation) and high assigned values for waste residual brine saturation will have
lower effective brine permeabilities within the waste regions. Consequently, these realizations
will have less brine drainage from the waste panels downward into the LDRZ (despite large
volumes of brine draining into the waste panels from the UDRZ) (see Figure 6.2.2), less south-
flowing brine, and less brine that ‘backs up’ within the LDRZ, which then re-enters upward
through the waste region floors later in the modeled period. Additionally, realizations with
microbial gas generation tend to have higher repository pressures. As repository pressures
increase, the pressure gradient between the repository and host rock decreases. The decline in
this gradient inhibits brine drainage from the adjoining host rock. Consequently, an inverse
relationship is seen between brine seepage back up from LDRZ to the waste panels and

repository pressure (see Figure 6.2.3).

Gas Flow

The hairplots given in Figures 6.1.7, 6.1.9, 6.1.11, and 6.1.13 and the boxplots given in
Figure 6.1.15 show the gas flow in the LDRZ is predominantly downward, and occurs mainly
from the upper waste panels. Some realizations do have gas entering the LDRZ from the lower

waste panel.

As the gas produced accumulates in the excavated areas, gas pressures increase, for many
realizations, to values greater than those in the LDRZ. For these realizations, gas is pushed
downward into the LDRZ through the waste region floors and, for some realizations, moves

northward (up-dip) towards the most northern portions of the repository (see Figure 6.2.4). This

? As discussed in Section 3, DRZ void volumes increase after repository closure due to an increase in pressure.
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FIGURE 6.2.1. SCATTERPLOTS FOR BRINE FLOW at 999 years out of MB 139 lying south of the repository to the
LDRZ (BRM?39SIC) and flow upward through the south floor and north floor of the lower waste panel, BRBWPSIC
and BRBWPNIC, respectively. These plots show brine flow from south MB 139 predominantly flows up through

the south waste panel floor rather than the north floor
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FIGURE 6.2.2. SCATTERPLOTS FOR BRINE DRAINAGE from the upper waste panel floor to the LDRZ
(BRN_DRBC) at 999 years, with respect to residual brine saturation (WRBRNSAT) and halite porosity (HALPOR).
The above plots show that more brine flows out the waste panel floor for those realizations assigned low values for
WRBRNSAT; brine flow to the LDRZ from the upper waste panel is less sensitive to HALPOR values
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FIGURE 6.2.3. SCATTERPLOTS FOR UPWARD BRINE flow from the LDRZ through the upper waste panel floor
(BRN_URBC) with respect to upper waste panel pressure (REP_PRES) at 999 years. The above plot shows
realization with low repository pressure tend to-have more brine flow from the LDRZ through the lower waste panel
floor

is most likely to occur for those realizations with gas generated from microbial degradation and
relatively small DRZ volumes (a function of halite porosities) coupled with medium to high iron

corrosion rates. Lateral-flowing gas in a southerly direction is nonexistent prior to intrusion.

More gas flows through the floor of the up-dip waste panel than through the down-dip waste
panel because less brine accumulates in the up-dip location of the repository. In gravity
segtegation, the less dense fluid (gas) will flow up-dip, with the denser fluid (water) flowing
down-dip. Also the up-dip waste panel has a larger floor surface, and so the relative size and
location of the up-dip waste panel means that more void volume is available for gas storage as it

migrates up-dip in the UDRZ from the lower waste panel.
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FIGURE 6.2.4. SCATTERPLOTS FOR GAS FLOW downward to the LDRZ from the floor of the north half of the lower
waste panel (GSBWPNOC) with respect to iron corrosion rates (WGRCOR) and microbial degradation
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(HALPOR). The top two plots show that realizations with gas generation from microbial degradation and high iron
corrosion rates will have more gas flowing into the LDRZ. The bottom plots show those realizations with gas
generated from microbial degradation coupled with low values for HALPOR will tend to have gas flow down from
the upper waste panels to the LDRZ




6.2.2 Flow After Intrusion

For the majority of realizations at the time of repository intrusion, 1000 years, an upward and
northward brine pulse is introduced in the LDRZ. The pulse is caused by a pressure differential
between the lower Castile brine reservoir and the repository, creating a pressure pulse
propagating up through the borehole, which pushes brine through the LDRZ. For cases where
Castile compressibilities are high, the pressure pulse introduces Castile brine into the LDRZ with
some flowing upward through the north and south floors of the lower waste panel. A portion of
this brine flows up-dip in the LDRZ passing below the panel closures; some is partitioned
upward through the bottom of the closures; and the remainder flows north passing under and up
through the floor of the upper waste panel. For many realizations, the brine surge lasts only a

few hundred years between intrusion and upper borehole degradation.

For the few realizations with brine reservoir pressures lower then repository pressures, a pulse of
brine flows downward through the waste panel floors and out the bottom of the panel closure to

the LDRZ, heading towards the borehole.

When the upper borehole plug degrades at 1200 years, a pathway is created between the units
above and below the repository. This pathway creates another pressure pulse, which propagates a
second brine surge through the LDRZ. At this time, both lateral and vertical brine flow direction
in the LDRZ and panel closures become most dependent on borehole permeability values, rather
than repository or the lower reservoir properties and conditions. For the drainage through the
panel closures, realizations assigned relatively high values for borehole permeability will
generally have downward flowing brine out of the panel closure bottoms to the LDRZ;
conversely, realizations with low borehole permeabilities will have more upward flow direction
from the LDRZ through the closure bottoms. Brine that flows downward from the panel closures

to the LDRZ will tend to flow in the LDRZ up-dip towards the upper waste panel. From the

LDRZ, brine moves upward through the floor of the upper waste panel (see Figure 6.2.5).
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FIGURE 6.2.5. SCATTERPLOTS SHOWING THE RELATIONSHIP between upward (BRNUBPSC) and downward
(BRNDBPSC) brine flow from the bottom of the panel closures to the LDRZ and borehole permeability (BHPRM);
brine flow upward through the floor of the upper waste panel (BRN_URBC) with respect to flow through the bottom
of the panel closures; and the relationship between upward and downward brine flow in the panel closures
(BRNDBPSC versus BRNUBPSC) and the floor of the upper waste panel (BRNDBPSC versus BRN_URBC). The
plot (a) shows that realizations with low BHPRM tend to have brine flow from the LDRZ upward through the bottom
of the panel closures. Conversely, those realizations with high BHPRM values will have brine flowing out the
bottom of the panel closure to the LDRZ (plot b). The plots (c) show those realizations with significant volumes of
upward brine flow will have minimum brine flow downward, and vice versa for downward flow. The plot (d)
illustrates the strong relationship between brine flow from the panel closures downward to the LDRZ and flow
upward through the upper waste panel floor. The implication is that brine that passes down through the panel
closures will flow up-dip and be partitioned through the upper waste panel floor
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Soon after the intrusion event, lateral flow in the LDRZ is closely associated with brine reservoir
compressibility and borehole permeability. The realizations with high reservoir compressibilities
and high borehole permeabilities will have a significant component of brine flowing in the up-dip
direction. Over time, the correlations between reservoir compressibility and brine flow through
the DRZ becomes less prominent (see Figure 6.2.6) while the correlation with borehole
permeability increases (see Figure 6.2.7). For realizations with borehole permeabilities greater
than 10~ m?, the upper borehole plug degradation results in LDRZ brine flow reversing from a
southerly direction, dominant prior to intrusion, to a northerly direction. Brine flow in the LDRZ
is also significantly affected by gas saturation in the UDRZ, specifically the south UDRZ. Once
the south UDRZ is ‘degassed,’ brine will again drain from MB 138 lying south of the UDRZ and
Anhydrite AB. This brine will flow through the south half of the upper waste panel ceiling to the
UDRZ, contributing to brine accumulations in the lower waste panel. If brine supplies are
greater than needed for iron corrosion, brine will begin to drain out the north side of the lower

waste panel floor to the LDRZ. Generally, the primary vertical flow direction through the
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FIGURE 6.2.6. SCATTERPLOTS ILLUSTRATING THE RELATIONSHIP between brine flow passing below the closures
in the LDRZ in the up-dip direction (BRBPSNOC) and brine reservoir compressibilities (BPCOMP) at 1500 years
(a) and 10,000 years (b). The two plots show those realizations with relatively high values for BPCOMP will have
more brine that flows northward (up-dip) in the LDRZ area just below the panel closures. The correlation is
relatively stronger at 1500 years
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FIGURE 6.2.7. SCATTERPLOTS ILLUSTRATING THE RELATIONSHIP between south (BRBPSNIC) and north flowing
brine (BRPBSNOC) passing below the panel closures and borehole permeability (BHPRM) at 1500 (plots a and b)

and 10,000 (plots ¢ and d) years. The plots (a) and (b) show the increase in correlation strength between south
flowing brine in the LDRZ (BRBPSNIC) and BHPRM between 1500 (top left) and 10,000 years (top right). The
bottom two plots show realizations with high values for BHPRM tend 10 have LDRZ brine flow in the up-dip
direction (i.e., to the north). Additionally, the plots (c) and (d) show the correlation between north flowing brine
(BRBPSNOC) and BHPRM also increases in strength between 1500 and 10,000 years
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northern half of the lower waste panel floor is downward, and upward through the southern half.

Two to ten times more brine drains downward through northern half of the lower waste panel

floor than downward drainage through the southern half, because less brine ‘up-welling’ occurs

from the LDRZ to the waste panel north side compared to the south. Most of south MB 139

drainage moves upward through the south lower waste panel floor rather than flowing through

the ‘north’ lower waste panel floor (see Figure 6.2.8). The cause of the predominant upward

flow direction through the south waste panel floor is the combination of it being in close

proximity to south MB 139 and the south half being located down-dip relative to the north.

Large quantities of brine collect in the most southern portion of the LDRZ, creating localized

pressure gradients that promote upward flow between the LDRZ and the south panel floor.

The steady influx of brine upward through the south half of the lower waste panel floor

(combined with brine introduced through the south waste panel ceiling) and the relatively low-

permeable boundary of the undisturbed halite south of the waste panel creates relatively lower

gradients between the borehole and the area south of the borehole, compared to the area north of
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FIGURE 6.2.8. SCATTERPLOTS ILLUSTRATING THE RELATIONSHIP between brine draining from the south side of
MB 139 (BRMB39SIC) and brine flow from the LDRZ up through floor of the southern and northern halves of the
lower waste panels (BRBWPSIC and BRBWPNIC, respectively) at 10,000 years. These plots show the majority of
brine that drains from the south side of MB 139 flows up through the south side of the lower waste panel floor as
opposed to the north half
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the borehole. This condition causes more brine to flow out the north half of the borehole

compared to the south, resulting in more brine introduced into the north half of the lower waste
panel via the borehole compared to the south. A portion of this newly introduced brine flowing
into the northern half of the lower waste panel (not needed for iron corrosion) will flow down
through its floor to the LDRZ, then flow up-dip in the LDRZ, joining brine that drains from the
panel closure. (Note: brine entering from the UDRZ or the north half of the lower waste panel,
passing through the panel closures, will preferentially drain downward through the panel closure
to the LDRZ, rather than flow out the north face of the panel closure to the upper waste panel.)
As the brine flows up-dip, it is deflected upward into the upper waste panel (see Figure 6.2.9) as
it approaches a zone of high gas saturation in the LDRZ, or converges with LDRZ brine flowing
in the down-dip direction. The latter is brine draining from north MB 139, north Anhydrites AB,

or ‘stored’ brine draining from the operation and experimental rooms.

Lateral flow direction in the LDRZ is closely associated with assigned values for borehole
permeability. Realizations with relatively high borehole permeability will have brine flow in an
up-dip direction, while those with low borehole permeability will have brine flow in a down-dip

direction (see Figure 6.2.6).

For realizations assigned relatively low borehole permeability (less than 107"? m?, gas flowing
out the repository via the borehole meets more resistance. Consequently, gas flow in the
borehole, if at all, continues for a longer period of time, and repository pressures do not decline
as rapidly after upper borehole degradation. (For those realizations with no microbial degradation
and relatively high corrosion rates combined with low borehole permeabilities, repository
pressures may actually increase.) Relatively high gas saturations within the borehole and the
UDRZ, coupled with high gas pressures, inhibit brine drainage from Anhydrites AB and MB 138
and brine drainage down the borehole. Replenishing brine to be used in iron corrosion is more
dependent on brine sources that flow into the LDRZ from the northern or southern MB 139, or
brine drained earlier in the modeled period and stored in the operational and experimental rooms
rather than that introduced via the borehole. Consequently, LDRZ brine flowing below the panel

closure remains in a southerly direction until most iron in the lower panel is corroded; once

6-28




TIME 1500 SCATTER PLOTS FOR CCA
T

TIME 1500 SCATTER PLOTS FOR CCA

T T T T T T T T T T o T T MBI R SR T T T T Te
» L] .e
a5k - asf —
L] - ..I
40 - * - a0 .1
st . -1 st hd -
0 . » -1 _ o p . . -
% . 5 .
T oesp —1 s -4
8 L] 8 L ]
3 . Z .
g 20p - 2 20 1
g . & .
- * L - .
15¢ - L — 1.5 . -
L] -
v e 1 ® wp
10 . 4 - - 10 /.', .e i
| 1 ®s
05 LRI — o5 f- = L . -
.,
l- L&-- ...:.. ]
. g f
00 L [ I I I L I I T M 00 fomeed 20, L [ [ i L d i
00 ©5 10 15 20 25§ 30 35 40 45 50 00 05 10 15 20 25 30 85 40 45 50
BRBWRPNOC(*10°) BRN_URBC (*10°)
TIME 10000 SCATTER PLOTS FOR CCA TIME 10000 SCATYER PLOTS FOR CCA
oY =T T I T o T 9.0 [ T —T T T P T ™
. . .« *
» PR
5 "o e 75 * e . =
L] b (] . -
L]
L] - . . . - . .
L] - » - *w
8.0 r - 80 k i
. . e e . .
ﬂ: [N ] . * ':; * '. .
r . - LI 7 es & @ .
= 45 [] - < ash [ » pu
8 L . 8 4, .. M [y
b . 2
0 L]
& * 4 »
4 . e 2 . s
o s e s © . g . .
30~ .. . 30~ ° . - -
“es [] . []
L ] » .
L5 of .. .t- . * 15 . '. :. 7
L]
. a
o * « ® @
> ol . s
<* y :
o
0.0 folle s y ) J f i 0.0 Sa sg s o5, 4 + ’ 1
00 10 20 3.0 40 50 80 o 2 4 s Py 10 12 14
BABWPNOC(*10 ") BRAN_URBC (*10%)
TRI-6342-5785-0

FIGURE 6.2.9. SCATTERPLOTS, TAKEN AT 1500 and 10,000 years, showing the relationship between brine drainage
out the ‘north half’ of the lower waste panel floor (BRBWPNOQC), north flowing brine in the LDRZ below the panel
closures (BRBPSNOC), and brine flow upward, through the floor of the upper waste panel (BRN_URBC). The top
left plot shows at 1500 years, a large portion of brine that drains out the ‘north half’ of the lower waste panel floor to
the LDRZ (BRBWPNOQOC) will flow up-dip, passing under the panel closures (BRBPSNOC) and heading towards the
upper waste panel. The top right plot shows a large portion of brine that passes under the panel closures
(BRBPSNOC) will seep through the floor of the upper waste panel (BRN_URBC). The bottom right plot shows that
the strong relationship seen at 1500 years between BRBWPNOC and BRBPSNOC has weakened at 10,000 years.
The bottom left plot shows that, for many realizations, more brine flows up-dip in the LDRZ passing under the panel
closures (BRBPSNOC) than drains out the ‘north side’ of the lower panel floor (BRBWPNOC). The extra
contribution of brine to the LDRZ flowing in an up-dip direction is from brine drainage out the bottom of the panel
closures. The bottom right plot shows significantly more brine seeps up through the upper waste panel floor
(BRN_URBC) than flows up-dip in the LDRZ below the panel closures BRBPSNOC at 10,000 years. The extra
contribution of brine as BRN_URBC is from brine drainage to the LDRZ from the ‘north’ anhydrites and
experimental and operational rooms. This brine, once in the LDRZ, flows down-dip passing under the upper waste
panel where some seeps up through the lower waste panel floor. Note: Because the primary flow direction through
the ‘south’ lower waste panel floor is up-ward, drainage from this side of the lower waste panel does not significantly
contribute to up-dip LDRZ brine flow '




corrosion is near completion, LDRZ flow direction reverses and flows up-dip rather than down-

dip.

Less gas can be evacuated out the repository for realizations with low borehole permeability.
Consequently, gas saturations and pressures within the upper waste panel tend to remain high and
remain elevated for longer periods of time within the modeled period. This situation inhibits
brine from passing from the LDRZ upward through the floors of the upper waste panels as it
drains down-dip from the far northern portion of the LDRZ. However, as brine passes under the
brine-saturated panel closures, some brine passes up through the bottom of the closures where it
flows down-dip into the north half of the lower waste panel. Because the north half of the lower
waste panel is more gas-saturated than the closures, its effective brine permeability will be lower
than the panel closures. This condition promotes the entry of more brine through the panel

closures’ bottom than through the north half of the lower waste panel floor.

Brine accumulates in the LDRZ below the south side of the lower waste panel. Here, pressure
gradients and brine permeabilities promote brine flow up into the bottom of the lower waste

panel, where some brine, if not all, is used for iron corrosion.

Given limited brine supplies, realizations assigned medium to high iron corrosion rates will have
an undersupply of brine contacting iron for corrosion. These realizations will have limited
downward brine drainage out the north and south floor of the lower waste panel during the entire
modeled period. For realizations with high corrosion rates and abundant brine supplies (from
high volumes of anhydrite drainage and/or large volumes of early DRZ brine drainage ‘stored’
and then released later in the modeled period), iron in the lower waste panel becomes completely
corroded in the later half of the modeled period. When this happens, south-flowing brine will
accumulate in the south LDRZ and the south half of the lower waste panel, eventually building
up enough hydrostatic pressure to produce a brine ‘mound’ within the lower waste panel. The
formation of this mound promotes a reverse in brine flow direction up-dip to the northern half of
the lower waste panel. Any brine accumulation in the northern portion of the lower waste panel

seeps downward through the north waste panel floor to the LDRZ. Once brine oversupplies are
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FIGURE 6.2.10. OVERLAY PLOTS ILLUSTRATING CHANGES in brine flow direction and rates representative for
realizations assigned high and low borehole permeabilities
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created in the lower waste panel (i.e., more brine enters the waste panel than is needed for
corrosion and brine saturation approach), brine flow direction soon reverses from a southerly to a

northerly direction in the LDRZ.

The flow scenarios described above are depicted in Figure 6.2.10. The two plots illustrate the
relationship between LDRZ brine flow direction within the various regions of the LDRZ for
realizations assigned relatively high (Realization 27) and low (Realization 4) borehole
permeability. The plots show a reversal in brine flow direction, which occurs for Realization 27
soon after upper borehole degradation (1200 years). For Realization 4, LDRZ brine flow
reverses flow direction in the LDRZ, from south flowing (down-dip) to a northerly direction (up-
dip) between 5400 and 6000 years only after all iron in the lower waste panel is completely
corroded. Section 7 presents more overlay plots describing flow between the various regions of

the excavated area relative to borehole flow and iron corrosion.

6.3  Parameters Affecting Vertical and Lateral Flow in the LDRZ

The independent variables most affecting the dependent variables for vertical and lateral flow
within the LDRZ defined in Section 6.1 were assessed using SRRC analysis. SRRC plots were
generated and analyzed for the most significant LHS independent variables that affect LDRZ
brine and gas flow time. Those variables most affecting each dependent variable defining flow

within each region are discussed below.

