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FOREWORD

The purpose of the New Mexico Environmental Evaluation Group (EEG) is to conduct an

independant technical evaluation of the Waste Isolation Pilot Plant (WIPP) Project to ensure the

protection of the public health and safety and the environment.  The WIPP Project, located in

southeastern New Mexico, is being constructed as a repository for the disposal of transuranic

(TRU) radioactive wastes generated by the national defense programs.  The EEG was

established in 1978 with funds provided by the U.S. Department of Energy (DOE) to the State of

New Mexico.  Public Law 100-456, the National Defense Authorization Act, Fiscal Year 1989,

Section 1433, assigned EEG to the New Mexico Institute of Mining and Technology and

continued the original contract DE-AC04-79AL10752 through DOE contract DE-AC04-

89AL58309.  The National Defense Authorization Act for Fiscal Year 1994, Public Law 103-160,

continues authorization.

EEG performs independent technical analyses of the suitability of the proposed site, the design

of the repository, its planned operation, and its long-term integrity, suitability and safety of the

transportation systems, suitability of the Waste Acceptance Criteria and the generator sites’

compliance with them, and related subjects.  These analyses include assessments of reports

issued by the DOE and its contractors and other federal agencies and organizations as they

relate to the potential health, safety, and environmental impacts from WIPP.  Another important

function of EEG is the independent environmental monitoring of background radioactivity in air,

water, and soil, both on-site and off-site.
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Director
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EXECUTIVE SUMMARY

Introduction

The sensitivity of the performance assessment calculations in the Department of Energy’s (DOE)

Waste Isolation Pilot Plant (WIPP) Compliance Certification Application (CCA) (U.S. DOE 1996)

was first investigated by Helton (1996) in order to understand the impact of several key

parameters.  His analysis used scatter plots and stepwise correlations to determine consistency

among repository parameters.  However, his analysis only applied to the actual range and

distributions of sampled parameters used in the CCA calculations.  Changes to either the range

or distribution of one parameter may strongly affect the importance of other parameters, because

estimates of releases vary by orders of magnitude for different combinations of parameter

values.  A case in point is the brine reservoir compressibility, which has been determined to have

insignificant influence on the total release.  The values chosen for brine reservoir pressure and

volume used in the CCA calculations reduced the importance of the brine reservoir on the

calculated releases, therefore eliminating the compressibility.  It is entirely possible that this brine

reservoir parameter would be one of the most important contributors to large releases in

calculations using more appropriate brine reservoir parameter values of pressure and volume.

The scope of the sensitivity analysis performed by Helton (1996) prompted the Environmental

Evaluation Group (EEG) to conduct an independent analysis, by changing selected values or the

range of selected values that were used in the CCA.  This type of  sensitivity analysis would

distinguish the important parameters of repository performance, while testing the robustness of

the codes involved.  The analysis also allowed for the testing of the limit to which the disposal

system would fail under extreme conditions.  This is also useful in characterizing the important

parameters.

Borehole Intrusion Rate

The consequence of future human intrusion scenarios into the WIPP was investigated in the

CCA,  as required by EPA in 40 CFR Part 194 (U.S. EPA 1996b), and included the possibility of

mining and deep and shallow drilling for resources.

The 40 CFR Part 194.33 criteria state that the likelihood of a drilling intrusion into the Delaware

Basin be calculated by considering the frequency of drilling over the past 100 years for all

resources and that rate be used for the 10,000 year future of the WIPP.  A total of 46.8

boreholes per km
2
 per 10,000 years were estimated based on past drilling of resources at depths

greater than 655 meters (2150 feet), which equal 10,804 boreholes per century in 23,102.1 km
2

(area of Delaware Basin).
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The above drill intrusion rate for the 10,000 year future of the WIPP was used by DOE in the

CCDFGF model.  Due to the uncertainty in predicting future human activities, the effect of

altering this rate on the CCA calculations has been assessed in this report.

The modeling associated with an increased borehole rate shows that a factor of approximately

23 is needed to reach the U.S. Environmental Protection Agency (EPA) release limit at a

probability of 10
-1

 from values used in the CCA.  The overall mean for the highest release tested

at 0.468 boreholes/km
2
/yr exceeds 10 EPA Unit limit at the 10

-3
 probability on the CCDF curve.

This high rate of bore hole intrusion, however, does not seem to be likely, as the number of

boreholes drilled in the Basin in 10,000 years would have to exceed one million per century, or

4,680 boreholes per km
2
 per 10

4
 years.

Probability of Brine Encounter at WIPP

The probability of encountering brine at the WIPP from an intrusion into a Castile brine reservoir

is uncertain.  The parameter describing the probability was set to 8% in the CCA, and changed to

a range of probabilities from 1% to 60% in the EPA’s Performance Assessment Verification Test

(PAVT).  Since the extent of the reservoir beneath the WIPP is unknown, the influence of this

parameter was tested at higher values at 50% and 100%.  These values were based on the

potential that the Castile brine reservoir encountered by WIPP-12 (Chaturvedi et al. 1997)

extends below the waste area.

The modeling presented in this report only compared CCA release values to the proposed higher

probability of encounter, and found the parameter to be unimportant in the CCA.  The increase in

releases from the 8% to 100% was only 0.1 EPA units (35 Ci).  However, the synergistic effect of

changing multiple parameters, especially those that affect a Castile brine reservoir directly

(pressure, volume, rock compressibility, etc.) may have a more profound result on the

calculations, though these changes would have to result in releases of at least 1 EPA unit to

significantly impact the CCDFs.

Castile Brine Reservoir Parameters

A pressurized Castile brine reservoir that may underly the WIPP has been the subject of many

controversies on its extent and importance (EEG 1997b; EEG 1997d; Silva 1994; U.S. DOE

1997a; Beauheim 1997).  The scientists who conducted the performance assessment

calculations of the CCA recognized the fact that the brine could play a significant role in the

degradation of wastes and waste containers, if an inadvertent drilling intrusion were to pass

through the repository to the brine pockets below, by assigning two of the six scenarios to
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calculate the effects of the breach.  However, reservoir parameters used in the CCA were

derived from borehole information that are mainly outside the domain of the WIPP repository.

The borehole distances ranged from 3.75 miles to over 11 miles from the repository center.  New

values were assigned to several parameters that describe a Castile brine reservoir based on

WIPP-12 data that is more closely identified to the conditions at the repository.  The WIPP-12

borehole was originally drilled in 1978 and deepened in 1981.  After brine was encountered at

WIPP-12, EEG recommended that the site be relocated to the south and DOE concurred.  Brine

flow occurred when coring reached a depth of 3012 feet (D’Appolonia 1982).  While extending

the borehole to depths greater than 3900 feet, a total of 80,000 barrels were allowed to flow from

the borehole.

The parameters associated with describing a Castile brine reservoir include reservoir volume,

rock compressibility, reservoir pressure, and permeability.  Assuming an inadvertant human

intrusion, modeling of these parameters began with the two-phase flow code, BRAGFLO, and

ended with calculations of solid and liquid waste released to the accessible environment.  The

outcome showed that there is no significant change in releases for the CCDF due to small

changes in the reservoir parameters.  However, it is expected that the CCDF curve would move

closer to the EPA limit if the solubility of actinides in brine were increased above that assumed in

the CCA and PAVT.

Solubility Modeling of Actinides

For brine to escape the repository and travel upwards through the borehole under blowout

conditions, 1) pressures must be significant to overcome the hydrostatic force of the drilling fluid,

and 2) sufficient brine must be available for transport.  Both conditions have been met in many

of the realizations in the performance assessment calculations of the CCA.  However, due to the

proposed low solubility of actinides in brine, the consequence of a direct release of brine to the

surface was minimal.  For example, the mean release of radionuclides in the CCA through a

direct brine release was 0.04 EPA Units (14 Ci) at the 10
-3

 probability, compared to spallings or

cuttings and cavings, each having releases of 0.2 EPA Units (70 Ci).

The physical and chemical characteristics of the repository used in the CCA were questioned by

the EPA.  The EPA changed several disposal system parameters to test their range of

uncertainty.  Using EPA’s values, DOE reran the calculations for the Performance Assessment

Verification Test (PAVT).  Some of the changes involved the solubility of the actinides in a brine

solution assuming a different speciation of minerals associated with the MgO backfill material,

which lowered the median solubility limit for most actinides.  The new set of solubility values

came from the same FMT code used to establish the original set of numbers.  No new
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experiments were conducted to verify any of the values.

The results of the PAVT showed a large overall increase in the amount of brine brought to the

surface upon intrusion, yet only nominal increase in release of actinides.  This was expected,

since the median solubilities decreased by as much as 2 orders of magnitude for the +4

radionuclides.  The effect on compliance from the changes shifted the CCDF for the direct brine

release scenario closer to the compliance limit by 0.15 EPA Units.  The changes in consequence

are minimal, since 10 EPA Units of release are needed to fail compliance at the 10
-3

 probability.

Based on the observations of Reed et al. (1994; 1996) and Rao (1996), EEG questioned the

CCA assumption that plutonium would exist only in +3 and +4 oxidation states.  Hence, EEG

conducted bounding calculations on solubility.  The solubility values were only nominal increases

above the CCA values for plutonium in the +3 or +4 oxidation state for Salado Brine, but

upwards of 10000 for Castile Brine.