6.3.1 Vertical Flow Between LDRZ and Lower Waste Panel Floor
6.3.1.1 Vertical Brine Flow Between LDRZ and the Lower Waste Panel

Brine Flow Between the LDRZ and the South Half of the Lower Waste Panel

Figure 6.3.1 depicts those parameters most affecting downward (BRBWPSOC - right) and
upward (BRBWPSIC - left ) brine flow from the floor of the south half of the lower waste panel.
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FIGURE 6.3.1. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, BRBWPNOC (left), and upward, BRBWPNIC (right), brine flow from the

LDRZ to south half of the lower waste panel

Downward Brine Flow

Brine flow downward through the ‘south’ lower waste panel floor primarily occurs early in the

modeled period when the lower waste panel is more gas- than brine-saturated and of relatively

low pressure. Drainage out the south waste panel floor is from brine that collects in the lower

waste panel due to UDRZ and anhydrite brine drainage. Residual brine saturation values

(WBRNSAT) appear as the singlemost important parameter affecting flow from the south waste

panel to the LDRZ because it is one of several parameters that determine the effective brine

permeability within the waste panel. An inverse correlation exists between WRBRNSAT and
BRBWPSOC. High values of WRBRNSAT mean the effective brine permeability within the

waste region will be lower and, consequently, less brine will drain from the waste region to the

LDRZ. Additionally, once residual brine saturation is reached, all brine flow will cease.

Upward Brine Flow

Brine flow into the south side of the lower waste panel floor (BRBWPSIC) is strongly influenced

by ANHPRM throughout the entire modeled period, partially because of the close proximity of
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the south side of the waste panel to the ‘south’ MB 139. A large majority of south MB 139
drainage that flows into the LDRZ moves upward, through the south floor of the lower waste
panel (see Figure 6.2.8). The ease with which brine drains from MB 139 is a function of
ANHPRM, hence the strong positive correlation between ANHPRM and BRBWPSIC. A weak
correlation is seen between halite permeability and this flow (HALPRM and BRBWPSIC).
Those realizations with high values for HALPRM will tend to replenish the anhydrite layers with
brine as brine drains from the anhydrites to the LDRZ. A higher HALPRM value means more
‘halite’ brine drains to the anhydrites, which drain to the LDRZ. More anhydrite drainage to the
LDRZ makes brine more likely to up-well from the LDRZ through the lower waste panel floor,
hence the positive correlation between HALPRM and BRBWPSIC.

A negative correlation is seen between WMICDFLG and BRBWPSIC prior to intrusion, with the
negative correlation dramatically increasing in strength after the time of intrusion. Those
realizations with no gas generated from microbial degradation will tend to have relatively lower
pressures and higher gradients between the two regions promoting brine drainage from the non-
excavated to the excavated areas. Consequently, more brine will tend to accumulate in the
LDRZ and up-well through the lower waste panel floor. The pressure gradient that promotes
brine to flow upward from the lower Castile reservoir to the repository is likely to be greater for

realizations with no microbial degradation.

Flow Between the LDRZ and the North Half of the Lower Waste Panel

Figure 6.3.2 depicts those parameters most affecting downward (BRBWPNOC) and upward
(BRBWPNIC) brine flow from the floor of the north half of the lower waste panel.

Vertical brine flow out of the ‘north’ lower waste panel floor into the LDRZ (BRBWPNOC)
Pprior to intrusion is inversely correlated to WRBRNSAT and WMICDFLG for the same reason
as that given for downward flow in the south half (BRBWPSOC).
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FIGURE 6.3.2. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, BRBWPNOC (left), and upward, BRBWPNIC (right), brine flow from the
LDRZ to lower waste panel

After the intrusion event, brine not needed for corrosion flows out the north lower waste panel
floor to the LDRZ. The extent of brine accumulation in the lower waste panel is partially
dependent on gas and brine flow within the borehole. High values for borehole permeability,
BHPRM, mean more gas will be evacuated out the repository, reducing repository pressures.
Reduced repository pressures mean more brine is likely to flow into the lower waste panel, either
from the borehole itself or the adjoining ‘upper anhydrites’ (south MB 139 and south

Anhydrite AB), and brine accumulation oversupplies in the waste panels are more likely to occur.

This excess brine will drain out the ‘north’ waste panel floor to the LDRZ.

For realizations with low values for BHPRM, brine accumulations in the lower waste panel are

less likely to occur.

Brine flow out of the north side of the lower waste panel floor is affected by the amount of brine
introduced into the lower waste panel from the brine reservoir that flows back down to the

LDRZ. Hence, a positive, but brief, correlation exists between BRBWPNOC and BPCOMP.
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6.3.1.2 Vertical Gas Flow Between LDRZ and Lower Waste Panel Floor

Gas Flow Between the LDRZ and the South Half of the Lower Waste Panel

Figure 6.3.3 depicts those parameters most affecting gas flow downward (GSBWPSOC) and
upward (GSBWPSIC) from the floor of the south half of the lower waste panel.
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FIGURE 6.3.3. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variable for downward, GSBWPSOC (left), and upward, GSBWPSIC (right), gas flow from the LDRZ
to south half of the lower waste panel

Gas flow downward between the LDRZ and the south side of the lower waste (GSBWPSOC) and
upward (GSBWPSIC) is dominated by the parameter that dominates gas production early in the
modeled period, i.e., microbial degradation (WMICDFLG). Large quantities of gas are more likely
to be produced for the realizations in which microbial degradation of cellulose, fiber, or plastics
occurs. This condition will produce relatively high waste panel pressures and, as gas pressures rise,
gas will eventually move down through the lower waste panel floor, displacing resident LRDZ brine.
The pressure pulse, created with the intrusion event, will displace more gas upward from the LDRZ

to the waste panel. Hence, a slight increase in the correlation between the two parameters is seen at

1000 years.
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Gas Flow Between the LDRZ and the North Half of the Lower Waste Panel

Figure 6.3.4 depicts those parameters most affecting gas flow out of (GSBWPNOC) and into
(GSBWPNIC) the north side of the lower waste panel floor.
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FIGURE 6.3.4. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, GSBWPNOC (left), and upward, GSBWPNIC (right), gas flow from the
LDRZ to north half of the lower waste panel

6.3.2 Vertical Flow Between Panel Closures and LDRZ

Prior to intrusion, GSBWPNOC and GSBWPNIC are both positively correlated with microbial
degradation (WMICDFLG > 0) for the same reason as for gas flow through the south half of the
lower waste panel, described above. The positive, but brief, correlation between GSBWPNIC
and WRBRNSAT soon after the upper borehole degrades is due to the role that WRBRNSAT
plays in determining effective brine and gas permeability; a high value for WRBRNSAT equates
to low values for effective brine permeability, which inhibits brine flow and promotes gas flow.
Therefore, the ease with which gas flows between the LDRZ and the waste region is enhanced

for simulations assigned high WRBRNSAT.
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6.3.2.1 Brine Flow Between Panel Closures and LDRZ

Figure 6.3.5 depicts those parameters most affecting brine flow out of (BRNDBPSC) and into
(BRNUBPSC) the bottom of the panel closures.
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FIGURE 6.3.5. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, BRNDPSC (left), and upward, BRNUPSC (right), brine flow between the
LDRZ and the panel closures

Parameters most affecting downward brine flow out of the bottom of the panel closure,
BRNDBPSC, are HALPOR prior to intrusion, and BHPRM after intrusion. Downward brine
flow, BRNDBPSC, is positively correlated to BHPRM for the same reason as downward brine

flow on the north side of the waste panel.

Conversely, parameters such as BHPRM and HALPOR, which are positively correlated to
downward flow within the panel closure, are negatively correlated to upward panel closure flow,
BRNUBPSC, with the exception of WMICDFLG. The closures experience a brief pulse of gas at
the time of borehole degradation; the magnitude of the gas pulse is a function of the amount of gas
produced. More gas is produced for the simulations assigned microbial degradation,

WMICDFLG > 0. This gas pulse impedes brine flow down through the closures; hence, an inverse
correlation exists between BRNDBPSC, BRNUBPSC, and WMICDFLG at the time of borehole
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degradation. WMICDFLG controls the extent and magnitude of a gas pulse passing through the
closures, which impedes all brine flow; consequently, WMICDFLG negatively affects brine flow

within panel closures, regardless of direction.

'6.3.2.2 GasF low Between Panel Closures and LDRZ

Figure 6.3.6 depicts those parameters most affecting gas flow down through the bottom of the
panel closures (GASDBPSC).
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FIGURE 6.3.6. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) RESULTS showing the most influential
independent variables for downward, GASDBPSC, gas flow between the LDRZ and the panel closures

No gas ﬂvows from LDRZ upward through the bottom of the panel closures, GASUBPSC (see
Figure 6.1.7). The short pulse of gas that passes down through the panel closures, GASDBPSC,
is a direct function of the volume of gas produced and resident within both waste panels just
prior to intrusion. Because microbial degradation is the dominant gas-producing process in both
waste panels prior to intrusion, it shows up as the most influential parameter affecting gas flow in
the panel closures, hence the positive correlation. BHPRM shows up as an influential parameter
because it controls depressurization of the repository. High BHPRM means gas is more easily

evacuated out the repository via the borehole.
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6.3.3 Vertical Flow Between Upper Waste Panels and LDRZ

6.3.3.1 Brine Flow Between the LDRZ and the Upper Waste Panel

Figure 6.3.7 depicts those parameters most affecting brine flow downward (BRN_DRBC) and
upward (BRN_URBC) from the floor of the south half of the upper waste panel.
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FIGURE 6.3.7. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, BRN_DRBC (left), and upward, BRN_URBC (right), brine flow from the
LDRZ to upper waste panel

Prior to intrusion, downward brine flow out of the upper waste panel (BRN_DRBC) into the

LDRZ is positively correlated with HALPOR (halite porosity) and inversely correlated with

WRBRNSAT (residual brine saturation). The major source of LDRZ brine is vertical drainage
from the UDRZ to the LDRZ via the excavated regions. Consequently, large HALPOR means
that large UDRZ brine volumes exist that drain from the UDRZ to the LDRZ via the excavated
areas. WBRNSAT appears as an important parameter affecting flow to the LDRZ because it is
one component used to determine effective brine permeabilities within the excavated area. For
example, if two simulations have the same ‘actual’ brine saturation, the simulation with a high

WBRNSAT will have a lower effective brine permeability.
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After intrusion, the upper waste panel is primarily gas-saturated, so the small amount of brine
that exists within the upper waste panels is consumed by iron corrosion. Thus, little excess brine
exists in the upper waste panel to migrate down to the LDRZ. Consequently, brine flow out of
the floor of the upper waste panels effectively ceases. Therefore, any correlation with
independent parameters determining the uncertainty for downward-flowing brine after intrusion

will not be discussed.

Figure 6.3.7 (right) shows that, prior to intrusion, a strong inverse correlation exists between
BRN_URBC and microbial degradation flag, WMICDFLG, and a positive correlation exists with
halite permeability (HALPRM). WMICDFLG is inversely correlated to BRN_URBC for the
same reasons given for BRBWPSIC. Higher halite permeability affects the transmission of brine
from the undisturbed halite to the DRZ and the all adjoining anhydrites (MB 138, Anhydrite AB,
and MB 139). All these sources, lumped together, positively affect the volume of brine that
accumulates in the LDRZ, which eventually ‘up-wells’ through the upper panel floors from the
LDRZ.

After intrusion, WMICDFLG and HALPRM decline as important parameters affecting
BRN_URBC, and BHPRM begins to increase in importance. As discussed in the previous
section, BHPRM not only affects the amount of brine introduced into the LDRZ, but also the
ease with which gas can be evacuated out of the repository via the UDRZ. Rapid gas evacuation
out the repository via the borehole produces strong pressure (and saturation) gradients between
the LDRZ and the upper waste panels. These ‘localized’ pressure gradients promote brine flow

from the LDRZ up through the waste panel floor.

6.3.3.2 Gas Flow Between the LDRZ and the Upper Waste Panel

Figure 6.3.8 (left) depicts those parameters most affecting gas flow out of (GAS_DRBC) and
into (GAS_URBC) the upper waste panel floor via the LDRZ.
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FIGURE 6.3.8. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for downward, GAS_DRBC (left), and upward, GAS_URBC (right), gas flow from the LDRZ
to upper waste panel

Prior to intrusion, GAS_DRBC is negatively correlated with HALPOR and positively correlated
with microbial degradation (WMICDFLG > 0). Large volumes of gas are produced when
WMICDFLG is in full effect, which in turn produces high repository pressures. Low values for
HAILPOR mean DRZ gas pressures rise more rapidly, causing a pressure gradient to form
between the waste panel and the LDRZ, which promotes gas flow into the LDRZ. Therefore, as
more gas is produced, gas storage space becomes limited in the UDRZ and upper waste panel

and causes some gas to flow through lower waste panel floor to the LDRZ.

Figure 6.3.8 (right) shows gas flow upward through the panel floor (GAS_URBC) is positively
correlated with the biodegradation flag, WMICDFLG. Those realizations with high gas volumes
and pressures at the time of intrusion are more likely to have gas flow into the LDRZ from the
upper waste panel floors, a function of WMICDFLG > 0, prior to the time of intrusion.
WMICDFLG affects GAS_URBC because approximately the same realizations will then have
gas that moves back up from the LDRZ through the waste panel floors and into the upper

borehole at the time of intrusion.
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6.3.4 Lateral Flow Within the LDRZ

6.3.4.1 Lateral Flow in a Southerly Direction Assessed Below the Panel Closure

Brine Flow

Figure 6.3.9 (right) shows the sampled parameters most affecting south-flowing brine into the
north face BRBPSNIC and out the south face BRBPSSOC of the LDRZ below the panel

closures.
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FIGURE 6.3.9. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) RESULTS showing the most influential
independent variables for lateral south-flowing brine in the LDRZ passing under the panel closures, into the north
face, BRBPSNIC (left), and out the south face, BRBPSSOC (right)

Prior to intrusion, what little brine that flows south in the LDRZ (BRBPSNIC and BRBPSSOC)
is inversely correlated with WRBRNSAT and WMICDFLG from the time of repository closure
to intrusion. Because a large portion of brine that drains out of the upper waste panel flows
southward in the LDRZ, those parameters affecting BRN_DRBC, such as WRBRNSAT and
WMICDFLG, also will affect south-flowing brine in the LDRZ, as described in Section 6.3.3.
The positive correlation between HALPOR and BRBPSSOC is due to the brine that drains from
the panel closures (sourced from the UDRZ) to the LDRZ (see Section 6.3.2). The inverse
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correlation between HALPOR and brine flowing into the north face (BRBPSNIC) for the first

few hundred years after closure is probably spurious.

After intrusion, the correlation between both BRBPSNIC and BRBPSSOC and HALPOR is most
likely due to UDRZ brine that was drained earlier and had been ‘stored’ in the operations and
experimental rooms. This brine flows to the LDRZ from the experimental and operations rooms
between repository closure and ~2200 years. The brine drains southward in the LDRZ and, for

realizations with low borehole permeabilities, eventually passes below the panel closure.

An inverse correlation exists between south-flowing brine and BHPRM. Realizations with low
values for BHPRM will have less brine introduced via the borehole into the excavated and the
DRZ regions. For these realizations, a brine mound is less likely to be produced in the down-dip
regions of the LDRZ. (The brine mound would produce relatively higher pressures in the down-
dip regions of the LDRZ as compared to the up-dip regions.) Therefore, the gravitational
gradient, which promotes south-flowing brine prior to intrusion, will be the dominant drive

mechanism between the down-dip and up-dip regions of the LDRZ.

Gas Flow

Figure 6.3.10 (right) shows the sampled parameters most affecting south-flowing gas into the
north face (GSBPSNIC) and out the south face (GSBPSSOC) of the LDRZ area below the panel

closures.

South-flowing gas in the LDRZ (which occurs for only a few realizations - see Figure 6.1.19) is
correlated with microbial degradation and residual brine saturation (WRBRNSAT). For
realizations with large gas volumes generated from microbial degradation (WMICDFLG > 0), the
repository will most likely have ‘gas’ pressures greater than the Salado or Rustler units.
Therefore, soon after upper borehole degradation, a pressure pulse promotes gas flow between
the repository and the upper units, and within the repository between the up-dip (and down-dip)

regions towards the borehole. This pressure pulse promotes gas flow towards the borehole.
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FIGURE 6.3.10. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) results showing the most influential
independent variables for lateral south-flowing gas in the LDRZ passing under the panel closures into the north face,
GSBPSNIC (left), and out the south face, GSBPSSOC (right)

Those realizations with microbial degradation will produce more gas, which migrates to the
LDRZ and is carried down-dip towards the borehole during the ‘intrusion’ pressure pulse.

Hence, a positive correlation is seen between WMICDFLG and south-flowing gas.

6.3.4.2 Lateral Flow in Northern Direction Assessed Below the Panel Closures

Brine Flow

Figure 6.3.11 (right) shows the sampled parameters most affecting brine flow into the south face
(BRBPSSIC) and out the north face (BRBPSNOC) in the LDRZ below the panel closures.
Before intrusion, no sampled parameter is correlated with brine flow to the north. After
intrusion, the pulse of north-flowing brine that occurs in the LDRZ at the time of borehole
intrusion is strongly correlated with the Castile brine reservoir compressibility, BPCOMP. The
value of BPCOMP controls the volume of brine that flows up the borehole and is introduced into
the LDRZ.
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FIGURE 6.3.11. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) RESULTS showing the most influential
independent variables for lateral north-flowing brine in the LDRZ passing under the panel closures into the south

face, BRBPSSIC (left), and out the north face, BRBPSNOC (right)

The correlation between BPCOMP and north-flowing brine decreases in value and is overtaken

in importance by borehole permeability, BHPRM. BHPRM controls many processes that affect

north-flowing brine in the LDRZ. These processes come into play sequentially. High values for

BHPRM mean gas is easily evacuated out the excavated and DRZ regions, lowering repository

pressures and increasing effective brine permeabilities in the down-dip region. These conditions

enhance brine flow into the LDRZ, producing a brine ‘mound’ in down-dip LDRZ. The mound

is likely to produce relatively higher pressures in the down-dip regions (from this newly

introduced brine) compared to that in the up-dip regions, thus promoting LDRZ brine to flow up-

dip.
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Gas Flow

Figure 6.3.12 (right) shows the sampled parameters most affecting north flowing gas into the
south face (GSBPSSIC) and out the north face (GSBPSNOC) in the LDRZ below the panel

closures.
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FIGURE 6.3.12. STANDARDIZED RANK REGRESSION COEFFICIENT (SRRC) RESULTS showing the most influential
independent variables for lateral south-flowing gas in the LDRZ passing under the panel closures into the north face,
GSBPSSIC (left), and out the south face, GSBPSNOC (right)

Only a few realizations have north-flowing gas in the LDRZ prior to intrusion; those that do have
significant gas generated from microbial degradation. Gas pressures will tend to be elevated in
all available void spaces, causing gas to displace resident brine as gas storage space in the lower
waste panel is reduced, the LDRZ being one of many zones for gas storage. Those realizations
with higher gas production early on, a function of WMICDFLG > 0, will have gas migrate in the
LDRZ. Some of this gas will move up-dip in the LDRZ toward the upper regions of the

repository. Hence, a positive correlation exists between north-flowing gas and WMICDFLG > 0.

A pulse of gas moves up-dip in the LDRZ as a result of the pressure pulse created by the
intrusion event. If the lower waste panel is at a residual brine-saturation level, which is most

likely at the time of intrusion (1000 years), the response to the pressure pulse from the intrusion
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event is to displace gas—not brine—down through the waste panels to the LDRZ. Some of this
gas will move up-dip in the LDRZ. The ease with which gas moves, given this pressure pulse, is
partially a function of residual brine saturations. For those simulations assigned high residual
brine saturation values, WRBRNSAT, gas flow is greater than brine flow. Thus, a correlation

exists between WRBRNSAT and north-flowing gas.
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7. Discussion of Overlay Plots for Brine and Gas Flow Within Borehole,
UDRZ, and LDRZ

As reported in Helton et al. (1998), microbial degradation, borehole permeability, and, to a lesser

extent, iron corrosion rates and brine reservoir initial pressure, appear as the more significant

sampled variables impacting repository behavior for an E1-type intrusion throughout the

modeled period. Therefore, in order to understand how these properties and processes affect

repository behavior, overlay plots for gas and brine fluxes crossing boundaries of various

modeled regions of the repository are provided in this section. Representative realizations were

selected that were assigned either high or low borehole permeabilities, coupled with or without

microbial degradation, and assigned either high or low iron corrosion rates. Table 7.1 lists the

realizations. Figure 7.1 is a logic diagram depicting the realizations selected and their rank (out

of a sample size of 100) within the LHS set of assigned values.

Table 7.1. Representative Realizations Examined

Realization | WMICDFLG | Logarithm of Rank WGRCOR Rank Logarithm of Rank BPINTPRS Rank
BHPRM BHPRM* (m/s) WGRCOR?| BPCOMP | BPCOMP* (Pa) BPINTPRS?
(m?) (1/Pa)

Range/ | Sample between | —14to—11 - Oto1.58 x 107" — -11.3t0-8.0 — 1.11 x 107 to —
Distribution 0,1,2° uniform uniform triangular 1.70 x 107
triangular

50 2 ~1.11E+01 4 1.43E-14 4 -8.65E+00 7 1.27E+07 75

20 2 —1.39E+01 95 1.16E-14 28 —-8.89E+00 13 1.34E+07 51

27 0 ~1.24E+01 26 1.42E-14 11 -9.54E+00 36 1.31E+07 61

4 0 -1.32E+01 74 1.25E-13 21 -9.11E+00 19 1.19E+07 94

47 0 -1.38E+01 92 3.03E-14 80 -1.04E+01 81 1.40E+07 36

1 - limited microbial degradation of cellulose only
2 - fully activated microbial degradation of cellulose, rubber, and plastics

Rank is ordered as 1 = highest sampled value, 100 = lowest sampled value
0 - no microbial degradation
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FIGURE 7.1. LOGIC DIAGRAM ILLUSTRATING REALIZATIONS REPRESENTATIVE of sampled parameter

combinations that affect general trends in repository performance




Each plot was selected to aid in the understanding of the significant processes and/or fluid flow
affecting repository behavior. In total, nine overlay plots are provided for each realization. The
regions where flow and processes were assessed and depicted in the overlay plots are illustrated

in Figures 7.2, 7.3, and 7.4.
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FIGURE 7.2. REGIONS WITHIN MODELED AREA WHERE repository pressures, fraction of iron remaining, brine and
gas saturations in lower and upper waste panels, and gas and brine borehole flow were calculated
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Table 7.2 describes the dependent variables depicted in the overlay plots.

Table 7.2. Dependent Variables Described in Overlay Plots

Figure 7.x.1 overlay curves - top plot:
Volume Average Repository Pressures, Saturations, and Fraction Iron Remaining

Lower waste panel (WP) pressure WAS_PRES
Upper waste panel (ROR) pressure REP_PRES
Lower waste panel gas saturation WAS_SATG
Upper waste panel gas saturation REP_SATG
Fraction of uncorroded iron remaining in lower waste panel FEREM_W
Fraction of uncorroded iron remaining in upper waste panel FEREM_R

Figure 7.x.1 overlay curves - bottom plot:
Cumulative Gas and Brine Flow Within Borehole

Brine flow up borehole measured at top of lower waste panel (WP) BRNBHUPC
Brine flow up borehole measured at top of UDRZ BNBHUDRZ
Brine flow down borehole measured at top of UDRZ BNBHDNUZ
Brine flow down borehole measured at top of lower waste panel BRNBHDNC
Gas flow up borehole measured at top of UDRZ (WP) GASBHUDRZ

Figure 7.x.2 overlay curves

Volume Average Brine Reservoir Pressure Overlaid with Flow in Borehole
Volume average pressure in brine reservoir (Pa) B_P_PRES
Brine flow up borehole measured at bottom of lower waste panel and upper portion =~ BRNBHUPP
of LDRZ
Brine flow down borehole at top of lower waste panel’ BRNBHDNC

Figures 7.x.3 and 7.x.4:
Cumulative Lateral Flow Within Panel Closures Between the Lower and Upper Waste Panels

Brine flow through panel closure into lower waste panel (WP) BRNPSIWC
Brine flow through panel closure into upper waste panel (ROR) BRNPSIRC
Brine flow through panel closure from lower waste panel BRNPSOWC
Brine flow through panel closure from upper waste panel BRNPSORC

Figure 7.x.3 overlay curves - top plot:
Cumulative Lateral North- and South-Flowing Brine Within UDRZ

North-flowing UDRZ brine entering south face of region just above panel closure BRAPSSIC
North-flowing UDRZ brine exiting north face of region just above panel closure BRAPSNOC
South-flowing UDRZ brine entering north face of region just above panel closure BRAPSNIC
South-flowing UDRZ brine exiting south face of region just above panel closure BRAPSSOC

Figure 7.x.3 overlay curves - bottom plot:
Cumulative Lateral North- and South-Flowing Brine Within LDRZ

North-flowing LDRZ brine entering south face of region just above panel closure BRBPSSIC
North-flowing LDRZ brine exiting north face of region just above panel closure BRBPSNOC
South-flowing LDRZ brine entering north face of region just above panel closure BRBPSNIC
South-flowing LDRZ brine exiting south face of region just above panel closure BRBPSSOC

” For reference, the curve indicating brine flow in the borehole, as measured at the bottom of the waste panel, is overlaid with the curve
indicating brine flow measured at the top of the waste panel.
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Table 7.2. Dependent Variables Described in Overlay Plots (Continued)

Figure 7.x.4 overlay curves - top plot:
Cumulative Lateral North- and South-Flowing Gas Within UDRZ

North-flowing UDRZ gas entering south face of region just above panel closure GSAPSSIC
North-flowing UDRZ gas exiting north face of region just above panel closure GSAPSNOC
South-flowing UDRZ gas entering north face of region just above panel closure GSAPSNIC
South-flowing UDRZ gas exiting south face of region just above panel closure GSAPSSOC
Figure 7.x.4 overlay curves -bottom plot:
Cumulative Lateral North- and South-Flowing Gas Within LDRZ
North-flowing LDRZ gas entering south face of region just above panel closure GSBPSSIC
North-flowing LDRZ gas exiting north face of region just above panel closure GSBPSNOC
South-flowing LDRZ gas entering north face of region just above panel closure GSBPSNIC
South-flowing LDRZ gas exiting south face of region just above panel closure GSBPSSOC
Figure 7.x.5 overlay curves - top plot:
Vertical Brine and Gas Flow Through Upper Waste Panel’s (ROR) Ceiling
Upflowing brine BRN_URAC
Downflowing brine BRN_DRAC
Upflowing gas GAS_URAC
Downflowing gas GAS_DRAC
Figure 7.x.5 overlay curves - bottom plot:
Vertical Brine and Gas Flow Through Upper Waste Panel’s (ROR) Floor
Upflowing brine BRN_URBC
Downflowing brine BRN_DRBC
Upflowing gas GAS_URBC
Downflowing gas GAS_DRBC




7.1  Realization 50 - Overlay Plot Summary

High borehole permeability - 107" m?, rank 4/100

Large halite porosity - 0.0279, rank 6/100

Microbial degradation — 2, degradation of cellulose, rubber, and plastics; corrosion rate -
1.53 x 107" m/s, rank 4/100

Brief Summary: Realization 50 represents repository behavior affected by high gas generation
prior to intrusion due to fully-activated microbial degradation (i.e., degradation of cellulose,
rubber, and plastics) and high iron corrosion rates. Corrosion is enhanced due to plentiful brine
supplies provided by UDRZ brine drainage. Consequently, repository pressure prior to intrusion

is one of the highest values seen (90th percentile).

After intrusion and upper borehole degradation, relatively high borehole permeability causes gas
to be easily evacuated out of the repository and repository pressures quickly decline. Because gas
is easily vented out of the repository via the borehole and pressures lowered, brine reenters the
repository via the marker beds or the borehole. This brine enables all available iron to become
completely corroded in the lower waste panel midway through the modeled period. High gas
production combined with high borehole permeability means that flow within the borehole is
dominated by gas and does not taper off until all the iron in the lower waste panel is corroded.
Once iron in the lower waste panel is corroded, gas flow out the borehole is reduced, allowing

more brine to flow down the borehole.

7.1.1 Overlay Plots for Pressures in Lower (WAS_PRES) and Upper (REP_PRES) Waste
Panels; Gas Saturation in the Lower (WAS_SATG) and Upper (REP_SATG) Waste
Panels; Fraction of Uncorroded Iron in Lower (FEREM_W) and Upper
(FEREM_R) Waste Panels (Figure 7.1.1 - top plot)

Note: All dependent variables are defined in title of each section.

Repository pressures dramatically change at 1000, 1200, and ~1700 years
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FIGURE 7.1.1. OVERLAY PLOTS FOR REALIZATION 50 depicting pressures, fraction of iron remaining, and gas
saturations for lower and upper waste panels (top plot) and cumulative brine and gas flow within borehole at
intersection of borehole with the top of lower waste panel and top of the UDRZ (bottom plot)



Repository Pressure for the Lower (WAS_PRES) and Upper (REP_PRES) Waste Panel

Repository pressures for both waste panels at 1000 years, the time of intrusion, are in the 90th
percentile group due to the large amounts of gas generated from microbial degradation and
relatively high iron corrosion rates. After plug degradation at 1200 years, borehole permeability
is high, and so gas quickly evacuates out of the repository causing repository pressures to drop.
Coincident with a decline in repository pressures, gas saturation within the lower waste panel
(WAS_SATG) drops to residual gas saturation levels so that the lower waste panel has relatively
high brine saturation. Rapid pressure changes occur within the repository from the time of
intrusion to just after the upper borehole plug degrades (at 1200 years), creating a pressure
‘trough’ between 1200 and ~1700 years; the pressure difference between the repository and the
upper units at this time prevents gas from flowing out the borehole. At ~1700 years, repository
pressures go above hydrostatic (6.0 MPa), high enough to initiate gas flow up the borehole (see

Figure 7.1.1, bottom plot).

Gas Saturation in Both the Upper (REP_SATG) and Lower Waste Panels (WAS_SATG)

Figure 7.1.1 - top plot

Gas saturation levels change dramatically at 1000, 1200, and ~5000 years

Large halite porosity means large DRZ pore volumes will drain brine into the waste regions early
in the modeled period and large quantities of gas will be stored in the UDRZ. Large volumes of
DRZ brine drainage mean both the lower and upper waste panels have a plentiful supply of brine
for iron corrosion. As gas is produced, it is stored in the UDRZ. At the time of intrusion at 1000
years, pressures in the repository are slightly reduced (~1 to 2 MPa) as gas flows down the
borehole towards the Castile reservoir. The reduction in gas saturation for both the lower and
upper waste panels is about the same until 1200 years, when the upper borehole plug degrades. |
At this time, repository pressures dramatically drop, causing incoming brine from the non-Salado
units above the repository to enter and fill the lower waste panel via the borehole, reducing gas
saturation to near residual levels. After 1200 years, because the lower part of the repository and

UDRZ is nearly 100% brine saturated, gas produced in the upper waste panel is prevented from




flowing out the borehole. Little pore space is available to store newly-produced gas. As a result,
gas saturation in the upper waste panel increases until ~5000 years, when gas generation in the
lower waste panel from iron corrosion ceases. Pressure above the lower waste panel is slightly
reduced. This reduction creates a positive pressure gradient between panels and borehole, which
promotes gas flow from the upper waste panel to the borehole. At that time, gas can then be

evacuated out of the upper waste panel.

Fraction of Iron Uncorroded in Lower (FEREM_W) and Upper (FEREM_R) Waste Panel

The fraction of iron uncorroded in lower waste panel (FEREM_W) and upper waste panel
(FEREM_R).

The fraction of iron actively being corroded changes at 1200 and 5000 years

Iron corrosion rates within the lower and upper waste panels are similar because plentiful brine
supplies exist in both waste regions from DRZ brine drainage prior to intrusion. At the time of
borehole degradation (1200 years), more brine enters the lower waste panel than the upper waste
panel due to positioning; thus, the rate of iron corrosion in the lower waste panel increases due to
an increase in brine availability. Consequently, iron in the lower waste panel is depleted at
~5000 years. A slight decrease in iron corrosion (iron depletion) rates occurs in the upper waste
panel at the same time that iron corrosion in the lower waste panel is complete. This rate again
declines at ~5000 years since iron corrosion in the upper waste panel is limited to that region
where brine collects at the interface of the panel closures and the lower end of the upper waste
panel. Once iron is corroded in this area, the corrosion of iron located up-dip is dependent on the

brine pool' moving up-dip in the upper waste panel.

7.1.2 Overlay Plots for Flow in Borehole

Figure 7.1.1 - bottom plot
Brine flow rates up borehole measured at the top of the lower waste panel (BRNBHUPC),
and top of the UDRZ (BNBHUDRZ);

' No actual brine pool exists in the repository; this term refers to a near 100% brine-saturated zone within the porous
media.




Brine flow down borehole measured at the top of UDRZ (BNBHDNUZ ) and top of the
lower waste panel (BRNBHDNC);
Gas flow up borehole measured at the top of UDRZ (GASBHUDZ).

Brine flow in the borehole changes dramatically at 1200, 2200, and ~5000 years.

Brine Flow in the Borehole

No flow in the upper borehole is seen until 1200 years, when the upper borehole plug degrades.
At the time of borehole degradation, pressure gradients between the brine reservoir and the
repository, and between the repository and the units above the repository, promote brine flow up
the borehole (BRNBHUPC, BNBHUDRZ). This upward flow of brine ceases at 2200 years
when the lower borehole creep closes and brine in the borehole reverses from an upward to a
downward flow direction. Because borehole permeabilities are high, both gas and brine can flow

within the borehole concurrently.

A brief pulse (lasting ~100 years) of downward-flowing brine (BNBHDNUZ, BRNBHDNC)
occurs at 1200 years when the upper borehole plug degrades from the upper units to the
repository. This downward brine flow ceases at ~1300 years, but begins again at 2200 years
when the lower borehole permeability is reduced by a factor of 10, which effectively limits flow
up the borehole from the lower units. The change in pressure gradient between the repository
and the upper units (due to creep closure of the lower borehole) now promotes brine flow down
the borehole. Because the lower waste panel is close to full brine saturation (see Figure 7.1.1,
top plot), a large portion of incoming brine is deflected at the UDRZ/lower waste panel interface.
Some of this brine flows up-dip toward the upper waste panel. When iron in the lower waste
panel is depleted by corrosion at ~5000 years, brine consumption ceases. Therefore, at ~5000
years, a larger fraction of replenishing brine coming down the borehole is deflected at the UDRZ
and LDRZ toward the upper waste panels (resulting in a decrease in gas saturation within the
upper waste panels). This replenishing brine allows the ‘brine pool’ that has formed in the south
portion of the repository to rise. It is 6n1y the newly-elevated regions of the brine pool that
contact iron which has not been corroded. Brine continues to flow down the borehole through

the end of the modeled period.
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Gas Flow in the Borehole

A brief pulse of gas (GASBHUDZ) flows up the borehole at 1200 years, the time of borehole
plug degradation. At ~1700 years, when repository pressure rises to levels just above hydrostatic
(6.0 MPa), gas flow up the borehole continues at a constant flow rate until ~5000 years, when
iron in the lower waste panel is consumed. Gas flow decreases at ~5000 years, when the lower
waste panel gas generation ceases. Gas generated in the upper waste panel continues to

contribute to borehole gas flow through the end of the modeled period.

7.1.3 Overlay Plots for Castile Brine Reservoir Pressures (B_P_PRES) with Respect to
Brine Flow Up (BRNBHUPP) and Down (BRNBHDNC) the Borehole

Figure 7.1.2

B_P_PRES (brine reservoir pressure)

BRNBHUPP (brine up borehole measured at the bottom of lower waste panel)
BRNBHDNC (brine down borehole measured at the top of lower waste panel)

A dramatic change in Castile reservoir pressures is seen at 1000, ~1700, and 2200 years.

At the time of intrusion, pressure within the Castile reservoir (B_P_PRES) is only slightly higher
than the repository (compare Figure 7.1.2 with Figure 7.1.1, top plot). Thus, a small pressure
potential exists between these two regions, promoting brine flow from the Castile upward.
Because the brine reservoir in Realization 50 has such high compressibility (ranked 7th) and high
borehole permeability (ranked 4th), a significant volume of brine is released up the borehole

(BRNBHUPP) from the Castile to the repository at the time of intrusion.

7.14 Opverlay Plots for Brine Flow through the Panel Closures to the Upper and Lower
Waste Panels

Figures 7.1.3 and 7.1.4 - all plots

North-flowing brine from lower to upper waste panel is defined as BRNPSOWC (brine
from the lower waste panel enters the panel closure south face) and BRNPSIRC
(brine exits the panel closure north face to the upper waste panel)
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FIGURE 7.1.2. OVERLAY PLOT FOR REALIZATION 50 depicting brine reservoir pressure overlaid with brine flow up
and down the borehole measured at the top and bottom of the lower waste panel

South-flowing brine from upper to lower waste panel is defined as BRNPSORC (brine
flows through panel closure from upper waste panel) and BRNPSIWC (brine flows
through panel closure into lower waste panel)

Brine flow through the panel closures changes at 1200 years

Prior to intrusion, high iron corrosion rates consume large volumes of brine, leaving little brine
to migrate between waste regions; therefore, only a small amount of brine flows between the
lower and upper waste panels via the panel closures. After the upper borehole plug degrades (at
1200 years), the lower waste panel becomes brine saturated, and gas is easily evacuated out of the
repository via the borehole. Because the lower waste panel is brine saturated, any incoming brine
not consumed via iron corrosion flows to other portions of the repository. These conditions
create a positive pressure gradient between the lower and upper waste panels, promoting some

brine flow from the lower waste panel to the upper waste panel via the panel closures.
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FIGURE 7.1.3. OVERLAY PLOTS FOR REALIZATION 50 depicting brine flow through the panel closures overlaid
with lateral brine flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel
closures
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FIGURE 7.1.4. OVERLAY PLOTS FOR REALIZATION 50 depicting brine flow through the panel closures overlaid
with lateral gas flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel

closures




7.1.5 Overlay Plots for Lateral Brine Flow in DRZ Above and Below Panel Closures

Lateral Brine Flow in the UDRZ

Figure 7.1.3 - top plot (refer also to Figure 7.3)

North-flowing brine is defined as BRAPSSIC (brine entering south face), and
BRAPSNOC (brine exiting north face)

South-flowing brine is defined as BRAPSSOC (brine exiting south face), and
BRAPSNIC (brine entering north face)

North-flowing brine above the panel closure starts at 1200 years and continues to end of
modeled period

Figure 7.1.3, top plot, shows brine flow within the UDRZ overlaid with brine flow through the
panel closures. A surge of north-flowing brine (BRAPSSIC, BRAPSNOC) begins at 1200 years
when the upper borehole plug degrades, and continues until the end of the modeled period. A
portion of that brine drains from the UDRZ down through the panel closures as it flows
northward. Evidence of this drainage is seen by smaller volumes of brine leaving the north face
of the region above the panel closures (BRAPSNOC) compared to brine volumes entering the

south face of that region (BRAPSSIC).

Lateral Brine Flow in the LDRZ

Figure 7.1.3 - bottom plot (refer also to Figure 7.3)

North-flowing brine is defined as BRBPSSIC (brine entering south face), and
BRBPSNOC (brine exiting north face)

South-flowing brine is defined as BRBPSSOC (brine exiting south face), and BRBPSNIC
(brine entering north face)

Changes in brine flow rates and direction in the LDRZ below the panel closures are seen
at 1200 and ~1700 years

In the LDRZ, a small amount of brine flows southward below the panel closures (BRBPSSOC,
BRBPSNIC) until 1200 years, when the upper borehole plug degrades. At 1200 years, brine flow
direction in the LDRZ reverses from down-dip to up-dip. This flow lasts until ~1700 years,

when repository pressures rise to just above hydrostatic (see Figure 7.1.1, top plot), then slows




from ~1700 years to the end of the modeled period. A large portion of brine flowing northward
in the LDRZ (BRBPSSIC, BRBPSNOC) is from panel closure drainage.

7.1.6 Overlay Plots for Lateral Gas Flow in the DRZ Above and Below the Panel Closures

In Figure 7.1.4, gas flow within the DRZ is compared to brine flow through the panel closures.