The results of the EEG modeling showed that increases in solubility using CCA brine release

volumes had limited effect on compliance with an overall increase on the mean CCDFs by 0.09

EPA Units.  Even when the solubility was increased to absurdly high values, the maximum

release was limited by the availability of the actinide source.  At a solubility of 8x10
-3

 M

(compared to the CCA’s 4.4x10
-6

 M for Pu+4 in Salado Brine), the overall mean for direct brine

release was increased from 0.04 to 1.3 EPA Units.

The second set of EEG modeling experiments changed the solubilities of actinides in several

mineral species of MgO between the conversion of brucite to magnesite.  Calculations by Novak

(1997) estimated solubility values for the major oxidation states (III, IV, V, and VI) at WIPP in the

presence of magnesite, nesquehonite, hydromagnesite, and no backfill.  The release calculations

of the CCA assumed the long-term mineral species for MgO to be magnesite, and the PAVT

assumed hydromagnesite.  Yet, laboratory experiments could not prove the existence of either,

and only showed hydromagnesite-like or proto hydromagnesite (Papenguth et al. 1997).  These

other mineral species looked more like nesquehonite (Neill et al. 1998), making it arduous to

justify either mineral phase assumed by the DOE and EPA.

Bounding calculations were performed on conditions resulting in the highest solubilities in the

repository.  These included nesquehonite and no backfill.  For the nesquehonite simulations, it

was assumed that the mineral would persist for the entire proposed history of the repository.

Only median solubility values were used, as opposed to the CCA, which generated a set of

expected values from a range of -2 to +1.4 orders of magnitude from the median to capture the
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uncertainty.  The assumption that the intermediate species being long-lived is an overestimate

on the expected conditions, and the EEG does not suggest that MgO not be used as a backfill

material.  The models were established to better understand the performance of the repository.

Table Ex-1 shows the solubility factors used to achieve solubility values from Novak (1997).  The

values have been log transformed for use in the input files to change the values that were

established in the CCA.  For example, SOLAM3-SOLCIM for nesquehonite increases the

solubility of Am+3 in Castile Brine by 1.516 orders of magnitude, whereas SOLAM3-SOLSIM

decreases the solubility by 0.277 orders of magnitude.  The changes were made in the source

term files, for the running of PANEL and NUTS.

In addition to solubility changes from the CCA, the Salado flow files from the PAVT were used

for transport calculations of NUTS and PANEL.  The PAVT calculations exhibited higher

repository pressures, hence larger direct brine releases upon intrusion.  The maximum effect

would be noticed with both changes together.

Table Ex-1 shows that the solubility of the +4 actinides (Pu+4, U+4, and Th+4) in the presence of

nesquehonite is higher than without any MgO backfill.  This would suggest that the scenario with

backfill has larger releases than without.

Figure Ex-1 shows the overall mean of all processes combined as they relate to compliance.  In

addition, the PAVT direct brine releases were run with the slightly higher CCA solubilities.  The

most distinct feature of the figure is the shoulder of the high solubility models that extend below

the 10
-1

 probability limit.  The “shouldering” is the effect of increased releases due to the direct

brine release.  Since the Pu+4 and Th+4 (although minor) solubilities increased over 5 orders of

magnitude, the release due to this mechanism is expected to increase significantly as well.  For

example, the CCA median value for +4 actinide solubilities in Castile brine was 6x10
-9

 M.  If one

assumes 100 m
3
 of Pu

239
 contaminated brine, then it is expected that the release is 2.5x10

-5
 EPA

Units.  If the solubility is increased by 10
5.23

 as seen in Table Ex-1, then it is expected that 4.24

nesquehonite No Backfill

SOLCIM SOLSIM SOLCIM SOLSIM

SOLAM3 1.51616 -.27709 4.48678 3.83714

SOLPU3 1.51616 -.27709 4.48678 3.83714

SOLPU4 5.23242 2.15588 4.06695 2.05552

SOLU4 N/A 2.15588 N/A 2.05552

SOLU6 0.95861 0.96357 0.95861 0.96357

SOLTH4 5.23242 2.15588 4.06695 2.05552

Table Ex-1.  Solubility Factors for SOLCIM and SOLSIM
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EPA Units are released to the accessible environment.  Therefore, the CCDF for higher

solubilities would be closer to the EPA limit.

The consequences of higher solubilities, as seen in Figure Ex-1 are quite high.  The overall

mean release for the CCA and PAVT were 0.2 and 0.4 EPA Units at 10
-3

 probability,

respectively.  The overall mean for the increased solubilities of nesquehonite and ‘no backfill’ are

6.0 and 8.0 EPA Units at the 10
-3

 probability, respectively.  The limit for compliance, according to

40 CFR Part 194 is 10 EPA Units.  While these calculations, based on DOE’s own solubility

values, do not violate the containment requirements, they show that there is little margin for

error.

Flow and Transport Modeling within the Culebra

The transport of radionuclides to the accessible environment can happen two ways:  upwards

from the repository through a borehole to the surface into the biosphere, or laterally through the

stratigraphy of highly conductive layers across the Land Withdrawal Boundary (LWB).  The

second method was investigated by modeling the Culebra aquifer.  The CCA and PAVT include

Culebra modeling and its consequence of transport across the LWB in the CCDF curves.  The

CCA showed only 1 of 300 realizations to cross the boundary in 10000 years with the PAVT

showing a significantly higher impact on the Culebra.  The end result of increased transport

across the LWB in the PAVT had little to no overall effect on the CCDF.

The EEG’s concern in the Culebra modeling began with the parameter assumptions that describe

actinide behavior with the Culebra Dolomite.  When the actinides migrate along flow paths after

a release to the Culebra, the transport will be retarded by the interaction of the actinides with the

Culebra dolomite matrix.  The interaction is known as sorption.  The Culebra was characterized

as having a linear isotherm with the actinides, and the parameters of the isotherm, known as the

partition or distribution coefficient (Kd) were measured or inferred from laboratory experiments.

The same oxidation state analogy used for solubility was applied to the distribution coefficient;

same oxidation states would exhibit similar values.  Therefore, many of the actinides’ Kds were

not actually measured and it is not clear what the consequence would have been with directly

measured values.  Though it is well known that high Kd values will retard the actinide species

sufficiently to inhibit transport, it is the low Kd values that are of concern.  For example, it was

shown in Blaine (1997) that Kd values higher than 3 ml/g for most actinides would sufficiently

retard transport.  Only one actinide in the PAVT, U+6, has Kd values as low as 2 ml/g.

Some waste constituents in the inventory at WIPP may bind to the actinides and further lower
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the Kd values.  EDTA, for example, is used in industry for chelation with plutonium for quick

cleanup.  Other organic ligands in the waste will have similar effect.  Furthermore, the lack of Kd

measurements decrease the confidence in values used in the CCA and PAVT, and this prompted

the EEG to continue with additional calculations, testing the effects of lowered Kds on the

disposal system and compliance.

The interaction between releases from the repository and transport of actinides require a lengthy

discussion, and will not be discussed here.  It is possible, due to the set up of the codes, to do

calculations that assume any percentage of the actinide’s mass to completely bind with EDTA

and migrate unretarded through the Culebra matrix.  Therefore, additional calculations were

performed assuming 1% of Pu (+3 and +4) having a Kd=0 ml/g.

The results of the calculations show that the overall mean of the releases through the Culebra

was 0.0001 EPA Units at the 10
-3

 probability.  Since a large number of realizations crossed the

LWB with significant releases, it was reasoned that the mass of radionuclides reaching the

Culebra was the limiting factor.  This was proved when the models of higher solubility were

combined with transport modeling, and the overall mean for release from the Culebra was
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increased to 0.31 EPA Units.

Another model was proposed by EEG in which the extent of potash mining within the controlled

area (or Land Withdrawal Area-LWA) was extended to include lower grade potash ore.  Potash

mining occurs in the McNutt Potash Zone of the Salado, and is several hundred feet below the

Culebra. The effect of potash mining in the Delaware Basin would cause subsidence to the

overlying units, and hence have a possible detrimental consequence from increased transport of

radionuclides.  The EPA established the criteria for the mining by assigning a multiplying factor

to the transmissivities of the Culebra, which increased the velocities in the mined region.

The extent of mining in the long-term future is debatable, depending on assumed future

economic viability of the resource.  New methods such as solution mining could extract lower

grade minerals more readily.  Therefore, the EEG included a larger area of potential mining in a

new flow model, yet keeping the same parameter changes that were used in the CCA.  It is

feasible to change other parameters or include new ones, but due to the limited time available,

was not thoroughly investigated.

The results of extending the areal minable region below the Culebra had little to no effect on the

transport of radionuclides across the LWB, though it did change the flow patterns slightly.  The

limit of transport is sorption, and the PAVT values for Kd were retained for uranium.  The

combination of low Kd and larger mining area was studied with plutonium, again using the 1%

Kd=0 ml/g.  Again, the amount of initial mass injected to the Culebra crossing the LWB was

significantly higher, but limited by the amount reaching the Culebra.