Latefal Gas Flow in the UDRZ

Figure 7.1.4 - top plot (refer also to Figure 7.3)

North-flowing gas is defined as GSAPSSIC (gas entering south face) and GSAPSNOC
(gas exiting north face)

South-flowing gas is defined as GSAPSSOC (gas exiting south face) and GSAPSNIC
(gas entering north face)

Gas flow rates and direction in the UDRZ change at 1200, ~1700, and ~5000 years.

Insignificant amounts of gas flow up-dip in the UDRZ (GSAPSSIC, GSAPSNOC) prior to
intrusion due to a large DRZ void volume available for gas storage above all waste panels. At
the time of borehole plug degradation (1200 years), pressure gradients promote a brief pulse of
south-flowing gas within the UDRZ (GSAPSSOC, GSAPSNIC) toward the borehole. At this
time, a pulse of gas passes through the panel closures up to the DRZ, indicated by differing gas
volumes leaving the south side of the region above the panel closures in the UDRZ compared to
volumes entering from the north (compare GSAPSSOC to GSAPSNIC). This gas pulse ceases in
the UDRZ until ~1700 years, when incoming brine from the lower reservoir flows up through the
borehole and enters the DRZ. From ~1700 years to 5000 years, UDRZ south-flowing gas
continues at a constant rate until all iron in the lower waste panel is completely corroded and it is

likely most iron in the lower portion of the upper waste panel is also corroded.

Lateral Gas Flow in the LDRZ
Figure 7.1.4 - bottom plot (refer also to Figure 7.3)

North-flowing gas is defined as GSBPSSIC (gas entering south face) and GSBPSNOC
(gas exiting north face)
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South-flowing gas is defined as GSBPSSOC (gas exiting south face) and GSBPSNIC
(gas entering north face)

Gas flow rates and direction in the LDRZ change at 1200 years

A brief southward pulse of gas (GSBPSSOC, GSBPSNIC) is seen in the LDRZ below the panel
closures at 1200 years due to a strong pressure gradient produced between the repository and the
upper units when the borehole degrades. This pushes gas in the LDRZ towards the borehole.
Immediately after this pulse of gas, no gas flows in the LDRZ.

7.1.7 Overlay Plots for Brine and Gas Flow In/Out the Ceiling and Floor of Upper Waste
Panel

Brine Flow Through the Upper Waste Panel Ceiling

Figure 7.1.5 - top plot
BRN_DRAC (downflowing brine) and BRN_URAC (upflowing brine)

Brine flow rates through the upper waste panel ceiling change at 100, 1200, and ~1700 years.
For the first ~100 years after decommissioning, significant brine drains from the UDRZ through
the ceiling of the upper waste panels (BRN_DRAC). At 1200 years, when the upper borehole
closure degrades, repository pressures decline (due to gas evacuation out the borehole), allowing
brine to flow up the borehole from the Castile reservoir. A portion of brine is partitioned in
UDRZ and flows up-dip, then is deflected downward into the upper waste panel. Later in the
modeled period, brine flows down the borehole, then flows into the upper waste panel via the
UDRZ and the LDRZ. This flow continues until ~1700 years, when the drop in Castile pressures

reduces brine flow upward, and gas flows up the borehole again.

Gas Flow Through the Upper Waste Panel Ceiling

Figure 7.1.5 — top plot
GAS_DRAC (downflowing gas) and GAS_URAC (upflowing gas)

Gas flow rates out the upper waste panel ceiling change at 1200 years
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FIGURE 7.1.5. OVERLAY PLOTS FOR REALIZATION 50 depicting vertical brine and gas flow through the ceiling of
upper waste panel within the UDRZ (top plot) and LDRZ (bottom plot)

7-20




Gas flow out of the upper waste panel ceiling (GAS_URAC) is essentially continuous throughout
the modeled period. Gas flow tapers off between ~600 and 1200 years when the repository and
the gas within the UDRZ become highly pressurized. (Little gas is released to the marker beds.)
Gas flow rates out the ceiling of the upper waste panel increase when the upper borehole plug
degrades (1200 years), depressurizing the repository, then decrease at ~5000 years. The decline
in the gas flow rate at 5000 years is due to a decrease in gas generated from iron corrosion in the

upper waste panel (coincident with complete iron depletion in the lower waste panel).

Brine Flow Through the Upper Waste Panel Floor

Figure 7.1.5 — bottom plot
BRN_DRBC (downflowing gas) and BRN_URBC (upflowing gas)

Brine flow rates through the floor of the upper waste panel change at 1200 and
~1700 years

Brine begins to flow up from the LDRZ through the floor of the upper waste panel
(BRN_URBC) at the time of borehole degradation (1200 years) until the end of the modeled
period, and serves as a continuous source for the iron corrosion process. This flow is a result of
the repository undergoing rapid depressurization caused by gas leaving via the borehole. This
evacuation of gas reduces gas saturations and pressures in the upper waste panel and the LDRZ
Jjust below the upper waste panel (see Section 7.1.8, gas saturation contour plots at ~1000, ~1200,
and ~5000 years), which increases effective brine permeability. Combined, these processes
promote brine flow up through the upper waste panel floor. Similar to brine flow down through
the upper waste panel ceiling, brine flow rates through the floor are very high between 1200 and
~1700 years. When the brine reservoir pressure declines to levels below that of the repository, at
~1700 years, the pressure potential between the Castile and the repository that promotes brine

flow into the LDRZ is diminished; thus, flow through the upper waste panel floor is reduced.



Gas Flow Through the Upper Waste Panel Floor

Figure 7.1.5 — bottom plot
GAS_DRBC (downflowing gas) and GAS_URBC (upflowing gas)

Gas flow rates through the floor of the upper waste panel change at ~600, 1000, and
1200 years

Due to high gas production from microbial degradation and iron corrosion, large volumes of gas
are produced that drive gas down through the floor of the upper waste panel into the LDRZ
(GAS_DRBC). Gas moves to the LDRZ from the time of repository closure to the time of
intrusion. As gas production from microbial degradation ends (at 1000 years) due to the
degradation of all cellulosics, less gas moves into the LDRZ. At 1000 years (time of intrusion),
gas flow through the upper waste panel floor reverses direction due to the intrusion event,

reversing the pressure gradient between the repository and the LDRZ.

7.1.8 Gas Saturation Contour Plots

Figure 7.1.6
SATGAS
Gas saturation contour plots at 1000, ~1212, ~5146, and 10,000 years

The four gas saturation plots (given in Figure 7.1.6) show conditions at 1000 years, just prior to
intrusion; at ~1212 years, just after the upper borehole plug degrades; at ~5146 years, when iron
in the lower waste panel is close to being completely corroded; and at 10,000 years, the end of
the modeled period. A review of all four plots shows that a gas saturation wedge forms in the
UDRZ above the upper waste panel closures soon after depletion of steel in the lower waste
panel. This wedge persists from ~5146 years until the end of the modeled period. The LDRZ
appears to be close to 100% brine saturated soon after the upper borehole plug degrades (1200

years) to the end of the modeled period.

The gas saturation contour plots show that the repository is close to 100% gas saturated at 1000

years, prior to intrusion (Figure 7.1.6a). The plot at 1212 years (Figure 7.1.6b) (taken just after
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FIGURE 7.1.6. GAS SATURATION CONTOURS FOR REALIZATION 50. (a) 1000 years, just prior to intrusion, (b) 1212
years, (c) ~5100 years, and (d) the end of the modeled period, 10,000 years. Borehole in lower waste panel is not
shown; see Figure 7.4 for location of borehole

the upper borehole degrades) indicates that significant gas has evacuated out of the repository via

the borehole, enabling replenishing brine to enter through the floor of the lower waste panel.

At ~5146 years (Figure 7.1.6¢), the lower waste panel is brine saturated and the upper waste
panel remains gas saturated. The UDRZ above the upper waste panel remains gas saturated,

along with the upper portion of the UDRZ above the lower waste panel. This level of gas
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saturation generates a low effective brine permeability zone in the UDRZ, creating a barrier to

lateral brine flow in the UDRZ entering the ceiling of the upper waste panel.

At 10,000 years (Figure 7.1.6d), because the lower waste panel is close to 100% brine saturated
(i.e., brine filled), a large portion of brine flowing down the borehole is deflected laterally up-dip
in the UDRZ. This brine flows up-dip in the UDRZ and then is deflected downward into the
panel closure and through the upper waste panel ceiling (just north of the closure) as a result of

the gas bubble that resides in the UDRZ.
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7.2 Realization 20 - Overlay Plot Summary

Low borehole permeability - 1073° m?, rank 95/100

Halite porosity - 0.00649, rank 70/100

Microbial degradation —2, degradation of cellulose, rubber, and plastics; corrosion rate -
1.16 x 107" m/s, rank 28/100

Brief Summary: Realization 20 is indicative of repository behavior affected by high gas
volumes generated early on from microbial degradation, a Castile reservoir at pressures near
repository pressure at the time of intrusion, relatively low halite porosity, and low value for
borehole permeability. A relatively low value for halite porosity means relatively little brine
drains into the waste regions early in the modeled period; a low value for borehole permeability
means repository pressures decline at a relatively slower rate after the intrusion event. Pressure
declines due to the slow release of repository gas via the borehole This continuous flow of gas
prevents incoming brine from entering the repository via the borehole. Consequently, the lower
waste panel remains predominantly gas saturated until ~5000 years, then declines to a ~60%
value between 5000 and 10,000 years. The upper waste panels remain nearly 100% gas-saturated
throughout the modeled period. The UDRZ remains predominantly gas-saturated throughout the
modeled period. UDRZ gas flows up-dip prior to intrusion and down-dip, towards the borehole,
after intrusion. The LDRZ is predominantly brine-saturated, and fluid flow of brine in the LDRZ
is down-dip throughout the modeled period. Despite the relatively high iron corrosion rate
assigned to this realization, because of limited brine supplies early in the modeled period and
lack of incoming brine via the borehole after the intrusion event, much less iron is corroded in
both waste panels compared to realizations assigned higher borehole permeabilities, higher halite

porosities, and lower iron corrosion rates.

7.2.1 Overlay Plots for Pressures in Lower (WAS_PRES) and Upper (REP_PRES) Waste
Panels; Gas Saturation in the Lower (WAS_SATG) and Upper (REP_SATG) Waste
Panels; Fraction of Uncorroded Iron in Lower (FEREM_W) and Upper '
(FEREM_R) Waste Panels (Figure 7.2.1 - top plot)

Note: All dependent variables are defined in title of each section.
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FIGURE 7.2.1. OVERLAY PLOTS FOR REALIZATION 20 depicting pressures, fraction of iron remaining, and gas
saturations for lower and upper waste panels (top plot) and cumulative brine and gas flow within borehole at
intersection of borehole with top of lower waste panel and top of the UDRZ (bottom plot)

7-26




Figure 7.2.1 - top plot

Pressure changes dramatically at 1000, 1200, 2200, and ~1700 years

Repository Pressure for the Lower (WAS_PRES) and Upper (REP_PRES) Waste Panel

Repository pressures (WAS_PRES and REP_PRES) at the time of intrusion are rela@ively high as
a result of high gas production from microbial degradation and, to a lesser extent, high iron
corrosion rates. Because this pressure is slightly greater than that of the Castile reservoir, the
intrusion event does not create a dramatic change in repository pressures for the 200 years when
only the lower borehole is open. The pressure in the Castile slightly increases and stays at this
level through 10,000 years. Because of low borehole permeability, when the upper borehole
degrades at 1200 years, the repository pressures decline less rapidly than realizations assigned
higher borehole permeability. Pressure declines at a slower rate at 2200 years, when the lower
borehole closes through creep. The driving force for gas leaving the borehole is now the pressure
potential between the repository and upper units, which is not as strong as the potential when the
repository was connected to the brine reservoir and the lower borehole had a higher permeability.
Because borehole permeability is so low, this new pressure potential cannot as easily promote gas
evacuation out the borehole; consequently, repository pressures do not decline as quickly from

2200 years to the end of the modeled period.

Gas Saturation in Both the Upper (REP_SATG) and Lower Waste Panels (WAS_SATG)

Early in the modeled period, brine drains from the UDRZ and the anhydrites and enters the waste
regions, which in part reduces gas saturations.> Gas saturation in the lower waste panel
(WAS_SATG) reaches a quasi-steady-state level at ~200 years. Gas saturation slightly increases
at the time of intrusion, when the pressure pulse of the intrusion introduces a small amount of
brine into the lower waste panel from the LDRZ, enough for gas generation via iron corrosion,
which increases gas saturation levels, but not enough to flood the region. When the uppér
borehole degrades at 1200 years, the rate of gas production is greater than the rate of gas

evacuation out the borehole because of low borehole permeability. The two conditions cause




repository gas saturation to increase, rather than decrease. Between ~2000 and 4500 years, gas
saturations within the repository are at a quasi-plateau point, coincident with the borehole being
dominated by gas flow. At ~4000 years, repository pressure declines, due of a cessation of gas
production in the upper waste panel. At this lower pressure, more brine can enter via the
borehole and lower marker beds (moving through the LDRZ and entering the floor of the lower
waste panel). At ~4000 years, the decline in gas saturation rates in the waste panels is in
synchrony (see slope of FEREM_W and WAS_SATG curves, Figure 7.2.1) with iron depletion
rates. This condition implies that the iron being corroded is in equilibrium with gas evacuation

out the borehole and brine consumption via corrosion.

Gas saturation in the upper waste panel (REP_SATG) gradually increases until it reaches nearly
100% gas saturation at ~4000 years. High gas saturations within the upper waste panel keep
brine effective permeability very low, inhibiting replenishing brine from entering the upper waste
panel. The upper waste panel remains close to 100% gas saturated from ~4000 years to the end

of the modeled period, limiting brine entering this region.

Fraction of Iron Uncorroded in Lower (FEREM_W) and Upper (FEREM_R) Waste Panel

Figure 7.2.1 - top plot
FEREM_W (fraction of uncorroded iron remaining in lower waste panel)

Enough replenishing brine is supplied to the lower waste panel to keep iron corrosion constant
throughout the modeled period (i.e., the brine in the lower waste panel is never completely
consumed). While the corrosion rate for this realization is relatively high, there is enough brine to

deplete only half the iron in the lower waste panel by the end of the modeled period.

Figure 7.2.1 - top plot
FEREM_R (fraction of uncorroded iron remaining in upper waste panel)

The fraction of iron actively being corroded changes at ~4000 years

? Waste consolidation also reduces gas saturation levels and concurrently raises gas pressures.
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Because gas evacuation out the borehole is limited, a large portion of gas produced in the upper
waste panel remains there, rendering the upper waste panel and the UDRZ above it close to
100% gas saturated. Relatively high gas production combined with low borehole permeability
keeps repository pressures relatively high and inhibits replenishing brine from entering the upper
waste panel via the borehole, the UDRZ, and the LDRZ. At ~4000 years, all brine in the upper

waste panel is essentially consumed, so iron depletion ceases.

7.2.2 Overlay Plots for Flow in Borehole

Figure 7.2.1 - bottom plot

Brine flow rates up the borehole measured at the top of the lower waste panel
(BRNBHUPC) and top of the UDRZ (BNBHUDRZ);

Brine flow down the borehole measured at the top of the UDRZ (BNBHDNUZ) and top
of the lower waste panel (BRNBHDNC);

Gas flow up the borehole measured at the top of the UDRZ (GASBHUZ)

Brine flow rates in the borehole dramatically change at 1000 and 2200 years

Brine Flow in the Borehole

At the time of intrusion, the slightly lower pressure of the brine reservoir allows a small volume
of brine to flow (< 100 m®) from the repository down the borehole towards the reservoir. The
connection between the brine reservoir and the repository maintains a high enough pressure
potential to drive gas out of the repository at relatively high flow rates. Gas flow up the borehole
impedes brine flow downward. At ~2800 years (soon after the lower borehole has closed
through creep), repository pressures have been reduced to levels that enable only a small trickle

of brine to flow down the borehole.

Gas Flow in the Borehole

Figure 7.2.1 - bottom plot
GASBHUDZ (gas flow up borehole at top of UDRZ)

Gas flow rates in the borehole dramatically change at 1200 and 2200 years




Low borehole permeabilities coupled with high gas generation from microbial degradation early
on cause gas to flow up the borehole (GASBHUDZ) from 1200 years, when the upper borehole
plug degrades, to the end of the modeled period. Relatively high gas flow rates exist from

1200 years until 2200 years, while the lower borehole has a ‘good’ connection to the brine
reservoir. Gas flow rates decrease at 2200 years when the léwer borehole permeability is reduced
by a factor of 10, reducing the connection between lower reservoir and repository, which
decreases the pressure potential that drives gas up the borehole. At the same time, repository
pressures decline at a slower rate and gas saturations within the lower panel partially stabilize

until ~4500 years.

7.2.3 Overlay Plots for Castile Brine Reservoir Pressure (B_P_PRES) with Respect to
Brine Flow Up (BRNBHUPP) and Down (BRNBHDNC) the Borehole

Figure 7.2.2

B_P_PRES (brine reservoir pressure)

BRNBHUPP (brine up borehole measured at the bottom of lower waste panel)
BRNBHDNC (brine down borehole measured at the top of lower waste panel)

Reservoir pressures dramatically change at 1200 years

Because Castile reservoir pressure (B_P_PRES) is slightly lower than repository pressures, it
increases slightly at the time of intrusion when it becomes ‘connected’ to the repository via the
borehole. This pressure gradient promotes brine to flow down the borehole (BRNBHDNC) from
the repository, albeit a very small volume. A very small flow of brine again flows down the

borehole at ~2800 years, soon after the lower borehole creep closes.

Essentially no brine flows up the borehole from the Castile reservoir to the repository or from the

repository to the upper units.
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R1S3 - Brine Reservoir Pressure w.r.t Brine Flow in Borehole Measured

Just Above and Below Waste Panel
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FIGURE 7.2.2. OVERLAY PLOT FOR REALIZATION 20 depicting brine reservoir pressure overlaid with brine flow up

and down the borehole measured at the top and bottom of the lower waste panel
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7.2.4 Overlay Plots for Brine Flow through the Panel Closures to the Upper and Lower
Waste Panels

Figures 7.2.3 and 7.2.4 - all plots

North-flowing brine from lower to upper waste panel is defined as BRNPSOWC (brine
from the lower waste panel enters the panel closure south face) and BRNPSIRC
(brine exits the panel closure north face to the upper waste panel)

South-flowing brine from upper to lower waste panel is defined as BRNPSORC (brine
flows through panel closure from upper waste panel) and BRNPSIWC (brine flows
through panel closure into lower waste panel)

Brine flow rates change at 1200 years

Brine flow in the panel closures is predominantly out the closure south face and occurs midway

through the modeled period.

Only a small volume of brine (~400 m” total) flows into the lower waste panel via the closures
over the 10,000-year modeled period. This flow is initiated at ~5000 years, coincident with a
reduction in gas saturation within the lower waste panel. The brine source (to the panel closures)
comes from the LDRZ, as evidenced by a lack of brine flow entering the closures via the upper
waste panel (BRNPSORC). Because the upper waste panel is mostly gas saturated, it has very
low brine perrheability, which inhibits brine from seeping up through the upper waste panel floor
as it flows down-dip in the LDRZ. Once south-flowing LDRZ brine encounters the much higher
brine-saturated panel closures, it flows upward through the bottom of the closures, then is

deflected laterally southward to the lower waste panel.
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R1S3 - Brine Flow Through Panel Closures
Brine Flow in UDRZ Above Panel Closures
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FIGURE 7.2.3. OVERLAY PLOTS FOR REALIZATION 20 depicting brine flow through the panel closures overlaid
with lateral brine flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel

closures




R1S3 - Brine Flow Through Panel Closures
Gas Flow in UDRZ Above Panel Closures
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FIGURE 7.2.4. OVERLAY PLOTS FOR REALIZATION 20 depicting brine flow through the panel closures overlaid
with lateral gas flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel

closures
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7.2.5 Overlay Plots for Lateral Brine Flow in DRZ Above and Below Panel Closures

Lateral Brine Flow in the UDRZ

Figure 7.2.3 (refer also to Figure 7.3)

North-flowing brine is defined as BRAPSSIC (brine entering south face) and
BRAPSNOC (brine exiting north face)

South-flowing brine is defined as BRAPSSOC (brine exiting south face) and BRAPSNIC
(brine entering north face)

Note: Brine flow through the panel closures is also provided on these plots.