Lastly, the effects of extended mining, low Kds, and high solubilities were combined in an effort

to test the synergistic effect of all the previous results.  The overall mean for the release through

the Culebra was as high as 1 EPA Unit (or 344 Ci) at a 10
-3

 probability of release.  The addition

of the Culebra releases to the overall mean of all combined releases moved the CCDF closer to

the EPA compliance limit by 12%, but did not show non-compliance.
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SENSITIVITY ANALYSIS OF PERFORMANCE

PARAMETERS USED IN MODELING THE WIPP

1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is intended to be the first repository for the permanent

disposal of defense generated transuranic (TRU) wastes.  The WIPP is located in southeastern

New Mexico, 655 meters below the surface in the Salado Formation.  The containment of

transuranic wastes in the ancient salt beds of the Salado “will result in extremely effective

isolation of the radioactive waste” if the repository is to remain undisturbed for 10,000 years (U.S.

DOE 1996).  Modeling of this undisturbed scenario encompasses the natural processes such as

the salt creep closure of the excavated repository and disturbed rock zones (DRZ) which

surround the repository, brine flow into the repository from under- and over-lying formations, and

gas generated through degradation of waste and waste containers.  The performance

assessment of the repository was also required by 40 CFR Part 191 Subpart B (U.S. EPA 1996a)

to consider disturbed scenarios by which a breach may occur through inadvertent drilling for

resources.  The release of radionuclides to the accessible environment during the 10,000 year

future of the repository must be quantified to ensure compliance with the requirements stated in

40 CFR Part 191.13 (Containment Requirements).  The accessible environment refers to

everywhere beyond the controlled boundary, including land, air, and water.  The cumulative

radionuclide release through a probabilistic performance assessment must fall below specified

limits within the time frame designed for containment.  The estimate of probabilistic releases

through these scenarios was calculated using computer codes designed specifically for the flow

and transport of radionuclides through the formations that overlie the WIPP, as well as direct

releases to the surface.

1.1. Performance Assessment

The estimated releases from the performance assessment for WIPP were incorporated into

probability distributions.  One of the requirements used to judge satisfactory performance of the

repository is to demonstrate that the calculated releases have a likelihood of less than 1 in 10 to

exceed the quantities listed in Table 1.1 (U.S. EPA 1996a), and less than 1 in 1,000 to exceed

ten times the quantities in Table 1.1.  A performance assessment refers to an analysis that (1)

identifies the process and events that might affect the disposal system, (2) examines the effects

of the processes and events on the performance of the system, and (3) estimates the cumulative

releases of radionuclides, considering the associated uncertainties, caused by all significant

process and events (U.S. EPA 1996). In addition to the performance assessment of the disposal
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system, certain assurance requirements were necessary to provide confidence that the

containment of TRU wastes will be maintained for 10,000 years as stated in CFR 40 Part 191.13.

For example, active institutional controls (AICs) should be exercised for as long as possible after

disposal.  Active institutional control simply means the maintenance of the site, remediation or

cleanup of a release, and monitoring after closure of the repository.  These controls can be

assessed up to 100 years after disposal, after which passive institutional controls (PICs) will

proceed that include markers, public records, and other methods to preserve the knowledge of

the dangers of the wastes contained below.  Although AICs and PICs are considered part of the

assurance requirements, they were included in the containment calculations.

The performance assessment calculations were submitted to the EPA in October 1996 in the

form of a Compliance Certification Application (CCA).  The CCA was compiled from many years

of scientific and engineering investigations, and consists of nine chapters with 58 supporting

appendices that reference over 600 professional publications.  The CCA also describes the DOE

Quality Assurance Program and the results of independent peer reviews.

Radionuclide

Release (curies) per

million curies of alpha-

emmiting radionuclides

Americium-241, -243 100

Carbon-14 100

Cesium-135, -137 1,000

Iodine-129 100

Neptunium-237 100

Plutonium-238, -239, -240, -242 100

Radium-226 100

Strontium-90 1,000

Technetium-99 10,000

Thorium-230, -232 10

Tin-126 1,000

Uranium-233, -234, -235, -236, -238 100

Other α-emitting radionuclides, half-life > 20

years

100

Other α-emitting radionuclides, half-life < 20

years

1,000

Table 1.1.  Release Limits as Stated in 40 CFR Part 191, Subpart B
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The quantitative results from the performance assessment, shown in the CCA, are presented as

complementary cumulative distribution functions (CCDFs).  To facilitate comparison with 40 CFR

Part 191.13, the CCDFs are plotted on a log scale with a probability-of-releases greater than the

abscissa value on the ordinate axis, and release to the accessible environment in EPA units on

the abscissa.  Figure 1.1. shows an example of a constructed CCDF from the performance

assessment of the CCA.  The curve is an overall mean for all types of releases to the accessible

boundary that can occur.  A list of these release types are mentioned in the subsequent chapters.

The EPA requirements for release,  as stated in 40 CFR Part 191, are shown as points.,which

are the allowable cumulative releases for two probabilities.

The term ‘EPA Unit’ is used to describe the amount of release compared to the total allowable

release limit from Table 1.1. multiplied by a waste unit factor.  The waste unit factor is defined as

the number of α-emitting TRU radionuclides with half-lives larger than 20 years in millions of

curies (U.S. DOE 1996).  An estimated 3.44 million curies of waste will be disposed at the WIPP,

equating to a waste unit factor of 3.44.  The total number of curies allowed to be released for any
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one radionuclide is 3.44 multiplied by 100.  Therefore, the total number of EPA units of

amercium-241 is 1420, assuming an inventory of 4.88 x 10
5
 curies postclosure.  The sum of

releases in EPA units is expressed by

R  =  
1

f
 

Q

Lj

w

ij

ii=1

n





 ∑

where Rj is the release under scenario j, fw is the waste unit factor, Qij is the cumulative release

for radionuclide i under scenario j for n scenarios, and Li is the EPA release limits from Table

1.1.

1.2. Repository Design and Site Characterization

The repository was designed to limit the quatity of TRU wastes from being released to the

accessible environment.  Long term disposal requires many barriers between the repository and

environment, including both natural and engineered.  The placement of the repository in the

Salado Formation halite is one barrier that is very crucial to containment.  The halite beds are

stable and exhibit many desirable qualities for encapsulating the buried waste.

The Salado Formation is bound by the Rustler Formation above, and the Castile Formation

below.  The stratigraphical cross section of the area can be seen in Figure 1.2.  The figure is a

southwest to northeast cut through the geologic profile and shows the formations associated with

the Ochoan series.  The Castile is bound on the bottom by the Bell Canyon Formation, which is

the first laterally transmissive unit underlying the WIPP.  However, for performance assessment

calculations, the Bell Canyon was omitted.

1.2.1. Castile Formation

The Castile Formation is 425 to 490 meters thick consisting of alternating beds of anhydrite and

halite.  Pressurized brine occurs in discrete pockets of the upper anhydrite layer.  Several

exploratory boreholes in the vicinity of the WIPP site have encountered these pressurized brine

reservoirs.  More than 12720 m
3
 of brine flowed out during deepening of the WIPP-12 borehole 1

km north of the WIPP in 1981 (D’Applonnia 1983).  Hydrologic tests estimated the size of the

reservoir to be 2.7x10
6
 m

3
.  Using a rock compressibility of 10

-10
 Pa

-1
 , porosity of 0.008, and a

reservoir thickness of 24 meters, the diameter of an assumed cylindrical reservoir encountered

by WIPP-12 would be 4 km.
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1.2.2. Salado Formation

The Salado is the most important geological unit in the disposal system, since the repository is in

this formation, and represents the primary natural barriers needed to contain the waste.  The

Salado is divided into three informal members:  the upper, the McNutt Potash Zone and the

lower.  The thickness of the Salado ranges from a few meters in the eastern part of the Delaware

Basin to over 600 meters at the WIPP site.  Though the Salado deposits are mainly halite,

sulfate minerals form many interbeds in the formation, with the most common being anhydrite,

polyhalite, and gypsum.  The anhydrite layers are commonly referred to as markerbeds and are

numbered sequentially from top to bottom 101 through 144 (MB101 - MB 144).  The repository is

Figure 1.2.  Stratigraphic Cross Section of Geologic Region around WIPP
(U.S.DOE 1996)



6

located between MB138 and MB139.

1.2.3.  Rustler Formation

The Rustler Formation contains a wide variety of different types of deposits, including anhydrite,

halite, carbonate, dolomite, mudstone, and sandstone.  Though not as thick as the members

below,  the Rustler Formation is far more extensive in area.  Its thickness ranges between 90 to

107 meters at the WIPP site.

Within the Rustler lies the Culebra Dolomite member, the most hydrologically transmissive unit.

It is believed that this member can transport a radionuclide release to the accessible

environment in a relatively short period of time upon breaching the repository.  The fractured

Culebra dolomite aquifer is approximately 11 meters thick at its maximum with a transmissivity

up to 10
-3

 m
2
/s.  The minimum values for thickness and transmissivity are 4 meters and 10

-9

m
2
/s, respectively.  The hydraulic head in the aquifer ranges from approximately 950 m in the

north to less than 900 m in the south, showing a general north to south flow.  Tracer tests show

that solute travel is mainly through fractures and interconnected vugs, but can also diffuse into

the dolomite matrix (U.S. DOE 1996).