Because the UDRZ is predominantly gas-saturated and gas is the dominant fluid in the borehole,
minimal brine enters the UDRZ via the borehole or anhydrite drainage. Consequently, no brine
is able to enter the UDRZ region above the panel closures. Therefore, no brine is seen flowing in

UDRZ above the panel closures (BRAPSSOC, BRAPSNIC or BRAPSSIC, BRAPSNOC).

Lateral Brine Flow in the LDRZ

Refer to Figure 7.3

North-flowing brine is defined as BRBPSSIC(brine entering south face) and BRBPSNOC
(brine exiting north face) 7

South-flowing brine is defined as BRBPSSOC (brine exiting south face) and BRBPSNIC
(brine entering north face)

Below the panel closures, brine flows southward throughout the modeled period (BRBPSSOC,
BRBPSNIC). As brine passes below the closures, some brine moves into the closures
themselves (as evidenced by the differential befween BRBPSSOC, BRBPSNIC). An increase in
the brine flow rate occurs ~5000 years (seen in inflection point), coincident with an increase in
brine flowing out the south face of the panel closure into the upper waste panel at the same time

with repository pressures approach hydrostatic pressure.
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7.2.6 Overlay Plots for Lateral Gas Flow in the DRZ Above and Below the Panel Closures

Lateral Gas Flow in the UDRZ

Figure 7.2.4 - top plot (refer also to Figure 7.3)

North-flowing gas is defined as GSAPSSIC (gas entering south face) and GSAPSNOC
(gas exiting north face)

South-flowing gas is defined as GSAPSSOC (gas exiting south face) and GSAPSNIC
(gas entering north face)

Gas flow in the UDRZ is northward (GSAPSSIC and GSAPSNOC) from the time of repository
closure until the upper borehole degrades. Gas reverses flow direction from north to south
(GSAPSNIC and GSAPSSOC) at 1200 years, when the upper borehole plug degrades. The
borehole connection creates a pressure potential between the highly-pressurized repository and
the lower pressures of the upper units. This gradient promotes gas to flow towards the borehole,

from the up-dip to the down-dip regions of the repository. The primary pathway is through the
UDRZ.

Lateral Gas Flow in the LDRZ

Figure 7.2.4 - bottom plot (refer also to Figure 7.3)

North-flowing gas is defined as GSBPSSIC (gas entering south face) and GSBPSNOC
(gas exiting north face)

South-flowing gas is defined as GSBPSSOC (gas exiting south face) and GSBPSNIC
(gas entering north face)

A portion of gas that earlier had been pushed down through the floor of the upper waste panel to
the LDRZ responds to the depressurization of the repository by moving laterally southward in the
LDRZ (GSBPSSOC and GSBPSNIC) from 1200 to ~2400 years.
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7.2.7 Overlay Plots for Brine and Gas Flow In/Out the Ceiling and Floor of Upper Waste
Panel

. Brine Flow Through the Upper Waste Panel Ceiling

Figure 7.2.5 — top plot
BRN_DRAC (downflowing brine) and BRN_URAC (upflowing brine)

Brine flow through the ceiling of the upper waste panel (BRN_DRAC) occurs within the first
300 years of repository closure, due to anhydrite and UDRZ drainage. After 300 years, no brine
flows downward through the ceiling of the upper waste panel due to a combination of conditions:
1) after intrusion a low borehole permeability means it takes longer for gas to evacuate out the
repository, which inhibits brine from flowing down the borehole, and 2) this keeps the repository

pressure relatively high, which also inhibits drainage from the upper anhydrites.

Gas Flow Through the Upper Waste Panel Ceiling

Figure 7.2.5 — top plot
GAS_DRAC (downflowing gas) and GAS_URAC (upflowing gas)

A continuous flow of gas rises upward through the ceiling of the upper waste panel
(GAS_URAC) to the UDRZ throughout the modeled period. A slight increase in flow rates
occurs at 1200 years when the borehole degrades. Gas flows down into the upper waste panel
ceiling (GAS_DRAC) between 1200 and 2200 years as gas stored in the repository accumulates
and is restricted from evacuating out the borehole due to low borehole permeability. Thus, gas
backs up within the UDRZ as it flows towards the borehole and reenters the upper waste panel
via the ceiling from 1200 and 7200 years. Gas flow down through the upper waste panel ceiling

is reduced when repository pressure is reduced.

Brine Flow Through the Upper Waste Panel Floor

Figure 7.2.5 — bottom plot
BRN_DRBC (downflowing brine) and BRN_URBC (upflowing brine)
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R183 - Brine and Gas Fiow In and Out the Upper Waste Panel Ceiling
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FIGURE 7.2.5. OVERLAY PLOTS FOR REALIZATION 20 depicting vertical brine and gas flow through the ceiling of
upper waste panel within the UDRZ (top plot) and LDRZ (bottom plot).
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Little brine flows between the LDRZ and the upper waste panel. The small volume of brine that
flows from the LDRZ upward, through the upper waste panel floor (BRN_URBC), is a result of
the relatively small LDRZ pore volume which more readily ‘fill up’ from anhydrite brine
drainage. A small portion of that drainage overflows into the upper waste panel floor early in the
modeled period (prior to ~200 years). Because halite porosity is so low and iron corrosion rates
are relatively high, what little brine that drains from the UDRZ to the waste panel is consumed
via iron corrosion. Consequently, no excess brine is available to drain from the upper waste

panel down to the LDRZ (BRN_DRBC).

Gas Flow Through the Upper Waste Panel Floor

Figure 7.2.5 — bottom plot
GAS_DRBC (downflowing gas) and GAS_URBC (upflowing gas)

Gas flow rates change at 1200 and ~5000 years

Gas flows down through the upper waste panel floor to the LDRZ (GAS_DRBC) early in the
modeled period as a result of high gas production from microbial degradation; the two conditions
create relatively high repository pressures and limited storage for gas. Limited UDRZ storage
capacity causes storage in the upper waste panel and the UDRZ to reach maximum levels. Once

reached, gas is pushed down into the LDRZ through the upper waste panel floor.

Gas flow reverses direction at the time of intrusion (1000 years). Gas that flowed into the LDRZ
from the upper waste panel and was stored in the LDRZ prior to intrusion now flows from the
LDRZ upward through the upper waste panel (GAS_URBC) floor. Flow rates slow down and

cease at ~7800 years, soon after repository pressures approach hydrostatic.




7.2.8 Gas Saturation Contour Plots

Figure 7.2.6
SATGAS

Gas saturation contour plots at 1000, ~2289, ~6004, and 10,000 years

The four gas saturation plots show conditions at 1000 years, just prior to intrusion; at
~2289 years, soon after the lower borehole plug constricts; at ~6004 years, soon after brine
begins to flow from the panel closures to the lower waste panel; and at 10,000 years, the end of

the modeled period.

Comparing the last three plots in Figure 7.2.6 with the contour plot taken at 1000 years, one can
see gas flow rates up the borehole are so limited for Realization 20 that a large majority of the
excavated area remains between 70% to 100% gas saturated. This high gas saturation is

maintained throughout most of the modeled period.

Enough gas flows out the borehole that repository pressures are reduced. This allows brine to
drain from MB 139 (especially the south side of MB 139) and collect at the south portion of the
LDRZ, as evidenced by LDRZ gas saturation levels being reduced at 2289 years from those seen
at 1000 years.

At ~6000 to 10,000 years, both waste regions are above 70% gas saturated. The region below the
upper waste panel has a relatively high gas saturation: this impedes brine flowing up from the

LDRZ to the upper waste panel floor.
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BRAGFLO 1896: CCA CALCULATION: INTRUSION SCENARIO
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FIGURE 7.2.6. GAS SATURATION CONTOURS FOR REALIZATION 20. (a) 1000 years, just prior to intrusion, (b)
~2289 years, (c) ~6004 years, and (d) the end of the modeled period, 10,000 years. Borehole in lower waste panel is

not shown; see Figure 7.4 for location of borehole.




7.3 Realization 27 - Overlay Plot Summary

High borehole permeability - 107" m?, rank 26/100
Halite porosity - .00293, rank 90/100

Microbial degradation — 0, no microbial degradation; corrosion rate - 1.42 x 107* my/s,
rank 11/100

Brief Summary: Realization 27 is representative of repository behavior affected by relatively
low gas generation prior to intrusion and high gas generation after intrusion, coupled with
relatively high borehole permeability. High borehole permeability evacuates gas out of the
repository with ease, causing repository pressures to steadily decline from the intrusion event
until ~5000 years. Relatively low gas production prior to intrusion is the result of no microbial
degradation in this realization coupled with a small amount of brine needed to supply the
relatively high iron corrosion rates. While iron corrosion rates are high, corrosion is limited by
the relatively low brine volumes drained from the UDRZ, as a result of a low value for halite
porosity. The three conditions mean, prior to intrusion, the repository has relatively low gas
production, resulting in relatively low repository pressures. Because of the relatively high value
assigned for borehole permeability, gas that is generated early in the modeled period is easily
vented out of the borehole at the time of intrusion. After gas has been vented, brine drainage
resumes into the waste area, either through the borehole or marker bed drainage, allowing more
gas production via the corrosion process. Low halite porosity means not only limited brine
drains into the excavated area early in the modeled period, but a smaller DRZ void space for
storage exists for brine and gas to be stored and moved between the gas production and non-

production areas.

7.3.1 Overlay Plots for Pressure in Lower (WAS_PRES) and Upper (REP_PRES) Waste
Panels; Gas Saturation in the Lower (WAS_SATG) and Upper (REP_SATG) Waste
Panels; Fraction of Uncorroded Iron in the Lower (FEREM_W) and Upper
(FEREM_R) Waste Panels

Figure 7.3.1 - top plot
WAS_PRES, REP_PRES

Pressures dramatically change at 1000, 1200, ~5000, and ~6000 years
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R1S3 - Waste Panel Pressures w.r.t Gas Saturation/
Fraction of Uncorroded Iron Remaining
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FIGURE 7.3.1. OVERLAY PLOTS FOR REALIZATION 27 depicting pressures, fraction of iron remaining, and gas
saturations for lower and upper waste panels (top plot) and cumulative brine and gas flow within borehole at
intersection of borehole with top of lower waste panel and top of the UDRZ (bottom plot)
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Repository Pressure for the Lower (WAS_PRES) and Upper (REP_PRES) Waste Panel

Repository pressure at the time of intrusion is relatively low (in the bottom 10th percentile) due
to the absence of microbial degradation and brine-limited iron corrosion. The intrusion event
(1000 years) causes a sharp spike in the lower waste panel pressure curve as incoming brine from
the Castile reservoir moves up the borehole and fills the lower waste panel. This spike is not as
dramatic for the upper waste panel, and is partially due to the limited communication between
the lower and upper waste panels, caused by relatively small DRZ pore volumes between the
areas. The brine-filled lower waste panel has a relatively higher pressure (WAS_PRES) than the
upper waste panel (REP_PRES) for the remainder of the modeled period, promoting flow up-dip.
This pressure gradient promotes up-dip brine flow in the LDRZ and between the panels
themselves. At 1200 years, when the upper borehole degrades, any gas generated early in the
modeled period easily exits the lower waste panel, because borehole permeabilities are relatively
high, thus lowering repository pressures. Repository pressures continue to decrease until all iron
in the lower waste panel is depleted from corrosion at ~4800 years. Pressures start to increase
again when brine begins to flow down the borehole. This incoming brine flows first into the
lower waste panel, and then eventually up-dip to the upper waste panels. Brine flow in the
borehole inhibits gas evacuation out the repository. Consequéntly, pressures increase until ~6600
years, when they approach hydrostatic. Brine flow down the borehole ceases when the repository
pressures increase to hydrostatic. Gas flow then begins to flow up the borehole, again causing

pressures to decline.

Gas Saturation in Both the Upper (REP_SATG) and Lower (WAS_SATG) Waste Panels

Figure 7.3.1 - top plot
WAS_SATG, REP_SATG

Gas saturation dramatically changes at ~300, 1000, ~5100, and ~6600 years

Gas saturation in the upper waste panel (REP_SATG) changes at ~300, ~1000, ~5100, and
6600 years. Gas saturatidn in the lower waste panel (WAS_SATG) slowly declines from O to
~1000 years, plateaus at 1000 years, and slightly declines between 5000 and 6000 years.
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Prior to intrusion, incoming brine from the marker beds, and to a lesser extent halite drainage,
pools in the south portion of the excavated area, while newly-generated gas produced in the
waste panels rises to the UDRZ, moving up-dip toward the north portion of the repository. As a
result, within ~300 years after repository closure, gas saturation in the lower waste panel
decreases while gas saturation increases in the upper waste panel (REP_SATG). This trend is

* enhanced after intrusion, as incoming Castile brine is introduced into the lower waste panel via
the borehole and rapidly fills the lower waste panel. Castile brine does not move into the upper
waste panel until the upper borehole plugs degrade (1200 years), releasing gas pressure and
moving gas to the area above the up-dip portion of the UDRZ and out the borehole. Gas
evacuation lowers pressure in the upper waste panel, allowing brine to enter the upper waste
panel from the panel closures, the LDRZ, and to a lesser extent, the UDRZ. This influx of brine
into the upper waste panel briefly reduces gas saturations there, which then begin to rise as the
incoming brine is consumed in the iron corrosion process, producing gas as a byproduct. This .
gas is not as easily evacuated out of the upper waste panel, because higher gas production within
the lower waste panel via iron corrosion is dominating the gas that flows up the borehole. This
causes gas saturations within the upper waste panel to increase until the lower waste panel iron is
depleted. At the time of iron depletion in the lower waste panel, upward gas flow out the
borehole subsides, and downward brine flow from upper units increases from ~5200 to

6600 years. This extra brine travels to the upper waste panel, rapidly reducing overall gas
saturations. From ~5000 years on, gas saturation in the upper waste panel begins to decrease, as
gas can now be evacuated out the upper waste panel via the borehole, and incoming brine moves

up-dip via the LDRZ and the lower waste panel to the upper waste panel.

Fraction of Iron Uncorroded in Lower (FEREM_W) and Upper (FEREM_R) Waste Panel

Figure 7.3.1 - top plot

The fraction of iron remaining in the lower waste panel (FEREM_W) is reduced at a fairly
constant rate from the time of repository closure until all iron is consumed at ~5000 years. The
amount of iron being corroded slightly increases in the lower waste panel after intrusion due to

abundant brine supplies. In the upper waste panel, the fraction of iron consumed via corrosion




(FEREM_R) remains fairly constant throughout the modeled period; a slight perturbation in iron
corrosion occurs between 5000 and 6000 years. Prior to intrusion, iron corrosion within the
lower and upper waste panels is brine-limited due to little brine drainage from the UDRZ. After
intrusion, iron corrosion increases within the lower waste panel due to increased brine supplies,
increased anhydrite drainage, and the introduction of Castile brine, which is needed for iron
corrosion. This results in complete iron depletion in the lower waste panel by approximately
~4900 years. Because the upper waste panel is primarily gas saturated, iron corrosion in this area
is brine-limited rather then corrosion rate-limited. Therefore, the iron depletion in the upper
waste panel, while fairly constant throughout the modeled period, is at a lower rate than in the
lower waste panel. This constant depletion rate is in equilibrium with incoming brine
accumulating in lower portions of the upper waste panel. Brine saturation decreases as corrosion
consumes brine. Brine saturation begins to rise at ~5000 years, when iron corrosion in the lower
waste panel is complete. This extra brine must contact uncorroded iron in the upper waste panel.
Consequently, the amount of iron depletion in the upper waste panel remains brine-limited and

thus is maintained fairly close to the same rate as that seen prior to intrusion.

7.3.2 Overlay Plots for Flow in Borehole

Figure 7.3.1 - bottom plot

Brine flow rates up the borehole measured at the top of lower waste panel (BRNBHUPC),
top of UDRZ (BNBHUDRZ);

Brine flow down borehole to bottom of UDRZ (BNBHDNUZ), top of lower waste panel
(BRNBHDNC)

Brine flow rates in the borehole dramatically change at 1200, ~5000, and ~6700 yeal:s

Gas is the dominant fluid in the borehole, flowing upward between 1200 and ~5000 years. Flow
subsides between ~5000 to 6700 years, then resumes from 6700 to 10,000 years. The dominant
flow direction for brine in the borehole is downward. Brine flow rates are fairly low from 1000
to ~5000 years, increase between ~5000 to ~6000 years, then decline at ~6700 years. At the time
of borehole closure degradation (1200 years), repository pressure is high enough that upward-
flowing gas becomes the dominant borehole fluid. Because iron corrosion rates are relatively

high and plentiful brine supplies exist, large quantities of gas are produced. This gas flow
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continues to move up the borehole, limiting any downward-flowing brine (BNBHDNUZ,
BRNBHDNZ), until all iron in the lower waste panel is depleted (~5100 years). The cessation of
gas production within the lower waste panel minimizes gas flow up the borehole and allows
replenishing brine to flow down the borehole from the upper units. An increase in brine flow
down the borehole begins at ~5100 years and flows until the repository pressures increase to
hydrostatic pressures (~6.0 MPa) at ~6700 years. Because the lower waste panel has no iron left
for corrosion and is close to brine saturated (see Figure 7.1.1, top plot), the lower waste panel
-fills up, causing a large portion of incoming brine to be deflected at the UDRZ/lower waste panel
interface. This brine flows up-dip toward the upper waste panel. Some brine drains through the
panel closure where it enters the upper waste panel via the panel closure north face; some
continues to flow up—d_ip through the UDRZ, where it enters through the upper waste panel

ceiling.

7.3.3 Overlay Plots for Castile Brine Reservoir Pressure (B_P_PRES) with Respect to
Brine Flow Up (BRNBHUPP) and Down (BRNBHDNC) the Borehole

Figure 7.3.2

B_P_PRES (brine reservoir pressure)

BRNBHUPP (brine up borehole measured at the bottom of the lower waste panel)
BRNBHDNC (brine down borehole measured at the top of the lower waste panel)

Reservoir pressure dramatically changes at 1000 and ~5200 years -

Brine reservoir pressure (B_P_PRES) is reduced at 1000 years. A pulse of Castile brine is
introduced into the lower waste panel via the borehole (BRNBHUPP) at 1000 years. Brine flows
down the borehole from the upper formations, entering the lower waste panel (BRNBHDNC)

between 5100 to ~6300 years, coincident with a slight increase in Castile reservoir pressures.

At the time of intrusion, repository pressures (see Figure 7.3.1, top plot) are much lower than
reservoir pressures (B_P_PRES). This pressure differential, when combined with high brine
reservoir compressibilities and high borehole permeability, means that significant volumes of
brine (within the 90th percentile) flow up the borehole to the lower portion 6f the repository

(BRNBHUPP). Brine reservoir pressures (B_P_PRES) are significantly reduced as large
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FIGURE 7.3.2. OVERLAY PLOT FOR REALIZATION 27 depicting brine reservoir pressure overlaid with brine flow up
and down the borehole measured at the top and bottom of the lower waste panel

volumes of brine flow up to the repository. Brine flow up the borehole tapers off after the lower
borehole permeability is reduced by a factor of 10 (at 2200 years). Brine flow upward from the
lower reservoir continues until repository pressures approach ~3.0 MPa. Brine flow upward
from the reservoir ceases when iron within the lower waste panel is completely corroded
(reducing gas production in the lower waste panel), coincident with a tapering off of gas flow out
the borehole. At ~5200 years, repository pressures are ~3.0 MPa, well below the pressure of the
upper units. At this pressure, pressure gradients promote brine to flow down the borehole
(BRBNHDNC) from the upper units, causing an increase in repository pressure and Castile
reservoir pressures. The pressure potential between the repository and the reservoir brine no
longer promotes brine flow out of the reservoir, but rather into the reservoir (from the repository
and upper units). The increase in reservoir pressure plateaus at ~6400 years, when flow down the

borehole from the upper units declines.
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7.3.4 Overlay Plots for Brine Flow through the Panel Closures to the Upper and Lower
Waste Panels

Figures 7.3.3 and 7.3.4 - all plots

North-flowing brine from lower to upper waste panel is defined as BRNPSOWC (brine
from the lower waste panel enters the panel closure south face) and BRNPSIRC
(brine exits the panel closure north face to the upper waste panel)

South-flowing brine from upper to lower waste panel is defined as BRNPSORC (brine
flows through panel closure from upper waste panel) and BRNPSIWC (brine flows
through panel closure into lower waste panel)

Brine flow rates change at 1000, 5100, and 6100 years

After intrusion, excess brine supplies exist in the lower waste panel” and, simultaneously, the
lower waste panel has a higher pressure relative to the upper waste panel from 1000 to 10,000
years. These two conditions create a pressure potential that promotes brine flow from the lower
to the upper waste panel via the panel closures. Between ~5000 and ~6200 years, an extra brine
surge passes through the closures coincident with brine flow down the borehole from the upper
units. Comparing brine volumes that flow through the panel closure’s north and south faces, it is
seen that the amount of brine that enters the lower waste panel (south face, BRNPSIWC) is less
than the amount that exits the upper waste panel (north face, BRNPSORC). The extra
contribution of brine that passes out the panel closure south face to the lower waste panel is from

the DRZ.