Above the Culebra Dolomite lies the Tamarisk, Magenta Dolomite, and Forty-niner Members of

the Rustler Formation.  The Tamarisk and Forty-niner members vary significantly in composition

and are much thicker than the Culebra, ranging from 26 to 56 meters and 13 to 24 meters,

respectively (LaVenue et al. 1990).  The Magenta Dolomite varies from 7 to 8.5 meters in

thickness, is primarily composed of gyspiferous dolomite, and is also an aquifer, but less

transmissive than the Culebra.

1.2.4.  Dewey Lake Redbeds, Santa Rosa, and Gatuna Formations

Moving upward in stratigraphic sequence at WIPP, the Dewey Lake Redbeds lie directly above

the Rustler.  The Dewey Lake Formation is mainly sandstone, siltstone, and claystone.  Analysis

of the Dewey Lake shows that it is not hydrologically connected to the Rustler, but may actually

have lateral water movement (U.S. DOE 1996).

The Santa Rosa and Gutuna Formations lie directly above the Dewey Lake, and are the closest

formations to the surface at the WIPP site.
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1.2.5. The Repository

The repository was designed to dispose approximately 176,000 m
3
 (6.2x10

6
 ft

3
)  of CH-TRU

(contact handled) waste and RH-TRU (remote handled), of which no more than 7080 m
3
 (2.5x10

5

ft
3
) can be of RH-TRU waste (U.S. Congress 1992; Silva 1994; U.S. DOE 1990).  The waste

contains organics such as rubber, plastic, and cloth; metals; and waste sludge.  The CH-TRU

waste is stored in 55-gallon drums and will be stacked three-high in rooms that are 300 feet long,

33 feet wide, and 13 feet high.  The RH-TRU waste containers are 26 inches in diameter and 121

inches long, and will be placed in horizontal holes in the walls of the waste panel rooms.

The rooms are separated by 100 foot thick pillars.  The repository consists of eight waste panels

with seven rooms in each panel.  The waste panels are separated by 60 meters (200 feet) of

intact rock.  Each room will contain approximately 6000 drums of CH-TRU waste and 50

canisters of RH-TRU waste.

Figure 1.3. shows the configuration of the three main area of the repository: experimental area,

operations region, and waste disposal region.  The experimental region was used as an area to

perform geotechnical evaluations, which consisted of rock mechanics tests, waste package

experiments, and brine migration tests.  The operations region contains the passages to connect

the surface to the waste disposal area.  There are four shafts in this area: the waste handling

shaft for the transport of personnel and waste to the subsurface, the air intake and exhaust shafts

allowing fresh air to the underground and exhaust to leave, and the salt handling shaft for the

removal of mined salt.

The waste disposal area contains the eight panels for waste storage.  The main north-south and

east-west access drifts in this area will also house waste after the main panels are filled and are

called panels 9 and 10.  The disposal area will be sealed after all panels are filled.

1.2.5.1.  Room Collapse and Post Closure

Once eachpanel has been filled, they will be sealed to prevent the escape of actinides when the

drums begin to fail from the pressures exerted by salt creep from the ceiling, floor and walls.

The salt creep will consolidate the drums, producing stress fractures that will ultimately cause the

waste to spill out.  However, one of the main reasons for chosing salt for disposal was its

mechanical response to the overpressures of the rock above.  The salt will encapsulate the

waste, creating a natural barrier.
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The closure process of the salt begins as soon as the rooms are excavated and continues until

an equilibrium state of the rock and the waste are reached (Butcher 1997).  At equilibrium, the

salt deformation ceases, and the waste in the room has undergone all possible compaction.  The

measure of compaction in the repository is the amount of change in pore volume of the waste,

which continues to decrease under pressure.  However, it is not likely that the salt surrounding

the repository will ever come to a pure equilibrium with the waste.  The waste changes form

continuously throughout most of the initial time history of the repository and gases are

progressively generated from degrading waste.  During the time of degrading waste, the

repository is expected to make minor readjustments.  Waste rooms will continue to deform until

all stress gradients vanish.

Figure 1.3.  Areal View of the Underground WIPP Facility (U.S. DOE 1996)
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A computer model was developed (Butcher 1997) to estimate the compaction and decrease in

the pore volume of the compacted waste.  The initial room height is approxiamtely 4 meters.

The drums, stacked three high will be approximately 2.7 meters, leaving 1.3 meters of air space

above for the placement of backfill.  After consolidation, the room heights will be compacted to

roughly 2 meters, and porosity of the waste will decrease from an average of 0.7 to ~0.25.

1.2.5.2.  Gas Generation and Waste Backfill

Before sealing, the panel rooms will be backfilled with a buffer to reduce the amount of gas

generated from degrading organic material.  Several backfill materials have been considered,

including bentonite clay, CaO, and MgO.  MgO was selected as the backfill material based on its

postulated benefits to increase the pH of the repository, which decreases the solubility of the

actinides in brine.  The cemented MgO, called Sorel cement, will also strengthen the repository

waste.

The generation of gases in the repository, if produced in significant quantities, may affect the

performance of the WIPP.  An increase in CO2, for example, will decrease pH and increase the

solubility of the actinides in brine.  The corrosion of metals and microbial activity are seen as the

major contributors of gas generation in the disposal system.  A minor source of gas is the

radiolysis of water, but is much less a contributor than corrosion or degradation.

The oxic corrosion of metals (iron, aluminum, aluminum-based alloys, and lead) will deplete the

rooms of O2 and water, thus allowing anoxic corrosion to produce large amounts of H2.  The

anoxic corrosion process will consume a large amount of water, depleting brine availability for

other processes, such as chemical degradation or physical blowout.  The rate of corrosion for

metals is dependent on the pressures and quantities of CO2, H2S, N2, and other gases (Telander

and Westerman 1996) and is said to vary from 0 to 1.587x10
-14

 m of steel per second in the

CCA.  The values assume no CO2 present.

Microbial activity from the degradation of cellulosics, plastics, and rubbers will consume O2 and

produce CO2, N2O, N2, H2S, H2, and CH4 (Brush 1995).  The generation of H2S is important to

corrosion, and experiments have found that steel corrosion will almost cease in H2S

overpressures, and that Al corrosion was relatively high (Telander and Westerman 1996).  The

formation of CO2 from microbial denitrification, sulfate reduction, and methogenesis will

decrease the pH, increasing the solubility of the actinides in brine solution.  A low pH, with values

<6, has been shown to have the highest solubilities, decreasing as pH increases until the pH
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reaches 10.  When pH is greater than 10, the solubilities are anticipated to increase (U.S. DOE

1996).

The MgO backfill will react with the brine to produce brucite (Mg(OH)2).  Brucite will then react

with the CO2 to produce magnesite (Mg(CO3)), or any mineral species of magnesite

(nesquehonite and hydromagnesite).  One mole of MgO will react with one mole of water and

one mole of carbon dioxide to produce one mole of magnesite.  Thus, the one-to-one

relationship of carbon dioxide and MgO consumption is important in respect to the amount of

MgO needed as backfill to consume the CO2.  The CCA estimates that a maximum 1.4x10
9

moles of gas will be generated and the DOE has therefore planned to emplace 1.875x10
9
 moles

of MgO (83,150 tons) in the repository.

The effectiveness of the MgO to mix completely with the CO2 has invited much debate, and

even DOE’s own Peer Review Group reassembled on three separate occasions to examine

further evidence.  Their final report on the subject can be found in Wilson et al. (1997).  The

EEG also outlined a number of concerns (Neill et al. 1998), including the exact mineral phases of

the MgO species that will persist as it forms complex minerals with carbonate.

1.2.5.3. Panel Closure

Figure 1.3. shows the location of plugs for each panel access drifts.  The intent of the barriers

was not to aid in long term repository performance, but to prevent potentially high levels of

unacceptable volatile organic waste from seeping into the operations area (U.S. DOE 1996).

The closure system design allows for a two layer protection scheme, which consists of an

explosion- (or construction-) isolation wall and a concrete barrier.  These barriers are separated

by 20 feet of space called the isolation zone.

1.2.5.4. Shaft Seals

The four shafts in the operations region of the repository will be sealed after the

decommissioning of the WIPP repository.  The sealing allows for additional barriers of isolation

from the accessible environment, and are not technically “engineered barriers”, since they

represent an effort to fix the damage to the natural barriers.  The seal will consist of 13 elements,

layered throughout the shaft length with the purpose to limit fluid flow in the column with high

density/low permeability materials (Sandia 1996).  Figure 1.4. shows the layout of the shaft seal

system.  Some materials that will fill the shaft include: concrete, clay, salt, asphalt, earthen fill,

and cementitious grout.  The performance assessment calculations included degradation of the

materials in the shaft over time.
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1.2.5.5. Borehole Plugs

The last barrier to be implemented in the repository is the plugging of boreholes, which play a

role in projected future human intrusion scenarios.  The borehole plugs are expected to reduce

the amount of water from overlying formations from entering the repository, and the

contaminated brine from escaping to the surface.  The DOE plans to use mainly cement or grout

with mud and clay, compacted to closely match the physical properties of the surrounding rock.

The plug will fill the entire length of the borehole casing.

There are several designs being considered for the borehole plug.  These consist of a one-, two-,

and three-plug configuration.  Based on a survey of current plugging practice, the DOE has

assigned probabilities for usage to each configuration and these are incorporated into the

0 ft.