7.3.5 Overlay Plots for Lateral Brine Flow in DRZ Above and Below Panel Closures

Lateral Brine Flow in the UDRZ

Figure 7.3.3 - top plot (refer also to Figure 7.3)

North-flowing brine is defined as BRAPSSIC (brine entering south face) and
BRAPSNOC (brine exiting north face)

South-flowing brine is defined as BRAPSSOC (brine exiting south face) and BRAPSNIC
(brine entering north face)

North flowing brine above the panel closure starts at 1200 years and continues to end of
modeled period

" Iron corrosion does not consume all available brine.
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R183 - Brine Flow Through Panel Closures
Brine Flow in LDRZ Below Panel Closures
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FIGURE 7.3.3. OVERLAY PLOTS FOR REALIZATION 27 depicting brine flow through the panel closures overlaid
with lateral brine flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel
closures
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FIGURE 7.3.4. OVERLAY PLOTS FOR REALIZATION 27 depicting brine flow through the panel closures overlaid
with lateral gas flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel
closures




Brine flow rates change at 1000, ~5100, and ~6100 years

A pulse of north-flowing brine above the panel closures (BRAPSSIC, BRAPSNOC) is initiated
in the UDRZ at 1000 years, the time of intrusion. The sources of brine, between 1000 and
~5000 years, are from brine anhydrite drainage or Castile brine oversupplies stored in the lower
waste panel, since minimum brine flows down the borehole prior to ~5000 years. Because the
UDRZ above the upper waste panel is primarily gas saturated, this north-flowing brine is
deflected downward into the panel closures until ~5000 years, when brine flow down the
borehole increases. This extra brine increases repository pressures, which compress resident gas
in the UDRZ, moving the gas saturation zone up-dip, allowing UDRZ brine to flow past the

region above the panel closure and enter the ‘south’ ceiling of the upper waste panel.

Lateral Brine Flow in the LDRZ

Figure 7.3.3 - bottom plot (refer also to Figure 7.3)

North-flowing brine is defined as BRBPSSIC(brine entering south face) and BRBPSNOC
(brine exiting north face)

South-flowing brine is defined as BRBPSSOC (brine exiting south face) and BRBPSNIC
(brine entering north face)

Brine flow rates change dramatically at 1000, 1200, ~5100, and ~6100 years

Prior to intrusion, a small volume of brine flows south in the LDRZ (BRBPSSOC, BRBPSNIC).
Little brine drainage from the UDRZ coupled with high iron corrosion rates means less brine in
the upper waste panel, and thus little brine drains to the LDRZ. Therefore, LDRZ lateral brine
flow to the south is limited to north MB 139 drainage. At the time of intrusion, brine flow
direction reverses from south to north, as brine from the Castile reservoir is introduced into the
lower waste panel, creating excess brine. This brine pulse initiates a steady up-dip flow of brine
(BRBPSSIC, BRBPSNOC), which increases between ~5000 to 6000 years, when down-flowing
brine enters the excavated area via the borehole from the upper units. This extra brine is not used
for iron corrosion, since all the iron in the lower waste panel is corroded by 5000 years.
Consequently, brine not consumed by corrosion flows out the floor of the lower waste panel to

the LDRZ, then up-dip toward the upper waste panel.
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7.3.6 Overlay Plots for Lateral Gas Flow in the DRZ Above and Below the Panel Closures

Lateral Gas Flow in the UDRZ

Figure 7.3.4 - all plots (refer also to Figure 7.3)

North-flowing brine is defined as BRBPSSIC(brine entering south face) and BRBPSNOC
(brine exiting north face)

South-flowing brine is defined as BRBPSSOC (brine exiting south face) and BRBPSNIC
(brine entering north face)

Gas flow rates change at 1000, 1200, ~5100, and ~6100 years

Prior to intrusion, a small volume of gas flows laterally up-dip in the UDRZ (GSAPSSIC,
GSAPSNOC), crosses the area above the panel closures, and continues to flow northward. This
flow direction reverses from north to south at 1200 years, the time of upper borehole degradation.
Gas is impeded from flowing southward from ~5000 to 6200 years, when incoming brine flows
down the borehole and is deflected northward in the UDRZ. Gas flow southward recommences

when incoming brine from down the borehole subsides.

Lateral Gas Flow in the LDRZ

Figure 7.3.4 - bottom plot (refer also to Figure 7.3)

North-flowing gas is defined as GSBPSSIC (gas entering south face) and GSBPSNOC
(gas exiting north face)

South-flowing gas is defined as GSBPSSOC (gas exiting south face) and GSBPSNIC
(gas entering north face)

Little to no lateral gas flows either north or south in the LDRZ.

7.3.7 Overlay Plots for Brine and Gas Flow In/Out the Ceiling and Floor of Upper Waste
Panel '

Brine Flow Through the Upper Waste Panel Ceiling

Figure 7.3.5 — top plot
" BRN_DRAC (downflowing brine) and BRN_URAC (upflowing brine)
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FIGURE 7.3.5. OVERLAY PLOTS FOR REALIZATION 27 depicting vertical brine and gas flow through the ceiling of
the upper waste panel within the UDRZ (top plot) and LDRZ (bottom plot)
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Because halite porosity is low, a relatively small amount of brine drains from the UDRZ through
the upper waste panel (BRN_DRAC) prior to intrusion. After intrusion, two relatively large
pulses of brine enter the ceiling of the upper waste panel, each pulse contributing approximately
equal amounts of brine. The first pulse occurs between 1000-1200 years, at the time of intrusion,
as Castile brine is introduced into the repository via the borehole. Some brine enters the UDRZ
and flows up-dip, then back down through the upper waste panel ceiling. The second pulse

occurs between ~5000 and 6200 years, when brine flows down the borehole from the upper units.

A large portion of this incoming brine is deflected at the UDRZ/lower waste panel interface,
flowing up-dip where it enters the ceiling of the upper waste panel. Because the UDRZ is
primarily gas-saturated above the upper waste panel (see gas saturation contour plots,

Section 7.3.8), the majority of this brine is deflected downward into the upper waste panel ceiling

just north of the panel closures.

Gas Flow Through the Upper Waste Panel Ceiling

Figure 7.3.5 — top plot _
GAS_DRAC (downflowing gas) and GAS_URAC (upflowing gas)

A continuous flow of gas exits the ceiling of the upper waste panel (GAS_URAC) throughout the
modeled period with significant response changes seen at 1200, 5100, and 6800 years. At

1200 years, gas flow out the ceiling increases when the upper borehole plug degrades, then
decreases from ~5200 to 6200 years. The decrease in gas flow rate is due to competition with
incoming brine flowing down the borehole, some deflected at the UDRZ and moving up-dip,
entering the upper waste panel ceiling. This downward flow of brine hinders gas flow out the
upper waste panel ceiling. As brine flow in the borehole subsides at ~6800 years, gas flow rates

out of the upper waste panel ceiling increase to about the same rate seen prior to ~5200 years.

Gas flow from the UDRZ down through the upper waste panel ceiling (GAS_DRAC) is partially
a function of the DRZ pore volume. Because the UDRZ, for this realization, has such a small
pore volume and small (low) compressibility (relative to the waste areas), this area has a

relatively small gas storage capacity. Thus, any gas produced that rises to the UDRZ will be




pushed back into the excavated areas as the DRZ reaches its maximum gas storage capacity. A
slight increase in gas flow downward through the upper waste panel ceiling occurs between
~5200 and 6200 years, when brine enters the upper waste panel ceiling. This incoming brine
displaces resident UDRZ gas, forcing gas back down through the upper waste panel ceiling.
When downward brine flow rates through the upper waste panel ceiling decline (~6200 years),

downward gas flow also subsides.

Brine Flow Through the Upper Waste Panel Floor

Figure 7.3.5 — bottom plot
BRN_DRBC (downflowing brine) and BRN_URBC (upflowing brine)

Brine flow rates change at 1000, 1200, ~5100, and ~6100 years

A continuous flow of brine enters the upper waste panel floor (BRN_URBC) from the LDRZ
between the time of intrusion to the end of the modeled period. This brine flow is initiated as a
pulse at 1000 years, when incoming Castile brine enters the excavated area. This pulse is
followed by ‘seepage flow.” An increase in brine flow upward is seen between ~5200 and 6200
years, coincident with increased brine flow down the borehole from units above. This incoming
. ‘borehole’ brine enters the LDRZ either through drainage out the floor of the lower waste panel

or the bottom of the panel closures, moving up-dip where it enters the upper waste panel floor.

Because the upper waste panel has a very low brine saturation, no brine drains out the floor of the

upper waste panel to the LDRZ (BRN_DRBC) during the entire modeled period.

Gas Flow Through the Upper Waste Panel Floor

Figure 7.3.5 — bottom plot
GAS_DRBC (downflowing gas) and GAS_URBC (upflowing gas)

Gas flow rates change at 1000 and ~5000 years

Gas flow from the upper waste panel floor to the LDRZ (GAS_DRBC) is partially a function of

the DRZ pore volume. Because the DRZ has a relatively small pore volume and very low
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compressibility (relati\}e to the waste areas), this area has a small storage capacity for gas. As gas
saturation of both the UDRZ and the upper waste panel pore volume reach their optimal value,
newly-produced gas will be pushed down through the floor of the upper waste panel to the
LDRZ. This downward component of gas flow ceases at the time of upper borehole degradation,
because the borehole releases enough gas from the UDRZ and the upper waste panel to eliminate
higher gas pressure; prior to intrusion, this high pressure forces gas down to the LDRZ. Gas flow
upward from the LDRZ (GAS_URBC) occurs at 1200 years, when the upper borehole plug
degrades, the lower waste panel becomes brine-saturated, and the repository closes through
creep. A portion of gas that occupied the lower waste panel flows to the LDRZ, moves up-dip,

" and enters the lower waste panel floor. This upward component of gas flow ceases at ~5000

years.

7.3.8 Gas Saturation Contour Plots

The four gas saturation plots given in Figure 7.3.6 show conditions at (a) ~1226 years, soon after
the time of borehole plug degradation; (b) ~4877 years; (c) ~6605 years; and (d) the end of the
modeled period, 10,000 years.

The contour plot at ~1226 years (Figure 7.3.6) shows the relatively low gas saturation in the
lower waste panel and the south portion of the UDRZ soon after the borehole degrades. This
condition is due to rapid gas evacuation out the repository via the borehole due to the relatively

high value for borehole permeability that is assigned to this realization.

The plot at 4870 years shows the onset of brine flow down the borehole (that occurs just after
iron in the lower waste panel is almost completely corroded). This brine fills the lower waste
panel and the south portion of the UDRZ until the two regions are nearly 100% brine saturated.
Brine flow enters the upper waste panel via the brine-saturated panel closures, the upper waste
panel floor via the LDRZ, and the UDRZ. Lateral up-dip brine flow in the UDRZ is deflected
downward into the top of the panel closure or the upper waste panel as the result of the UDRZ

gas ‘wedge’ residing just north of the panel closures. This ‘gas wedge’ remains in relatively the

same location until the end of the modeled period.
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FIGURE 7.3.6. GAS SATURATION CONTOURS FOR REALIZATION 27. (a) 1226 years, the time of borehole
degradation, (b) ~4877 years, (c) ~6600 years, and (d) the end of the modeled period, 10,000 years. Borehole in
lower waste panel is not shown; see Figure 7.4 for location of borehole.
Because gas was not evacuated out the UDRZ from ~4800 to 6600 years, the contour plot at
10,000 years shows an increase in UDRZ gas saturation above the lower waste panel. Brine flow
down the borehole impedes gas from exiting the repository. The buildup of gas produced in the
upper waste panel and stored in the upper waste panel and the UDRZ exits the repository from
~6600 to 10,000 years. The gas flow rate out the borehole declines due to the repository having

reached near-hydrostatic pressure.
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7.4  Realization 4 - Overlay Plot Summary

Low borehole permeability - 107°2 m?, rank 74/100

Microbial gas generation - 0, no microbial degradation; rank - bottom third
High corrosion rate - 1.25 x 10™"* m/s, rank 21/100

Large halite porosities - 0.0194, rank 24/100

Brine reservoir intrusion

Pressure - 1.19 x 107 Pa, rank 94/100

Log brine reservoir

Compressibility - 10! 1/Pa, rank 19/100

Brief Summary: Realization 4 represents repository behavior affected by medium
pressurization prior to intrusion, caused by a lack of gas production via microbial degradation
and, because of plentiful brine supplies due to relatively large brine drainage from the UDRZ, a
large volume of gas produced via iron corrosion. Median pressure values are used for the set of -
realizations. Because brine reservoir pressures and borehole permeabilities are among the lowest
in the sampled set, the amount of brine contributed to the repository via the intrusion event falls
just above the 10th percentile group. The large volumes of brine drained from the DRZ early on
coupled with relatively high iron corrosion rates mean that the iron in the lower waste panel is
completely corroded midway through the modeled period (~5000 years). Gas evacuation out the
repository via the borehole is impeded due to low borehole permeability, which causes a
relatively slow decline in repository pressure from the time of intrusion to the end of the modeled

period.

7.4.1 Overlay Plots for Pressures in Lower (WAS_PRES) and Upper (REP_PRES) Waste
Panels; Gas Saturation in the Lower (WAS_SATG) and Upper (REP_SATG) Waste
Panels; Fraction of Uncorroded Iron in Lower (FEREM_W) and Upper
(FEREM_R) Waste Panels (Figure 7.4.1 - top plot)

WAS_PRES, REP_PRES

The top plot in Figure 7.4.1 shows the gradual rise in repository pressure is abruptly interrupted
at 1000 years, the time of intrusion, and coincides with a decrease in gas saturation in the lower

waste panel as brine is introduced into the repository from the lower Castile reservoir. Both top
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FIGURE 7.4.1. OVERLAY PLOTS FOR REALIZATION 4 depicting pressures, fraction of iron remaining, and gas
saturations for lower and upper waste panels (top plot) and cumulative brine and gas flow within borehole at
intersection of borehole with top of lower waste panel and top of the UDRZ (bottom plot)
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and bottom plots show that at the onset of upper borehole degradation, pfessures are slightly
reduced as gas is evacuafed out the repository via the borehole. The connection to the Castile
reservoir causes repository pressure to plateau at relatively high levels between 1200 to

2200 years, when the lower borehole permeability is reduced by a factor of 10. Because upper
borehole permeabilities are relatively low, the pressure in both the lower and upper waste panels
decreases gradually due to the very slow evacuation of gas out the borehole. Pressures stabilize
at ~8000 years when gas production via iron corrosion in the upper waste panel and gas

evacuation out the borehole are in relative equilibration.

The bottom plot of Figure 7.4.1 shows that the pulse of brine coming up the borehole
(BRNBHUPC), while only a minimal amount, reaches the top of the lower waste panel and
coincides with the reduction in lower waste panel saturations. The curve for gas flow out the

borehole at the UDRZ interface dominates flow within the borehole.

Gas Saturation in Both the Upper (REP_SATG) and Lower Waste Panels (WAS_SATG)

Figure 7.4.1 - top plot
WAS_SATG, REP_SATG

In the first ~300 years after repository closure, gas saturations in both waste panels decrease. The
decrease is due to relatively large volumes of brine that drain from the UDRZ to the waste
disposal regions, coupled with the effect of repository creep closure (reducing panel volumes).
Because the lower waste panel is lower in elevation than the upper waste panels, brine in the
lower waste panel continues to drain from the lower anhydrites through the LDRZ and, to a lesser
extent, from the UDRZ through the panel closures. Brine collects within and just below the
lower waste panel. Concurrently, gas produced from iron corrosion rises to the UDRZ and
moves up-dip, where it is stored in the upper regions of the repository. Some of this gas is stored
within the upper waste panel. The combined processes mean that at ~300 years, gas saturation
for the upper waste panel (REP_SATG) starts to rise, while gas saturation for the lower waste
panel plateaus (WAS_SATG). At the time of upper borehole degradation (1200 years), pressure
is released froﬁl the repository in the borehole, which allows brine to flow up the borehole from

the lower brine reservoir, filling the lower waste panel. This brine is impeded from coming into




the upper waste panel, in part, because gas saturation within the upper waste panel is much
higher than in the lower waste panel, rendering the upper waste panel far less brine-permeable
than the lower waste panel. Additionally, high iron corrosion rates mean that the majority of
brine that enters the lower waste panel is consumed and excess brine is not available to move up

into the upper waste panel.

At ~4900 years, the simultaneous decrease in both gas saturation and fraction of iron being
corroded in the lower waste panel implies that the lower waste panel is filling up with brine as
the amount of iron in the waste panel is reduced, i.e., less of the brine that flows into the lower

waste panel is now consumed via corrosion.

A decrease in upper waste panel gas saturation occurs at ~5200 years. The decrease is caused by
the onset of a large portion of resident brine in the lower waste panel beginning to collect in the
down-dip region of the lower waste panel. This brine is not consumed via iron corrosion because
most lower waste panel iron has already been corroded by 5000 years. Brine begins to
accumulate down-dip and eventually ‘pools’ at the edge of the pool moving in the up-dip

direction, toward the upper waste panel.

Fraction of Iron Uncorroded in Lower (FEREM_W) and Upper (FEREM_R) Waste Panel

Figure 7.4.1 - top plot
FEREM_W (fraction of iron uncorroded remaining in lower waste panel)
FEREM_R (fraction of iron uncorroded remaining in upper waste panel)

The fraction of iron actively being corroded changes at 1000, ~2000, and ~8100 years

Figure 7.4.1, top plot, shows all iron in the lower waste panel (FEREM_W) is completely
corroded at ~6600 years. Iron corrosion (depletion) rates are constant from the time of repository
closure until ~5000 years, when the iron depletion rate is dramatically reduced. By 5000 years,
most of the iron situated in the down-dip portion of the lower waste panel is corroded, and,
therefore, replenishing brine entering the lower waste panel no longer contacts uncorroded iron
and must move up-dip before contacting uncorroded iron. This assumption is supported by the

simultaneous decrease in both gas saturation and the fraction of iron being corroded in the lower
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waste panel, indicating that the waste panel is filling up with brine because less iron is available

to consume incoming brine.

Iron depletion in the lower and upper waste panels proceeds at approximately the same rate until
1000 years. Iron depletion in the upper waste panel is dramatically reduced at 1000 years, and is
further reduced at ~2000 years. This is caused by a reduction in brine supplies transmitted to the
upper waste panel when the lower borehole closes through creep. Iron depletion rates for the
upper waste panel do not increase until ~8000 years when brine, now in excess in the lower
waste panel, moves up-dip toward the upper waste panel. This brine ‘feeds’ iron corrosion in the
upper waste panel when it contacts uncorroded iron drums. Brine that enters the upper waste
panel reaches uncorroded iron in a few thousand years, as seen in the-delay of the resumption of

iron depletion while gas saturations in the upper waste panel steadily decline.

7.4.2 Overlay Plots for Flow in Borehole

Figure 7.4.1 - Bottom plot

Brine flow rates up borehole measured at the top of the lower waste panel (BRNBHUPC)
and top of the UDRZ (BNBHUDRZ);

Brine flow down borehole measured at the top of the UDRZ (BNBHDNUZ ) and top of
the lower waste panel (BRNBHDNC);

Gas flow up borehole measured at the top of UDRZ (GASBHUDZ).

Brine flow rates change dramatically at 1000 and ~5500 years

Brine Flow in the Borehole

A large pulse of brine flows up the borehole (BRNBHUPC) and enters the lower waste panel
from the Castile reservoir at the time of intrusion. This brine flow ceases soon after the intrusion
event. At 1200 years, when the upper borehole degrades, gas flows up the borehole
(GASBHUDZ) and is the dominant fluid within the borehole from 1200 to 10,000 years; only a
very small volume of brine (less then 80 m” for the entire modeled period) flows down the

borehole.
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Gas Flow in the Borehole

Gas flow rates change at 1200 and ~5900 years

Gas flow up the borehole is initiated when the upper borehole plugs degrade, at 1200 years. Gas
flow rates in the borehole are reduced midway through the modeled period. This is due to a
reduction in gas generated within the lower waste panel (since most lower waste panel iron is
depleted by then). Because borehole permeabilities are so low, this change in flow rate up the

borehole is gradual and occurs between ~4900 and ~6900 years.

7.4.3 Overlay Plots for Castile Brine Reservoir Pressures (B_P_PRES) with Respect to
Brine Flow Up (BRNBHUPP) and Down (BRNBHDNC) the Borehole

Figure 7.4.2

B_P_PRES (brine reservoir pressure)

BRNBHUPP (brine up borehole measured at the bottom of lower waste panel)
BRNBHDNC (brine down borehole measured at the top of lower waste panel)

Borehole flow changes at 1200 years

Brine reservoir pressure is reduced at 1000 years, then slightly increases from a low of 11.5 to
13 MPa at 1200 years. Reservoir pressures remain relatively low for the remainder of the
modeled period. A brief pulse of brine flows up the borehole from the lower reservoir
(BBNBHUPP) at the time of intrusion (1000 years). No brine flows down the borehole from the

lower waste panel to the lower reservoir.

Prior to intrusion, brine reservoir pressures (B_P_PRES) are much higher than repository
pressures (see Figure 7.4.1). Therefore, a potential exists between the two regions that promote
brine flow from the lower reservoir via the borehole to the repository at the time of intrusion
(BRNBHUPP). Because the reservoir compressibility is also high (rank 19th), a large volume of
brine is able to flow up the borehole (BRNBHUPP) immediately after intrusion, thus rapidly
reducing reservoir pressures and decreasing the potential between the two regions. Because
upper borehole permeabilities are so low, any flow up or down the borehole between the

reservoir and units above the repository is minimized.
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R1S3 - Brine Reservoir Pressure w.r.t Brine Flow in Borehole Measured
Just Above and Beiow Waste Panel
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FIGURE 7.4.2. OVERLAY PLOT FOR REALIZATION 4 depicting brine reservoir pressure overlaid with brine flow up
and down the borehole measured at the top and bottom of the lower waste panel

7.4.4 Overlay Plots for Brine Flow through the Panel Closures to the Upper and Lower
Waste Panels

Figures 7.4.3 and 7.4.4 - all plots

North-flowing brine from lower to upper waste panel is defined as BRNPSOWC (brine
from the lower waste panel enters the panel closure south face) and BRNPSIRC
(brine exits the panel closure north face to the upper waste panel)

South-flowing brine from upper to lower waste panel is defined as BRNPSORC (brine
flows through panel closure from upper waste panel) and BRNPSIWC (brine flows
through panel closure into lower waste panel)

Brine flow rate changes at 1200 years

The dominant lateral brine flow direction within the panel closures is out the closure south face
and into the lower waste panel. This brine does not pass from the upper waste panel via the

closures, but enters the closure bottom or top via the DRZ, then flows down-dip to the lower

waste panel.




Brine (m?)

Brine (m®)

" FIGURE 7.4.3. OVERLAY PLOTS FOR REALIZATION 4 depicting brine flow through the panel closures overlaid with
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R1S3 - Brine Flow Through Panel Closures
Gas Flow in UDRZ Above Panel Closures
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Brine flow through the closures reverses direction at ~6000 years, when iron in the lower waste

panel is depleted. Brine in the lower waste panel accumulates, filling this region up, then moves
up-dip to the upper waste panel, passing through the panel closures. More brine enters the upper
waste panel than exits the lower waste panel side (compare BRNPSOWC vs. BRNPSIRC) via

the closures; the extra contribution is caused by brine that enters the closure tops and bottoms via

the DRZ.

7.4.5 Overlay Plots for Lateral Brine Flow in DRZ Above and Below Panel Closures

Lateral Brine Flow in the UDRZ

Figure 7.4.3 - top plot (refer also to Figure 7.3)
North-flowing brine is defined as BRAPSSIC (brine entering south face) and
BRAPSNOC (brine exiting north face)

South-flowing brine is defined as BRAPSSOC (brine exiting south face) and BRAPSNIC
(brine entering north face)

Brine flow rates change at 1000, ~5700, and ~6000 years

The tbp plot in Figure 7.4.3 shows that little brine flows laterally within the UDRZ above the
panel closures prior to ~6000 years. At ~6000 years, when most iron within the lower waste
panel is depleted and the lower waste panel becomes brine saturated, brine begins to flow north
in the UDRZ (BRAPSSIC, BRAPSNOC) towards the upper waste panels, crossing the area
above the panel closures. A large portion of brine does not cross the UDRZ area just north of the
closures, but instead is deflected downward into the panel closures by the gas wedge in the

UDRZ residing above the upper waste panels (see Section 7.4.8, gas saturation contour plots).

Lateral Brine Flow in the LDRZ

Figure 7.4.3 - bottom plot (refer also to Figure 7.3)

North-flowing brine is defined as BRBPSSIC(brine entering south face) and BRBPSNOC
(brine exiting north face)

South-flowing brine is defined as BRBPSSOC (brine exiting south face) and BRBPSNIC
(brine entering north face)

Brine flow rates change at 1000, ~5700, and ~6000 years
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The bottom plot in Figure 7.4.3 shows that brine flow in the LDRZ just below the panel closures,
prior to ~6000 years, is in a southerly direction (BRBPSSIC, BRBPSNOC). More brine flow
enters the area below the closures from the north than exits to the south, indicating that some
brine flows up into the bottom of the panel closures. Flow direction changes from south to north
at ~6000 years, when the lower waste panel becomes brine saturated and iron corrosion nears
completion, as indicated in Figure 7.4.1 (top plot). Brine accumulates in the lower waste panel,
drains to the LDRZ, then moves up-dip toward the upper waste panel. Because more brine exits
the north area below the closures than enters from the south (BRBPSSIC versus BRBPSNOC),
the extra contribution is probably from brine drainage out the bottom of the panel closures to the
LDRZ. From the area below the panel closure, brine moves up-dip toward the upper waste

panel.

7.4.67 Overlay Plots for Lateral Gas Flow in the DRZ Above and Below the Panel Closures

Figure 7.4.4 illustrates gas flow within the UDRZ with respect to brine flow through the panel

closures.

Lateral Gas Flow in the UDRZ

Figure 7.4.4 - top plot (refer also to Figure 7.3)

North-flowing gas is defined as GSAPSSIC (gas entering south face) and GSAPSNOC
(gas exiting north face)

South-flowing gas is defined as GSAPSSOC (gas exiting south face) and GSAPSNIC
(gas entering north face)

Brine flow rates change at 1200 years -

The curves for gas flow indicate little gas flows up into the UDRZ via the panel closures. Prior to
intrusion, some of the gas generated in the lower waste panel enters the UDRZ, where it moves
up-dip (GSAPSSIC, GSAPSNOC) toward the back of the repository. Because the UDRZ pore
volume is very large (due to relatively large values for halite porosity), an appreciable amount of
gas is stored in the UDRZ just above the lower waste panel. This extra storage limits gas flow
that moves up-dip to the north positions of the repository. After borehole degradation at 1200

years, lower pressures within the borehole produce gradients that promote flow from the north
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portion of the upper waste panel toward the borehole. Consequently, gas flow in the UDRZ

changes direction from north to south.

Lateral Gas Flow in the LDRZ

Figure 7.4.4 - bottom plot (refer also to Figure 7.3)

North-flowing gas is defined as GSBPSSIC (gas entering south face) and GSBPSNOC
(gas exiting north face) '

South-flowing gas is defined as GSBPSSOC (gas exiting south face) and GSBPSNIC
(gas entering north face)

Gas flow rates and direction in the UDRZ change at 1200, 1700, and ~5000 years

Figure 7.4.4 illustrates gas flow within the LDRZ with respect to brine flow through the panel

closures. Essentially no lateral gas flow occurs within the LDRZ below the panel closures.

7.4.7 Overlay Plots for Brine and Gas Flow In/Out Ceiling and Floor of Upper Waste
Panel

Brine Flow Through the Upper Waste Panel Ceiling

Figure 7.4.5 — top plot
BRN_DRAC (downflowing brine) and BRN_URAC (upflowing brine)

Because halite porosities are relatively high, large volumes of brine drain from the UDRZ
through the upper waste panel ceiling (BRN_DRAC) within the first 300 years after repository
closure. Very little brine flows from the UDRZ to the upper waste panel after ~500 years. Gas
evacuation out the UDRZ is impeded by low borehole permeabilities. This keeps gas saturations
at relatively high levels in the UDRZ and upper waste panel, and inhibits brine from entering or
exiting through the upper waste panel ceiling. Consequently, no brine flows out the uppef waste

panel ceiling (BRN_URACQC).
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R183 - Brine and Gas Flow In and Out the Upper Waste Panel Ceiling
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FIGURE 7.4.5. OVERLAY PLOTS FOR REALIZATION 4 depicting vertical brine and gas flow through ceiling of upper
waste panel within the UDRZ (top plot) and LDRZ (bottom plot)
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Gas Flow Through the Upper Waste Panel Ceiling

Figure 7.4.5 — top plot
GAS_DRAC (downflowing gas) and GAS_URAC (upflowing gas)

A continuous flow of gas exits the ceiling of the upper waste panel (GAS_URAC) throughout the
modeled period, with significant inflection points at 1200 years, when the upper borehole plug
degrades. Because borehole permeabilities are relatively low, gas is impeded in the UDRZ as it
flows from the back of the repository towards the borehole. This causes some gas to flow
downward from the UDRZ through the upper waste panel ceiling (GAS_DRAC). This downward

flow ceases around ~7500 years as repository pressures plateau.

Brine Flow Through the Upper Waste Panel Floor

Figure 7.4.5 — bottom plot
BRN_DRBC (downflowing brine) and BRN_URBC (upflowing brine)

Brine flow rates change at 1000 and ~6300 years

Brine flows out the floor of the upper waste panel (BRN_DRBC) from the time of repository
closure until 1000 years. This brine is from UDRZ drainage that passes through the upper waste
panel, is not used in the corrosion process, and continues to flow downward to the LDRZ. Brine
flow upward through the upper waste panel floor (BRN_URBC) is continuous throughout the
modeled period. Initially, this brine ‘pools’ in the LDRZ from anhydrite and halite drainage,
eventually moving in the LDRZ up-dip where it seeps upward into the lower waste panel floor.
At ~6000 years, the amount of brine entering the upper waste panel from the LDRZ increases,
coincident with iron corrosion in the lower waste panel nearing completion. Brine ceases to be
consumed in the lower waste panel via corrosion, causing it to accumulate. This brine drains
down from the lower waste panel to the LDRZ and moves up-dip towards the upper waste panel,

where some flows upward through the upper waste panel floor.
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Gas Flow Through the Upper Waste Panel Floor

Figure 7.4.5 — bottom plot
GAS_DRBC (downflowing gas) and GAS_URBC (upflowing gas)
Gas flow through the upper waste panel floor is punctuated by several upward (GAS_URBC) and
downward (GAS_DRBC) pulses.

Gas flow from the LDRZ upward through the upper waste panel floor (GAS_URBC) occurs at ,.
several distinct times. The first inﬂux occurs at ~300 years as brine pools in the LDRZ, pushing
gas back up through the south end of the upper waste panel floor. The second influx, at 1200
years, is a result of the pressure pulse created when the upper borehole degrades, displacing gas
that was stored in the LDRZ to the upper waste panel floor. The vthird influx occurs at

~5000 years, when iron corrosion in the lower waste panel begins to subside. Brine accumulates
in the lower waste panel because iron corrosion here is nearly complete, draining down through
the lower waste panel floor to the LDRZ. The increased volume of brine entering the LDRZ from
the lower waste panel brine drainage displaces stored LDRZ gas, displacing it upward through
the upper waste panel floor. The fourth influx of gas is coincident with the repository pressures
declining to a relatively low plateau value of ~4.8 MPa. These lower pressures enable brine to
flow from adjoining anhydrites and displace any resident gas up from the LDRZ through the

upper waste panel floor.

Gas flow down through the upper waste panel floor is initially due to a combination of high gas
production via corrosion and waste panel creep closure. The reduction in panel pore volume
displaces gas down through the upper waste panel floor to the LDRZ at the time of intrusion.
The pulse of brine that enters the repository from the Castile displaces gas from the upper waste
panel down to the LDRZ. When the lower borehole constricts, at 2200 years, the connection to

the Castile unit is reduced and gas flow downward ceases.
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FIGURE 7.4.6. GAS SATURATION CONTOURS FOR REALIZATION 4. (a) ~1680 years, (b) ~5730 years, (c)
~6340 years, and (d) 10,000 years, the end of the modeled period. Borehole in lower waste panel is not shown; see
Figure 7.4 for location of borehole.

7.4.8 Gas Saturation Contour Plots

Figure 7.4.6
SATGAS
Gas saturation contour plots at 1000, ~1212, ~5146, and 10,000 years

Gas saturation contours for the BRAGFLO modeled domain (Figure 7.4.6) are provided at:
~1680 years (Figure 7.4.6a), several hundred years after the upper borehole plugs have degraded;
~5730 years (Figure 7.4.6b), when the majority of iron in the lower waste panel is depleted and
the panel has started to fill with brine; ~6340 years (Figure 7.4.6c), when all the iron in the lower
waste panel is depleted; and 10,000 years (Figure 7.4.7d), the end of the modeled period.
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At 1688 years, gas flow out the borehole is slow (due to low borehole permeabilities), causing
the UDRZ and the upper waste panels to have relatively high gas saturation levels. The down-
dip portion of the LDRZ (below the lower waste panel) is predominantly brine-saturated. Brine,
arising primarily from ‘south’ MB 139, flows up through the south floor of the lower waste panel

where it can support iron corrosion.

At 5730 years, gas saturation levels in the lower waste panel are reduced to the assigned LHS value
for residual gas saturation (0.0641). Gas continues to flow out the borehole, but at a slower rate;

gas that enters the borehole has been stored predominantly in the upper waste panel and the UDRZ.
Gas saturations in the up-dip portion of the UDRZ actually increase from those values seen at 1680

years for several reasons.

e Repository pressures have been reduced to levels that are too low to displace gas through the
relatively low permeable borehole. Consequently, a portion of gas generated between 1600 and

5700 years backs up in the up-dip portion of the repository.

e Because iron in the lower waste panel is close to being completely corroded, gas generation and
brine consumption via the corrosion process subsides, causing brine to accumulate. Excess
brine (drained from ‘south’ MB 139) accumulates and fills up the lower waste panel and some
moves up-dip via the LDRZ to the upper waste panel. This increase in brine to the upper waste
panel promotes an increase in gas generation via iron corrosion. Gas flows up to the UDRZ

where it is stored prior to exiting the repository via the borehole.

The plot at ~6348 years shows a gas saturation wedge starting to form in the UDRZ as
replenishing brine begins to fill the lower waste panel, spilling up into the southern portion of the
UDRZ. The region of the UDRZ above the upper waste panel has relatively high gas saturation
leveis. This gas is impeded from exiting the repository via the borehole due to the brine wedge

that exists in the UDRZ above the lower waste panel.

At 10,000 years, the repository has gas saturation levels very similar to that seen at 6348 years.

UDRZ gas saturations above the upper waste panel have increased as less gas is able to laterally
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flow toward the borehole. This condition is partially due to the lower waste panel and the south
portion of the UDRZ becoming more brine saturated as excess brine moves up-dip through the

UDRZ, somewhat restricting the south-flowing gas toward the borehole.
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Realization 47 - Overlay Plot Summary

Low borehole permeability - 107138 mz, rank 92/100
Halite Porosity - 0.00303, rank 88/100 .

Microbial degradation — 0, no microbial degradation; corrosion rate - 3.03 x 107" mys,
rank 81/100

Brief Summary: Realization 47 represents repository behavior affected by very low volumes of
gas generated due to the absence of microbial degradation and low iron corrosion rates.
Consequently, the repository pressurizes very slowly prior to intrusion (within the lower 10th
percentile). The combination of low repository pressure with low borehole permeabilities means
little brine and gas are released through the borehole. Therefore, the repository pressure is
minimally affected by the intrusion event and the pressure after intrusion increases at about the
same rate as that prior to intrusion. Brine sources for iron corrosion are primarily from halite and
anhydrite drainage early in the modeled period and the pulse of brine introduced from the Castile
reservoir at the time of intrusion. Because the UDRZ remains highly gas saturated throughout
the modeled period (giving this area a very low effective brine permeability), little brine can
drain from the south Anhydrite AB or down the borehole, through the UDRZ, then through the
waste region ceiling later in the modeled period. After intrusion, brine drains from MB 139 and
from the operations and experimental rooms (stored there from early DRZ drainage) to the
LDRZ. This replenishing brine is used in iron corrosion in the down-dip waste region and is

transmitted to the waste regions via the LDRZ.

7.5.1 Overlay Plots For Pressures in Lower (WAS_PRES) and Upper (REP_PRES)
Waste Panels; Gas Saturation in the Lower (WAS_SATG) and Upper Waste Panels
(REP_SATG); Fraction of Uncorroded Iron in Lower (FEREM_W) and Upper
(FEREM_R) Waste Panels

Figure 7.5.1 - top plot

Repository pressures change at 1000, 1200, 2220, and 4000 years
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FIGURE 7.5.1. OVERLAY PLOTS FOR REALIZATION 47 depicting pressures, fraction of iron remaining, and gas

saturations for lower and upper waste panels (top plot) and cumulative brine and gas flow within borehole at
intersection of borehole with top of lower waste panel and top of the UDRZ (bottom plot)
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Repository Pressures for the Lower (WAS_PRES) and Upper (REP_PRES) Waste Panel

Repository pressure at the time of intrusion is one of the lowest of the sampled suite (within the
10th percentile group). The low pressure is caused by a lack of gas production from microbial
degradation and relatively little gas production from iron corrosion. The low gas production is
exacerbated by relatively small amounts of brine drainage from the UDRZ into the waste regions,
a function of small DRZ pore volumes, thus making iron corrosion brine-limited. At the time of
intrusion, the borehole connects the repository to the relatively highly pressurized brine reservoir,
causing a pulse of Castile brine to enter the repository and creating a pressure spike within the
lower waste panel. While the brine pulse is limited to the time of intrusion, the borehole
connection to the lower Castile serves as a quasi-hydraulic piston, transmitting reservoir pressure
up to the repository and, more specifically, the lower waste panel. This flow from the lower non-
Salado units briefly increases thé repository’s pressure. After upper borehole degradation, gas
evacuation out the upper borehole partially relieves pressure. Once pressure is released at 1200
years, repository pressures begin to increase at about the same rate as that seen prior to intrusion
until ~4000 years. At ~4000 years, repository pressure plateaus at ~5.5 MPa, close to hydrostatic

pressurc.

Gas Saturation in Both the Upper (REP_SATG) and Lower Waste Panels (WAS_SATG)

Gas saturation changes (Figure 7.5.1 - top plot) are seen at 1000, ~2000, and 4000 years. The
most dramatic change is seen in the lower waste panel (WAS_SATG), with gas saturation
dramatically dropping at the time of intrusion. Upper waste panel gas saturation (REP_SATG) is
between 90% to 100% throughout the modeled period.