56 ft.

530 ft.

840 ft.

Near-Surface Units 1. Compacted Earthen Fill

2. Concrete Plug

3. Compacted Earthen Fill

4. Rustler Compacted Clay Column

5. Concrete Plug

6. Asphalt Column

Dewey Lake
Redbeds

Rustler
Formation

7. Upper Concrete-Asphalt Waterstop

8. Upper Salado Compacted Clay Column

9. Middle Concrete-Asphalt Waterstop

10. Compacted Salt Column

11. Lower Concrete-Asphalt Waterstop

12. Lower Salado Compacted Clay Column

13. Shaft Station Monolith

Salado
Formation

2150 ft.

Figure 1.4. Shaft Seal System at the WIPP (Modeled after Figure 4.1
of Sandia 1996)
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probabilistic modeling of future events.  The two-plug configuration is the most common type,

with the three-plug being less likely, and the single concrete plug being the least likely to be

used.

1.2.6.  Potential Pathways for Release

Though there are several safeguards to reduce the possibility of release of radionuclides to the

accessible environment, it is not totally improbable that the waste may escape from the disposal

system.  In undisturbed performance, the radionuclides could be transported through fissures

and fractures of the weaker anhydrite units above and below the repository.  Marker beds 138

and 139 provide potential pathways for escape, especially when the pressures in the repository

reach a level, above lithostatic, that will induce further fracturing.  Fluid injection in nearby

oil/gas wells for the secondary and tertiary recovery of resources may also induce fracturing at

WIPP levels, and possibly leak into the repository (Silva 1996; Bredehoeft 1997a,1997b).

However,  the probability and consequence of fluid injection has yet to be determined as a

possible mechanism for release.

Disturbed performance of the disposal system allows several pathways of release upon breach of

the repository.  If the repository is sufficiently pressurized, then the blowout of solid waste

material may entrain radionuclides, and be brought to the surface via the intruding borehole.

Also, a breach of the pressurized repository may bring radionuclides dissolved in contaminated

brine up to the hydrologically transmissive units above the repository and possibly to the surface.

If contaminated brine reaches the Culebra aquifer, radionuclides may be transported to the

accessible environment with the groundwater.

1.3  Scope

A basic understanding of the performance assessment (PA) calculations of the CCA is needed to

understand much of the work in this report.  The report starts with an overview of the PA,

repository design, and site characterization of the WIPP disposal system.

Background is provided to allow the reader to move into a detailed description of the PA

presented in Chapter 2.  The chapter explains the organization of the PA and how the different

mechanisms of flow and transport for release scenarios are split into the computer codes.  A

discussion of the parameters will be followed by an uncertainty analysis description of the PA.

Chapter 3 discusses EEG’s outstanding concerns of the calculations performed in the CCA and

the parameters used in modeling.  The remaining chapters adress the sensitivity of the different

parameters.  The modeling started simply, investigating less complicated parameters and
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models and then moved to more complex scenarios.  A summary and conclusion for each model

study are presented in the modeling chapters.
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2. PERFORMANCE ASSESSMENT REVIEW

To understand the long term behavior characteristics of the disposal system, the probabilities

and future occurrences must be determined.  A set of scenarios have been analyzed for the

potential effect of the repository on the accessible environment.  These scenarios have

undergone a formal screening by DOE to eliminate features, events, and processes (FEPs) that

are unimportant to the performance of the disposal system.  The scenarios are based on the

FEPs that are predicted to be both potentially likely and have significant consequence, and

categorized as having an influence on either the undisturbed or disturbed performance of the

repository.

The purpose of FEPs screening is to identify those FEPs that need not be included in the PA

calculations based on either low probability, or low consequence, or regulations.  A FEP was

screened out of inclusion based on probability when it is expected that there is less than one

chance in 10,000 that the event or processes will occur in 10,000 years.  A FEP may also be

excluded if the consequence to the overall calculations of the CCDFs are less than 10
-4

 EPA

units.  In addition EPA promulgated criteria to allow for certain human initiated events to be

eliminated from consideration (tunneling, excavation, deliberate drilling, fluid injection for

resource recovery, etc.).

2.1. Scenarios of the Performance Assessment

2.1.1.  Undisturbed Performance

Undisturbed performance, as stated in the 40 CFR 191.12, is defined as “the predicted behavior

of a disposal system, including consideration of the uncertainties in predicted behavior, if the

disposal system is not disrupted by human intrusion or the occurrence of unlikely natural events”.

The undisturbed scenario forms the base case for PA calculations and includes only natural

events and human influences that do not affect the repository directly.   Some low probability

FEPs that were screened out are regional tectonics, fault movement, seismic activity, and

volcanic activity.

2.1.2.  Disturbed Performance - Human Intrusion

The disturbed performance of the repository must include human initiated events as stated in the

40 CFR Part 194.  However, there are only two disturbed events that were considered for the

long term performance of the repository:  deep drilling (E), and mining (M) with all others being

screened out.  The drilling events were subcategorized into two scenarios, one for drilling only

into the repository waste panels (E2), and the other for drilling through the waste panel into the
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underlying pressurized brine reservoir of the Castile formation (E1).  A combination of the two

drilling scenarios were also considered, noted as an E1E2 scenario.  A third type of drilling,

shallow drilling for underground sources of drinking water (E3), was eliminated from the

performance assessment calculations based on low probability due to the groundwater being

nonpotable in the Culebra Dolomite aquifer.

Mining at the WIPP may occur in combination with drilling (ME1, ME2, ME1E2), potentially

producing a more rapid transport to the accessible environment through the Culebra aquifer than

drilling alone.  The mining for resources, such as potash in the McNutt Potash Zone of the

Salado Formation for example, can cause subsidence in layers above the Salado.  The

subsidence could result in greater fracturing of the Culebra possibly causing faster transport of

radionuclides to the accessible environment.

Although the drilling intrusion scenarios were narrowed down to two types, the time at which they

can occur during the repository future are too numerous to simulate directly.  Over one thousand

future drilling  times could occur during the life of the repository, requiring unachievable

computer time and storage requirements.  Therefore, the intrusion times were reduced to two

separate times for each of the E1 and E2 intrusion type, and a single, two-time drill intrusion of

E1E2 scenario.  A total of six scenarios (S1 through S6), including one undisturbed scenario,

were created for the performance assessment calculations.

S1 - undisturbed

S2 - E1 at 350 years postclosure

S3 - E1 at 1000 years postclosure

S4 - E2 at 350 years postclosure

S5 - E2 at 1000 years postclosure

S6 - E2 at 800 years followed by an E1 at 2000 years postclosure

The times at which these scenarios occur are mainly used as reference times for additional

calculations.  The computer models use these reference times to calculate an intermediate step

for determining individual futures.  The individual futures are then scaled to the 10,000 possible

futures during the construction of the CCDFs assuming a linear interpolation between calculated

times.  However, these interpolations become more complicated as radioactive decay and

ingrowth are incorporated into the CCDF.  A more detailed description of how the computer

models interact and the calculated times for the construction of the CCDFs is described below.
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2.1.3. Probabilistic Performance Assessment

The performance of the disposal system was quantified in a probabilistic analysis, in which key

parameters for model input were stochastically varied over a wide range of values.  The ranges

were intended to accomodate the uncertainty in the disposal system and was modeled using

codes designed to simulate the transport of radionuclides through the system.  The simulations

(or realizations) were incorporated into a probabilistic process that determined the average

behavior of the repostiory.  Monte Carlo analysis is the general name for the technique used for

probabilistic analysis of the WIPP.

A Monte Carlo analysis uses a probabilistic approach on the selection of values from parameter

ranges for the input to the models for performance assessment.  The chosen values represent

one of many in a set of separate calculations (vectors) that are used for the probabilistic

assessment.  For example, the halite permeability of the Salado Formation around the WIPP

was found to vary from 1x10
-24

 m
2
 to 1x10

-21
 m

2
 (U.S. DOE 1996-Appendix PAR).  This

parameter was assigned a uniform distribution and a set of vectors were created by sampling

from the distribution.  The vectors were then used as input to the two phase brine and gas flow

code, BRAGFLO, to create a set of outputs for the calculation of a distribution function that

would best describe the performance of the disposal system.  The halite permeability is one of

57 parameters used in the Monte Carlo analysis of the CCA.

2.2. Computer Models

In order to accomplish the numerical modeling of the WIPP repository, several computer codes

were written to quantify the long term behavior of the waste disposal.  These codes can be

broken into several categories with each major code having smaller supporting codes to pre- and

post-process data.  The major codes include:

(1)  BRAGFLO - Salado Flow

(2)  NUTS and PANEL - Salado Transport

(3)  CUTTINGS - Borehole calculations of cuttings, cavings, and spall

(4)  BRAGFLO_DBR - Direct brine release from the repository

(5)  SECOFL2D - Culebra Flow

(6)  SECOTP2D - Culebra Transport

(7)  CCDFGF - Probabilistic modeling of the 10000 year future
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Figure 2.1. shows the relationships between the codes.

2.2.1. BRAGFLO

BRAGFLO (BRine And Gas FLOw) models the processes occurring in the repository and the

surrounding rock, including two-phase fluid flow, anhydrite fracturing, and gas generation.  These

processes are simulated on a simplified two-dimensional, north-south cross-section of the

disposal system from the overlying units above the Dewey Lake down to the Castile formation.

The geometry of BRAGFLO’s irregular grid spans 46,629.88 m in the north-south direction and

939.06 m vertically.  The code was used to calculate brine pressure, saturation, and flow over

the entire 10,000 year future of the repository for each of the six scenarios.

2.2.2. NUTS

NUTS (NUclide Transport System) models the migration rate, distance, concentration, and level

of radioactivity of radionuclides transported from the repository to the surrounding formations.

The equations are solved on the same grid as used in BRAGFLO using BRAGFLOs’ brine flow

rates, porosities, pressures, and saturation. The NUTS code was used to calculate transport

times at 100, 3000, 5000, 7000, and 9000 years postclosure for scenarios S1 through S5.

Of the 33 assumed radionuclides that will be in the WIPP waste, only five lumped isotopes were

simulated using NUTS to reduce computer time and memory requirements.  The lumped

isotopes are assumed to have equivalent decay and transport characteristics of the remaining

isotopes, and account for approximately 99% of the activity of radionuclides in the repository.

The five lumped isotopes are:  
241

Am, 
239

Pu, 
238

Pu, 
234

U, 
230

Th.

BRAGFLO

NUTS PANEL

SECOFL2D

SECOTP2DCUTTINGS BRAGFLO_DBR

CCDFGF

Figure 2.1.  Major Codes with Linkages
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Computationally, NUTS is a very slow code to run.  Therefore, it was first used to simulate a

nonreactive passive tracer to test which BRAGFLO flow velocity calculations would transport

radioactive isotopes to the accessible environment.  Several BRAGFLO simulations were

screened out and no longer needed for the calculations.  The simulations exhibiting a tracer

release and having a mass in excess of 10
-7

 kgs across the accessible environment underwent a

complete transport analysis.  For the CCA, repilcate 1, only one vector was not screened out of

the complete analysis for Scenario 1, 23 for S2, 21 for S3, 6 for S4, and 6 for S5.  Thus, only 57

out of 500 vectors were needed for running the NUTS simulations.

The complete analysis included an ‘isotope’ simulation and a ‘time shifted’ simulation on the

unscreened vectors.  The isotope simulation establishes the transport of an undisturbed

performance.  The isotope simulation results are then used as input for the time shifted

calculations at 100, 3000, 5000, 7000, and 9000 years post closure.

2.2.3. PANEL

PANEL calculates the “mobilized radioactive load in the brine phase of the brine/gas mixture that

seeps or flows through the repository’s decommissioned waste panels” (U.S. DOE 1996-

Appendix PANEL).  Simply, PANEL was used to model the release of radionuclides in a direct

brine release scenario to the surface and to model the upper bound of long term releases to the

Culebra in the S6 scenario. The times at which PANEL was calculated were 100, 350, 1,000,

4,000, 6,000, and 9,000 years post closure.

PANEL uses BRAGFLO’s information, much like NUTS, on a more simplified scale.  PANEL

represents each waste room as a well mixed grid cell, and solves integrated analytical equations

with 50 year time stepping.  PANEL simulated the release of 21 of the 33 isotopes from the

repository in less time than the NUTS simulation of 5 isotopes.

2.2.4. CUTTINGS_S

CUTTINGS_S calculates the cuttings, cavings, and spallings from an intrusion borehole through

the disposal system. CUTTINGS_S receives its initial and boundary conditions from BRAGFLO

and can simulate the effects of multiple boreholes.  BRAGFLO also provides repository pore

pressures, saturations, and porosities for solid removal calculations.

The cuttings and cavings portion of the code models the direct removal of wastes brought to the

surface by the drilling cooling liquid (usually a mud brine) and is the sum of the material cut by

the drill bit and eroded material.  The eroded material is a function of fluid shear stress acting on
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the borehole wall and the strength of the waste.

The third type of removal of wastes calculated by CUTTINGS_S is through the process of spall.

If the repository is significantly pressurized (above hydrostatic), then a portion of the solid waste

could be forced to separate from the bulk mass of waste inward toward the borehole by high

pressures in the repository.  The amount of spallings removed is dependent upon the waste

shear strength and permeability.  If the permeability is too low, then it is assumed that the flow of

gas to the borehole is too slow to cause a waste blowout up the borehole.  Berglund (1994)

indentified the “threshold” permeability at 10
-16

 m
2
, below which the blowout would cease.  The

CCA used a value of 1.7x10
-13

 m
2
 for waste permeability in the repository after compaction.  For

a comparison of the significance of spallings, the maximum release due to spalling calculated in

the performance assessment was 4.0 m
3
 with a maximum release of 3.0 m

3
 for cuttings and

cavings combined.

The scenarios of S1 through S5 were used to calculate borehole times other than those specified

in Section 2.1.2.  The results of pressures and saturations from the undisturbed scenario (S1)

were used as the initial conditions for a first time borehole intrusion at 100, 350, 1000, 3000,

5000, and 10000 years.  The CUTTINGS_S simulations for scenarios S2 through S5 were like

the S6 scenario (E1E2), and the initial intrusion at either 350 or 1000 years in the BRAGFLO

calculations was used to calculate conditions at 550, 750, 1200, 1400, 2000, 3000, 4000, 5000,

and 10000 years.

The spallings portion of the CUTTINGS_S was deemed inadequate by the Conceptual Models

Peer Review Committee.  The peer review (U.S. DOE 1996-Appendix Peer1) reported on the

uncertainty in the conceptual model and its inadequacy to calculate the channel flow of waste to

the borehole.  However, with additional calculations of another spallings code, the spalled

releases of the CCA were considered reasonable by the Peer Review Committee (Wilson et al.

1997).  Based on a sami-analytical model of spall (Hansen et al. 1997) which calculated a

maximum release of 0.25 m
3
 at repository pressures of 14.8 MPa, the CCA values of 0.5 to 4.0

m
3
 were accepted by the committee.  Chapter 9 of this reports explains this new model and

some problems associated with the analysis.

2.2.5 BRAGFLO_DBR

BRAGFLO_DBR (BRine And Gas FLOw, Direct Brine Release) calculates the brine released

from an intrusion borehole through the repository.  The released brine was not assessed in the

CUTTINGS code, as that code only calculated the solids removed during drilling.  For a direct
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brine release to occur, certain conditions must exist in the repository.  The repository pressure

must be above 8 MPa.  This pressure is the hydrostatic pressure at the depth of the repository,

which accounts for the column of mud in the borehole that the waste brine must overcome and

the frictional forces in the borehole.  There must also be enough mobile brine present in the

waste panels to flow up the borehole to the surface.

The BRAGFLO_DBR uses the BRAGFLO code, converted to a repository scale model.  The

model is set up on an areal, two-dimensional grid.  The direct brine release can occur at any time

during the 10000 year period of the repository, and the saturation and pressure history from the

S1 to S5 BRAGFLO calculations are used as initial and boundary conditions.  The code

calculates a brine release that lasts between 3 and 11 days.

Intrusion times, other than that specified for the different scenarios, were calculated in the same

way that CUTTINGS_S intrusion times were calculated.  The BRAGFLO intrusion times at 350 or

1000 years postclosure for either an E1 or E2 intrusion were used to establish initial conditions

for a direct brine release of a subsequent E2 intrusion at later times.  These times correspond

with the intrusion times of CUTTINGS_S.

2.2.6. SECOFL2D

SECOFL2D simulates the single-phase flow of groundwater through the Culebra Dolomite

member of the Rustler formation.  The Culebra member is of particular importance, since this is

the most transmissive unit in the disposal system.  Radionuclides released from the repository

can be transported up an intrusion borehole into the aquifer and be transported to the accessible

environment in a short period of time, relative to other units within the subsurficial disposal

system.

The Culebra is considered to be a confined aquifer in steady-state.  The equations are solved on

two grids, regional and local.  The regional domain is solved first for the discrete hydraulic head

to be used as boundary conditions on a much smaller, finer local grid.  Figure 8.1 of this report

shows the regional grid in relation to the Land Withdrawal Boundary (LWB) of the WIPP site.

The effects of potash mining in the McNutt member of the Salado formation is considered in

modeling of the Culebra aquifer.  The subsidence of the mined area may adversely effect the

fractured dolomite, creating even more fractures.  To simulate the additional fractures, a scaling

factor was used to increase transmissivity in a full and partial mining scenario.  The scenarios

are based on the extent of allowable mining in the region of the Land Withdrawal Boundary.  The
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scaling factor was sampled from a uniform distribution for a range of 1 to 1000.

2.2.7. SECOTP2D

The transport of radionuclides through the Culebra Dolomite was accomplished with the code,

SECOTP2D.  The transport code used the local grid velocities of SECOFL2D to calculate the

concentration of the actinide species on a nonuniform grid.  SECOTP2D reported the mass of

simulated actinides that crossed the Land Withdrawal Boundary through time.

The transport calculations of the radionuclides used in the performance assessment first

assumes that the initial mass to be injected into the Culebra will be 1 kg.  This is a unit mass,

that is coupled with predicted mass that reaches the Culebra through a NUTS calculation.  The

transport of the same five lumped isotopes of NUTS was also  transported in SECOTP2D.