The lower waste panel is nearly 70% gas saturated just prior to intrusion, as shown by the
saturation curve at 999 years and becomes nearly 100% brine saturated just after intrusion

(1000 years) as this region fills with incoming brine from the Castile and the anhydrites. Because
borehole permeability is very low, at the time of upper borehole degradation (1200 years), little
gas is vented out the repository via the borehole. This keeps the upper waste panel gas saturation

at nearly the same level as just prior to intrusion. Gas saturation approaches 100% in the upper




waste panel at ~4000 years. As gas is produced in the upper waste panel, it moves into the DRZ
region above and below this panel where it is stored. (The UDRZ from the area above the upper
waste panel to the shaft remains close to 100% gas saturated, as illustrated in the gas saturation

plots in Section 7.5.8.)

Fraction of Iron Uncorroded in Lower (FEREM_W) and Upper (FEREM_R) Waste Panel

Figure 7.5.1 - top plot
FEREM_W (fraction of iron uncorroded remaining in lower waste panel)
FEREM_R (fraction of iron uncorroded remaining in upper waste panel)

The supply of brine is enough that corrosion remains fairly constant in the lower waste panel
during the modeled period. However, corrosion rates are so low that iron is never depleted in the
lower waste panel. For the upper waste panel, brine supplies are depleted by ~4000 years.
Consequently, iron corrosion appears to cease at ~4000 years, coincident with this area reaching
close to 100% gas saturation. This cessation in iron corrosion in the upper waste panel at 4000
years means gas generated in the repository is primarily limited to the lower waste panel. This
condition is reflected in the stabilization of repository pressure at ~4000 years and implies

equilibrium between gas generated in the lower waste panel and gas flowing up the borehole.

7.5.2 Overlay Plots for Flow in Borehole

Figure 7.5.1 - bottom plot

Brine flow rates up the borehole measured at the top of the lower waste panel
(BRNBHUPC) and top of the UDRZ (BNBHUDRZ)

Brine flow down the borehole measured at the top of the UDRZ (BNBHDNUZ) and top
of the lower waste panel (BRNBHDNC)

Gas flow up the borehole measured at the top of the UDRZ (GASBHUZ)

Brine Flow in the Borehole

A small pulse of brine flows down the borehole at 1000 and ~1600 years. Less than 50 m® of
brine enters the repository via the borehole over the entire modeled period. More than 75% of

the total volume of brine that enters the repository is due to a very slow trickle flowing down the

borehole from ~1600 to 10,000 years.
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Gas Flow in the Borehole

Gas slowly exits the repository via the borehole (GASBHUDZ) at the time of upper borehole
degradation, 1200 years, and continues to flow up the borehole for the remainder of the modeled

period.

7.5.3 Overlay Plots for Castile Brine Reservoir Pressure (B_P_PRES) with Respect to
Brine Flow Up (BRNBHUPP) and Down (BRNBHDNC) the Borehole

Figure 7.5.2

B_P_PRES (brine reservoir pressure)

BRNBHUPP (brine up borehole measured at the bottom of lower waste panel)
BRNBHDNC (brine down borehole measured at the top of lower waste panel)

Reservoir pressure changes at 1000 and 1200 years

A rapid reduction in Castile reservoir pressure (B_P_PRES) is seen at 1000 years; at 1200 years,
when the upper borehole degrades, reservoir pressures slightly increase. Brine reservoir
pressures are much higher than repository pressure (see WAS_PRES and REP_PRES in

Figure 7.5.1, top plot), therefore a strong pressure potential exists between the two regions,
promoting upward flow of brine to the repository (BRNBHUPP) at the time of intrusion. This
potential is enough to overcome relatively low borehole permeability, so that a brine pulse
(~3500 m”) is released up the borehole to the repository at the time of intrusion. Low brine
reservoir compressibility means that the Castile does not recover after the intrusion event.
Because borehole permeability is so low, the pressure potential is not sufficient to move brine or

gas to the upper units above the Salado via the borehole, at 1200 years, when the upper borehole

degrades.
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FIGURE 7.5.2. OVERLAY PLOT FOR REALIZATION 47 depicting brine reservoir pressure overlaid with brine flow up
and down the borehole measured at the top and bottom of the lower waste panel

7.5.4 Overlay Plots for Brine Flow through the Panel Closures to the Upper and Lower
Waste Panels

Figure 7.5.3 and 7.5.4 - all plots

North-flowing brine from lower to upper waste panel is defined as BRNPSOWC (brine
from the lower waste panel enters the panel closure south face) and BRNPSIRC
(brine exits the panel closure north face to the upper waste panel)

South-flowing brine from upper to lower waste panel is defined as BRNPSORC (brine
flows through panel closure from upper waste panel) and BRNPSIWC (brine flows
through panel closure into lower waste panel)

Brine flow rates dramatically change at 1200 years

Brine flows from the panel closures to the lower waste panel from the time of repository closure
until intrusion, 1000 years, ceases from 1000 to 2200 years, then resumes at 2200 years. Flow

rates diminish at 5000 years. No brine flows through the closure’s north face from the upper
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R183 - Brine Flow Through Panel Closures
Brine Flow in UDRZ Above Panel Closures
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FIGURE 7.5.3. OVERLAY PLOTS FOR REALIZATION 47 depicting brine flow through the panel closures overlaid
with lateral brine flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel
closures
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R1S3 - Brine Flow Through Panel Closures
Gas Flow in LDRZ Below Panel Closures
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FIGURE 7.5.4. OVERLAY PLOTS FOR REALIZATION 47 depicting brine flow through the panel closures overlaid
with lateral gas flow within UDRZ (top plot) and LDRZ (bottom plot), crossing the area just above/below panel
closures

7-84




waste panel (BRNPSORC). A brief pulse of brine flows from the lower waste panel through the
panel closure south face (BRNPSOWC) and out of the north face to the upper waste panel
(BRNPSIRC) when the upper borehole plug degrades. Because the DRZ porosity is relatively
small, the two waste regions have a relatively small DRZ region connecting them. This causes
the two waste panels to behave more like separate units. Therefore, more brine exchange

between the waste regions is forced through the panel closures rather than through the DRZ.

Brine flows out the south face of the panel closures into the lower waste panel (BRNPSIWC)
throughout the entire model period. Note that the majority of this brine is not associated with
brine drainage that collects in the uppef waste panels, then drains through the closures. Brine
that enters the lower waste panel via the closures is that which flows up through the bottom of
the panel closures via the LDRZ and is primarily from MB 139 drainage prior to intrusion and, to
a lesser extent, Castile brine that was partitioned into the LDRZ at the time of intrusion. A
reduction in brine flow is seen between 1200 and 2200 years, when the repository is well
connected to the brine reservoir. The borehole connection to the reservoir serves as a quasi-
hydraulic piston, transmitting reservoir pressure (and brine) up to the repository and, more
specifically, the lower waste panel. This situation slightly elevates pressure in the lower waste
panel relative to the rest of the repository, causing a reverse in the pressure potential between the
upper and the lower waste panel, which reduces brine flow rates from the panel closures to the
lower waste panel. After the lower borehole permeability is reduced by a factor of 10, the
connection between the brine reservdir and the lower waste panel is restricted and flow rates out
the south face of the panel closures resume to levels similar to those seen prior to intrusion. At
~5000 years, brine flow out thé panel closure is reduced, coincident with a repository pressure

plateau at ~5.5 MPa.

7.5.5 Overlay Plots for Lateral Brine Flow in DRZ Above and Below Panel Closures

Lateral Brine Flow in the UDRZ

Figure 7.5.3 - top plot (refer also to Figure 7.3)
North-flowing brine is defined as BRAPSSIC (brine entering south face) and
BRAPSNOC (brine exiting north face)




South-flowing brine is defined as BRAPSSOC (brine exiting south face) and BRAPSNIC
(brine entering north face)

North flowing brine above the panel closure starts at 1200 years and continues to end of
modeled period

No south-flowing brine is seen in the UDRZ above the panel closures. A brief pulse of brine
flows through the UDRZ, due to the pressure pulse of the intrusion event at 1000 years. Little
brine flow occurs in the UDRZ after the intrusion event because low borehole permeability
impedes gas evacuation out the repository and keeps the UDRZ and borehole gas-saturated. This
high gas saturation restricts brine flow down the borehole and the anhydrites from draining into

the UDRZ.

Lateral Brine Flow in the LDRZ

Figure 7.5.3 - bottom plot (refer also to Figure 7.3)

North-flowing brine is defined as BRBPSSIC(brine entering south face) and BRBPSNOC
(brine exiting north face)

South-flowing brine is defined as BRBPSSOC (brine exiting south face) and BRBPSNIC
(brine entering north face)

Brine flow rates change at 1000, 2200, and ~5000 years

The dominant flow direction below the panel closures is southward (BRBPSSOC, BRBPSNIC)
(down-dip) throughout the modeled period. Because borehole permeabilities are so low,
incoming brine to the lower and upper waste panels from non-Salado sources above and below
the repository is limited. Therefore, brine supplies to the LDRZ are limited to MB 139 brine
drainage and, to a lesser extent, Anhydrite AB, MB 138, and UDRZ brine stored in the
experimental and operations rooms from ‘early’ brine drainage and then released later in the
modeled period. Because the upper waste panel is primarily gas-saturated and the lower waste
panel is brine-saturated, as brine flows down-dip, more brine will flow up into the panel closures
than is deflected into the lower waste panel rather than flow through the floor of the upper waste

panel.
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7.5.6 Overlay Plots for Lateral Gas Flow in DRZ Above and Below the Panel Closures

Figure 7.5.4 compares gas flow within the UDRZ to brine flow through the panel closures.

Lateral Gas Flow in the UDRZ

Figure 7.5.4 - top plot (refer also to Figure 7.3)

North-flowing gas is defined as GSAPSSIC (gas entering south face) and GSAPSNOC
(gas exiting north face)

South-flowing gas is defined as GSAPSSOC (gas exiting south face) and GSAPSNIC
(gas entering north face)

Gas flow rates and direction in the UDRZ change at 1200, 1700, and ~5000 years

Prior to intrusion, gas generated in the lower waste panel flows up to the UDRZ. Because this
realization is assigned a low halite porosity, gas saturation approaches nearly 100% early on in
the UDRZ. As a result, relative to other realizations, large volumes of gas move up-dip
(GSAPSSIC, GSAPSNOC) via the UDRZ towards the northern regions of the repository, where
gas is stored. This flow direction ceases at 1200 years, when the upper borehole plug degrades
and the pressure potential in the UDRZ just above the lower and upper waste panels reverses.
From 1200 years to the end of the modeled period, gas flow in the UDRZ above the panel
closures is from north to south (GSAPSSOC, GSAPSNIC) as gas is slowly evacuated out the

repository via the borehole.

Lateral Gas Flow in the LDRZ

Figure 7.5.4 - bottom plot (refer also to Figure 7.3)

North-flowing gas is defined as GSBPSSIC (gas entering south face), and GSBPSNOC
(gas exiting north face) ‘

South-flowing gas is defined as GSBPSSOC (gas exiting south face), and GSBPSNIC
(gas entering north face)

The pressure pulse caused by the intrusion event (1000 years) causes a brief northward pulse of

gas to flow in the LDRZ below the panel closures.




7.5.7 Overlay Plots for Brine and Gas Flow In/Out the Ceiling and Floor of Upper Waste
Panel

Brine Flow through the Upper Waste Panel Ceiling

Figure 7.5.5 — top plot
BRN_DRAC (downflowing brine) and BRN_URAC (upflowing brine)

Brine flow rates dramatically change at ~300 years

Most of the brine enters the ceiling of the upper waste panel (BRN_DRAC) via the UDRZ early
in the modeled period from DRZ drainage. Brine drainage still continues after 300 years, but
flow rates are dramatically reduced from 300 to 10,000 years. No brine flows out the ceiling of

the upper waste panel (BRN_URAC) to the UDRZ for the entire modeled period.

Gas Flow Through the Upper Waste Panel Ceiling

Figure 7.5.5 — top plot ,
GAS_DRAC (downflowing gas) and GAS_URAC (upflowing gas)

A continuous flow of gas enters the UDRZ via the ceiling of the upper waste panel
(GAS_URAC) throughout the modeled period. The rate of gas flow declines at ~4000 years,
" coincident with a near cessation of iron corrosion in the upper waste panel and a decrease in

repository pressures.

Brine Flow Through the Upper Waste Panel Floor

Figure 7.5.5 — bottom plot
BRN_DRBC (downflowing brine) and BRN_URBC (upflowing brine)

Brine flow rates dramatically change at ~300, 1000, 2200, and ~5000 years
The upper waste panel has relatively little brine supplied from UDRZ drainage, borehole flow,
and/or anhydrite drainage. Consequently, no brine accumulates there and brine flow out the floor

of the upper waste panel (BRN_DRBC) is practically nonexistent before and after the intrusion

event.
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R1S3 - Brine and Gas Flow In and Out the Upper Waste Panel Ceiling
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FIGURE 7.5.5. OVERLAY PLOTS FOR REALIZATION 47 depicting vertical brine and gas flow through the ceiling of
the upper waste panel within the UDRZ (top plot) and LDRZ (bottom plot)
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Brine flow upward from the LDRZ into the upper waste panel floor occurs at three distinct times
and 1s partially a function of limited LDRZ pore volume (due to this realization’s relatively low
halite porosities, rank 88/ 100).3 The first flow influx is seen soon after repository closure. Brine
from both sides of MB 139 drains to the LDRZ and collects in the south portion of the LDRZ,
creating a brine ‘pool’ there. (Brine saturation becomes relatively high.) As the pool grows in
size, its north edge moves up-dip to the area below the upper waste panel. From the LDRZ, brine
seeps upward through the upper waste panel floor. This brine seepage upward subsides around
300 years for several reasons. The pool shrinks in size as the LDRZ pore volume increases. The
increase in pressure reduces the gradient that promotes brine drainage out the marker beds.
Coincidentally, the upper waste panel iron corrosion begins to consume brine faster than
replenishing brine (supplying brine to the upper waste panel) accumulates in the LDRZ brine

pool.

The second influx of brine seepage through the upper waste panel floor occurs at the time of
intrusion (1000 years), when the connection to the reservoir introduces additional brine to the
LDRZ, again increasing the size of the brine pool in the LDRZ. The pool’s north edge moves
up-dip to the area below the upper waste panel. Pressure gradients and brine saturation in the
LDRZ are high enough to promote brine flow from the LDRZ through the upper waste panel
floor between 1000 and 2200 years, when the connection to the reservoir is enhanced via an open
borehole. Flow ceases when the lower borehole permeability is reduced by a factor of 10 at 2200
years. The third influx occurs at ~5000 years and continues to the end of the modeled period,
coincident with repository pressures leveling at ~5.5 MPa. At the same time, the lower waste
panel gas saturation has also plateaued (see WAS_SATG in Figure 7.5.1 top panel), indicating
brine fluxes in and out the floor of the lower waste panel to the LDRZ are in equilibrium. These
conditions imply south (and, to a lesser extent, north) MB 139 brine drainage that has
accumulated in the southern portion of the LDRZ. The pool again increases in size, with the
north edge moving up-dip to the area below the upper waste panel, causing brine to seep through

the upper waste panel floor.

* The dominant lateral LDRZ flow direction below the panel closures after intrusion is down-dip. Therefore, flow
upward into the floor of the upper waste panel comes from brine that collects directly below the lower waste panel.
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Gas Flow Through the Upper Waste Panel Floor

Figure 7.5.5 — bottom plot
GAS_DRBC (downflowing gas) and GAS_URBC (upflowing gas)

Because relatively little gas is evacuated out of the borehole (due to low borehole permeability),
and the DRZ volume for this realization is relatively small, gas saturation of the UDRZ and the
upper waste panel reaches relatively high values and high pressures. This condition causes gas to
move down through the upper waste panel floor to the LDRZ. After intrusion, more gas is
produced in the lower waste panel as a result of brine entering through the south floor. As more
gas is produced via iron corrosion (much faster than it can be evacuated out of the repository),
gas flows from the lower to the upper waste panel via the UDRZ. This causes the upper waste
panel to become nearly 100% gas-saturated (see gas saturation contour plots in Section 7.5.8,
from ~2200 to 10,000 years). This gas eventually moves into the LDRZ via the upper waste
panel floor (GAS_DRBC). When all existing upper waste panel brine is consumed via corrosion
(see the gas saturation curve in Figure 7.5.1, top plot), gas production in the upper waste panel
via corrosion effectively ceases at 4000 years. This coincides with an effective cessation of gas
flow downward through the upper waste panel floor and a reduction in repository pressure (see

Figure 7.5.1, top plot).

7.5.8 Gas Saturation Contour Plots

Figure 7.5.6 depicts the gas saturation contours at 1000 years, just prior to intrusion; ~2212
years; ~3896 years; and the end of the modeled period, 10,000 years. Realization 47 has low
halite porosity, and thus a small DRZ pore volume for gas and brine storage. Consequently, at
1000 years, prior to intrusion, the upper waste panels, operations room, and experimental room
have received little DRZ brine drainage, keeping these regions at nearly 100% gas saturation.
Because borehole permeability is one of the lowest in the sample set, relatively little gas is
evacuated out the repository via the borehole. This condition causes the UDRZ to have relatively
high gas saturations north and south of the borehole throughout the modeled period, impeding

brine flow into the repository via the borehole or anhydrite drainage. Gas saturation in the LDRZ
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BRAGFLO 1996: CCA CALCULATION: INTRUSION SCENARIO BRAGFLD 1996: CCA CALCULATION: INTRUSION SCENARIO

LOGICAL mesh
NO Delormation

LOGICAL
LOGICAL

SATGAS

A= 01250
8= 02750

G=
D= 05750
E = 07250

E = 0.7250
F= 08750

F = 0.8750
= 0.0000 = 0.0000
M=09714 X x0.0882
{ | I 1
Time {years) = 1.000E+3 Time (yoars) = 2.212E+8
LOGICAL LOGICAL
X X
$1SORA1[CUSP.DATAR1S3BF3_CCA_R1_S3_V47.CDB;t S1SDRAT:{CUSP.DATA R1S3|BF3_CCA_R1_S3_V47.C0B:1
BRAGFLO 1996: CCA CALCULATION: INTRUSION SCENARIO BRAGFLO 1996: CGA GALCULATION: INTRUSION SCENARIO
LOGICAL mesh LOGICAL mesh
KO Daformation KO Deformaton
2 2
§ 1
= SATGAS g SATGAS
A= 01250 A=0.1250
B= 02750 B= 02750
C=0.4250 C = 04250
B = 05750 D= 05750
E=0.7250 £ = 07250
F= 0.87% F= 08750
=0.000 =0.000
= 1.000 = 1,000
[ 1 I 1
Time {yoars) = 3.806E+3 Time tyears) = 10.00E+3
LOGICAL LOGICAL
X X
$1$DRAY[CUSF.DATA.R1S3BF3_CCA_R1_S3_V47.COB:1 $1$DRATICUSP.DATA.R1S3JBF3_CCA_R1_S3_V47.CDB:1

TRI-6342-4868-0
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FIGURE 7.5.6. GAS SATURATION CONTOURS FOR REALIZATION 47. (a) 1000 years, just prior to intrusion, (b)
~2212 years, (c) ~3986 years, and (d) the end of the modeled period, 10000 years. Borehole in lower waste panel is
not shown; see Figure 7.4 for location of borehole.

just below the upper waste panel also remains well above ~0.2 along the length of the upper

waste panel.

The influx of brine from the Castile reservoir at 1000 years to the lower waste panel reduces gas
saturation from 1000 years to the end of the modeled period. The contour plot taken at 2212

years is indicative of this condition.
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Because the DRZ pore volumes provide very little storage space in the UDRZ, as gas is
generated early in the modeled period, some gas moves downvinto the LDRZ (also see

Figure 7.5.5, bottom plot), creating relatively high gas saturations in the LDRZ below the upper
waste panel. Thus, any brine flow from the borehole or south MB 139 to the LDRZ, then upward
to the waste regions, is restricted to the lower waste panel and that portion of the upper waste
panel lying just north of the panel closures. At ~2212, ~3896, and 10,000 years, brine slowly
fills the lower waste panel, primarily due to south MB 139 drainage.




Intentionally Left Blank
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