2.2.8. CCDFGF

The results of the numerical simulation from NUTS, PANEL, CUTTINGS_S, BRAGFLO_DBR,

and SECOTP2D were summarized into tabular form for input to CCDFGF.  The NUTS

information includes the time integrated discharge of 
241

Am, 
239

Pu, 
234

U, and 
230

Th up the

borehole to the Culebra.  The information from PANEL includes the time integrated discharge of

241
Am, 

239
Pu, 

234
U, and 

230
Th from the waste panels.  The tables from CUTTINGS_S include the

volume of cuttings, cavings, and spallings.  The flow of brine up the borehole after intrusion is

summed in the tables of BRAGFLO_DBR, and the time integration of mass across the

accessible environment is located in the tables from SECOTP2D.  All together, they represent

the possible discrete calculations from a breach into the repository, on a purely deterministic

basis.

As a final step to the modeling of the disposal system, complementary cumulative distribution

functions (CCDFs) were created to represent the probabilistic future of the repository and to

calculate the potential cumulative releases.  The CCDF is used to compare release limits

specified in 40 CFR Part 191.  For the CCA performance assessment, there were only three

modes that produced nonzero releases to the accessible environment: cuttings and cavings,

spallings, and direct brine release.  The calculated amount of radionuclides released through the

Culebra was considered negligible.

The sequence of future events simulated for the disposal system was generated by the random

sampling of eight individual “events” that could occur at the WIPP.  Each sequence is given

equal weight in the 10,000 possible futures, and are combined with the results of the numerical
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simulations.  The individual events are (1) the interval time between drilling intrusion, (2) the

location of the drilling intrusions, (3) the drill bit diameter used for drilling intrusion, (4) range of

borehole permeabilities, (5) the activity of the waste penetrated by a drill intrusion, (6) the

borehole plug configuration, (7) penetration of the Castile brine reservoir, and (8) the occurrence

of mining.

Each sampled future requires the determination of a normalized release to the accessible

environment.  The releases were calculated from the deterministic calculations of the above

computer codes.  The releases were then scaled and ordered from lowest to highest according to

normalized releases.  The CCDF is then plotted by summing the probabilities of all futures at a

given EPA release limit, with the probabilities of all futures exceeding the summed value.  Figure

2.2 shows the individual releases summed to a total release for all pathways, with cuttings and

cavings showing the highest releases, spallings, then direct brine release with the least.  CCA

calculated releases to the accessible environment from transport modeling within the Culebra

Dolomite were always less than 10
-6

 EPA Units.

2.3. Parameters

The complexity of the disposal system required the use of computational models to quantify the

effects of scenarios in the performance assessment calculations.  The computer codes required

specific information about the initial and boundary conditions and the parameters needed to

quantify the physical system.  The parameters were obtained from data surveyed through

various experiments or observations.  However, when no data were available, expert judgement

was employed.

A careful distinction is needed between parameters and data.  Parameters are based on the

supporting data and are values used in the model calculations.  Data are commonly spread over

a range for a particular observation/experiment, and statistical quantities are used to summarize

that range (minimum, maximum, mean, and mode).  A distribution type is assigned to the

parameter range, and can be either uniform, loguniform, normal, lognormal, cumulative (delta or

otherwise specified), student’s-T, or triangular.

There are approximately 3500 parameters used in the performance assessment modeling of the

WIPP disposal system, 57 of which are not constants.  The constants represent one value,

whereas nonconstants have an assigned range and distribution type.  Of the 57 ranged

parameters, 24 have uniform distributions, which suggests the lack of information about the data.
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A uniform distribution is assigned to a parameter if nothing is known other than its range.

However, if the range spanned several orders of magnitude, a loguniform distribution was

assigned.  This is also equivalent to a uniform distribution applied to a log-scaled parameter.

A range that is representative of a parameter cannot be directly implemented into the

computational models.  Instead, that range is broken up into several sampled values that fall

within the probable range of data, based on the distribution type assigned to that range.  For the

performance assessment calculations 100 samples were created for each parameter to cover the

likelihood of that value existing in the disposal system.

The 5700 total samples were represented by 100 vectors, each with 57 parameters.  The vectors

were created through the Latin-Hypercube Sampling (LHS) technique.  The LHS allows sampling

from the outer wings of a distribution with relatively small sample sets, as opposed to other

procedures like a strict Monte Carlo method, where sampling is biased more towards higher

probability-of-occurrence segments of the distribution.  Although the parameters are selected

individually through sampling, user-specified correlations are permitted between parameters.

The creation of the LHS sampled vectors uses a random number generated from a seed value

Figure 2.2. Mean CCDFs for Specific Release Modes (U.S. DOE 1996)
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from which the random number generator begins and is specified by the user.  The seed value

allows duplication of sampled results if the same number is used again for quality assurance

measures.  For CCA calculations, three separate seed numbers were used to generate three sets

of sampled vectors.  These are referred to as replicates, and are numbered R1 through R3.

Results of the performance assessment calculations are sensitive to the sampled parameter

values.  As seen in Figure 2.2, the parameters chosen for the CCA demonstrated compliance of

the disposal system.  The figure, however, only shows the mean for all individual vectors.

Individual CCDF vectors are averaged based on the probability of the parameter occurring

during the future of the repository.  If only a single vector, for example, were to have parameter

values that were to show noncompliance with 40 CFR 191, then that vector could have been

averaged out by vectors that show smaller releases.  The parameters underwent analyses to test

the system and to fully understand the behavior of the repository.

2.4.  Sensitivity and Uncertainty Analysis of Performance Assessment

Parameters

The sampling of parameters in the CCA calculations is intended to capture the uncertainty in the

understanding of the repository environment and those processes that may occur in the event of

human intrusion.  The purpose of sensitivity analysis is to determine which of the sampled

parameters have the greatest influence on the uncertainty of the calculated release to the

accessible environment. The sensitivity analysis is based on the use of statistical manipulations

to discover the key dependencies in the CCA calculations. This overview summarizes the major

conclusions drawn from the DOE’s sensitivity analysis report (Helton 1996).

The sensitivity analysis used stepwise correlations and scatter plots.  Stepwise correlation is a

powerful tool to rank the relative influence of the various parameters.  If only a few parameters

are important, and the effect of these parameters is consistent, then the correlations work well.

Often, however, the effects of some parameters are not consistent.  An example is the influence

of corrosion rate on spallings.  Pressure tends to increase with corrosion rate.  Spallings

increases with pressure above 8 MPa, but is insensitive to pressure below 8 MPa.  Thus,

spallings is only weakly correlated with corrosion rate.  Scatter plots are very useful for spotting

inconsistent correlations and for revealing large changes in system behavior.   Scatter plots,

however, can be unreliable in determining relative importance because they are qualitative

rather than quantitative.  Scatter plots are two or three dimensional plots of points defined by

measures of interest and one or two parameters.  These allow a visual determination of

sensitivities.
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One inherent limitation in the sensitivity analysis presented by Helton is that the sensitivity to

parameters only applies to the actual range and distributions of sampled parameters used in the

CCA calculations.  Changes to either the range or distribution of one parameter may strongly

effect the importance of other parameters, because release estimates vary by orders of

magnitude for different combinations of parameter values.  A case in point is the brine reservoir

compressibility, which has been determined to have insignificant influence on the total release.

The brine reservoir pressure and reservoir volume characteristics used in the CCA calculations

reduce the importance of the brine reservoir to the calculated releases.  It is entirely possible that

the brine reservoir would be one of the most important contributors to large releases in

calculations using more appropriate characteristics.

The description that follows refers to sampled vectors and histories.  A sampled vector is a single

random selection of parameter values used to define the physical characteristics of both the

repository and relevant human intrusion processes such as spallings.  One hundred vectors were

used for one replicate of the calculations.  Three replicates were used to demonstrate the

stability of the averaged results to different sets of vectors.  Describing the results in terms of

vectors refers to the six scenario calculations performed at fixed intrusion times for each vector.

A time history describes the timing of events such as potash mining and drilling intrusions.  Ten

thousand time histories were generated and applied to each sample vector.  Describing the

results in terms of time histories refers to probabilities averaged over either a single replicate or

all three replicates.  The abscissa of the CCDF curves is the probability of a release magnitude

for a single history.  The lowest cumulative release probability in any CCDF calculated for the

CCA is 10
-4

 , one over 10,000.  The mean and percentile cumulative release probabilities can be

less than 10
-4

 because of averaging over 100 or 300 sampled vectors.

2.4.1. Repository Conditions

2.4.1.1. Repository Pressure

Repository pressure at the time of intrusion is a critical condition that influences spallings

release, direct brine release, and flow to the Culebra.  The factors controlling repository pressure

are complex and change over time.  Prior to an intrusion, the pressure uncertainty is almost

entirely controlled by gas generation.  After an intrusion, gas flow up the borehole can keep the

repository near atmospheric pressure.  At high borehole permeability, brine flows down the

borehole from the Culebra causing the pressure to eventually reach hydrostatic equilibrium with

the Culebra.
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By far the most important influence on gas pressure prior to an intrusion is the switch for

microbial degradation of cellulose and plastics.   Fifty percent of the vectors assume no

microbial degradation, twenty-five percent have degradation of cellulose only and twenty-five

percent include both cellulose and plastics.  Microbial degradation is so fast that it tends to

exhaust supplies in less than 1,000 years.  Hence, the rate hardly matters and the switch

parameter becomes the most important indicator of large releases.  The numerical values for

this parameter are set to capture a lack of understanding of the possibility of microbial

degradation.

Microbial generation produces either 0, 1.5x10
6
, or 4.6x10

6
 moles of gas in the first 1,000 years

depending on the microbial generation switch.  Steel corrosion generates up to 7.5x10
6
 moles

averaging roughly 3x10
6
 moles after 10,000 years.  If microbial degradation produces gas then

the steel corrosion rate is increased by a factor of 13.  Steel corrosion is rate-controlled

throughout the 10,000 years for slow corrosion rates, but only at early times, first 2,000 to 4,000

years, for microbial enhanced fast rates.   This makes the steel corrosion rate the second most

important parameter in controlling repository pressure and the third most important parameter in

determining overall releases to the accessible environment.  The rate of steel corrosion is

effected by the height of the capillary rise of brine from the repository floor, which is

approximated by a sampled parameter known as “waste wicking”.  The waste wicking parameter

value is important at early times but less so than the base corrosion rate.

Steel corrosion is dependent on the availability of its two ingredients, steel and brine.  Brine is

readily available through the 10,000 years with slow corrosion rates.  At faster rates the lack of

brine inhibits corrosion.  The mechanisms controlling brine availability are described later, in

order to keep the focus here on gas generation.  In one of the undisturbed vectors, and in some

30% of the disturbed cases, steel is exhausted in the lower panel but never in the upper panel.

Steel consumption does not appear to be greater as a result of interception of the brine reservoir.

After an intrusion, the borehole permeability effects the flow of gas up the borehole which

depressurizes the repository.  Only about 10% of the vectors have repository pressures above

the critical 8 MPa threshold for more than 2,000 years after a drilling intrusion.  Very high

permeability almost completely determines the repository pressure at 10,000 years.  If the

permeability is greater than 2.5x10
-12

 m
2 

then the repository fills with brine and the pressure

reaches hydrostatic equilibrium with the Culebra within a few thousand years of the intrusion.  If

the permeability is slightly less, down to roughly 2x10
-12

 m
2
, then gas vents to the surface as fast

as it is generated, inhibiting brine flow down the borehole and thus holding the repository

pressure to near atmospheric.  The influence of borehole permeability on post intrusion
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pressures causes this parameter to rank sixth in importance to total releases.  Even the

diminished brine reservoirs of the CCA analysis have a strong effect on repository pressure in

the case of a brine reservoir interception.

2.4.1.2. Brine Saturation

Brine saturation in the repository is important to the direct brine release calculation and to

repository pressure through steel corrosion.  Unlike pressure, saturation predictions are different

between the upper and lower panels of the BRAGFLO model.  Brine saturation depends on brine

inflow and the consumption of brine by steel corrosion.   The brine inflow is less per panel for the

upper panels compared to the lower panel.  Because the lower panel is down dip it is expected

that it would receive more brine inflow.  Saturation also depends on gas pressure because the

repository swells in response to pressure increases.  The upper panel is much less likely to have

a saturation that exceeds the sampled residual gas saturation of the waste.   Most vectors show

brine saturation going to zero in the upper panel over the 10,000 years because of steel

corrosion.

2.4.1.3. Brine Flow

As mentioned earlier, the availability of brine becomes important if the steel corrosion rates are

fast.  The largest source of brine in early times is the disturbed rock zone (DRZ).  This flow

averages about 13,000 m
3
, most of which enters the repository in the first thousand years.  The

DRZ porosity is a function of halite porosity which is a sampled parameter.  Halite porosity has

the fifth largest correlation with total releases of the 57 sampled parameters.  The marker beds

contribute an average of 3,000 m
3
.  Although one vector produces 70,000 m

3
 from the marker

beds, less than 10% of the vectors are above 10,000 m
3
.  The anhydrite permeability and

repository pressures have the greatest impact on brine flow through the marker beds.  Anhydrite

permeability ranks ninth in importance to total releases.

2.4.2. Cuttings and Cavings

Cuttings and cavings are the largest releases in most of the generated drilling intrusion histories.

Only cavings, not cuttings, is effected by sampled parameters.  Cuttings release varies due to

the sampling of 569 CH-TRU waste streams or the average RH-TRU radionuclide concentration.

Waste stream sampling creates about a three order of magnitude variation in cuttings release

per intrusion.  Cavings is dependent on the sampled value of waste shear resistance.  The

volume of cuttings, 0.3 m
3
, plus cavings varies between 0.4 and 3. m

3
.
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2.4.3. Spallings

Repository conditions necessary to produce spallings occurs for 80% of the sampled vectors, but

spallings only occurs in just over half the time histories.  However, spallings along with cavings

contribute to the largest release estimates in the CCA.  The release estimates from the two

mechanisms are roughly equivalent at the critical 10% probability level, as seen in Figure 2.2.

The conceptual model uncertainty in the spallings model is enormous.  The calculations for a

given set of repository conditions could be low by an order of magnitude or more.  In addition,

the potential influence of repository pressure uncertainty is also enormous.  At this time,

uncertainty in the spallings conceptual model makes it difficult to assess the CCA calculations in

terms of compliance.

2.4.4. Direct Brine Release

Direct brine release contributes only marginally to the overall release estimates and to only 48%

of the sampled vectors.  Considering the vector average, the direct brine release is larger than

the median combined cuttings, cavings and spallings releases in less than 0.4 percent of the

time histories.  The largest calculated direct brine release was 0.2 normalized EPA Units, i.e.

20% of the release limit.

The releases strongly depend on several factors, including brine saturation and repository

pressure.  These two conditions are not independent.  Large gas pressures usually mean low

brine saturation and vice versa.  The largest releases are associated with the larger pressures

and higher saturations.  However, the parameter that correlates best with the direct brine release

is the residual brine saturation for the waste area.  This parameter describes the minimum

amount of brine that is necessary for brine movement through the waste.  Direct brine release

will occur only if the brine saturation is above the minimum value and the hydraulic conductivity

of the waste will be small for saturations near the residual which inhibits brine flow into the waste.

2.4.5. Culebra Transport

Releases to the accessible environment through the Culebra were negligible in the CCA

calculations.  Large amounts of radionuclides reached the Culebra from the intrusion borehole,

but only for a few vectors.  More than one EPA Unit of radionuclides reached the Culebra in

approximately 10% of the sample vectors.  The largest release to the Culebra was 20 EPA Units.

However, the transport of the radionuclides limited the amount reaching the accessible

environment with the partition coefficient for sorption isotherms being the limiting factor.  As the

retardation increases (calculated from the partition coefficient), the transport distance decrease.
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Other factors that have a small effect on the increase of nuclide transport are fluid velocity and

fracture spacing.
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3. CONCERNS

The EEG’s concerns of the computational efficacy of the CCA performance assessment for the

WIPP disposal system does not imply any lack in scientific integrity by the DOE.  Instead, it

allows an unbiased investigation to ensure the robustness and completeness of the work to

dispose of TRU waste effectively.  However, it is believed that some of the parameters and

ranges used in modeling the performance assessment of WIPP may be in error, or lack

justification (Clemo et al. 1996).  The DOE applied “conservatism” to many of the parameter and

ranges, assuming that a larger range would incorporate all the experimental evidence.  Without

conducting a full scale sensitivity analysis on the  parameters, this conservative approach

becomes less meaningful.

3.1.  Conservatism

By claiming conservatism in the performance assessment calculations, the DOE took shortcuts

on some of its scientific investigations.  Conservatism was claimed for many conceptual models

and parameters to show that the process would over predict releases to the accessible

environment.  However, it is not easy to forecast the implications of such assumed

conservatism.  The calculated releases may diverge from the actual releases, and a bound on

the difference is very difficult.  For example, an investigation into the microbial decay parameter,

which is a major gas producer in the repository, shows one of three choices, (1) no degradation,

(2) gas generation through microbial activity of cellulosics, and (3) biodegradation of cellulosics

with rubber and plastics.  The switch concedes to a 50% probability on any generation of gas

through microbial activity.  This estimated value was assumed to be conservative, since the

possibility of degradation was unknown and no experiments were conducted to prove the

possibility of gas generation with the addition of a magnesium oxide backfill.  The MgO backfill is

predicted to increase repository pH to 10 (U.S. DOE 1996).  “In general, rigorous microbial

activity ceases above pH 10.5, although there may be few exceptions.” (Biddle et al. 1987).

Figure 3.1. shows that there were higher average releases associated with lower microbial

activity for an intrusion associated with the S3 Scenario due to the availability of brine.  Other

scenarios showed the opposite behavior.

3.2. Parameter Issues

EEG’s main issues with the assumptions used in the performance assessment calculations were

outlined in the letters to the DOE and EPA on September 11, 1996 (EEG 1996), February 7,

1997 (EEG 1997a), and March 14, 1997 (EEG 1997b).  Some major issues which will be

discussed in this report are as follows:
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3.2.1. Brine Reservoir Interception

For performance assessment calculations in the CCA, an 8% probability was assigned to the

parameter for intercepting a pressurized brine reservoir in the Castile formation.  This seems

unjustified, considering the data that was overlooked for the WIPP-12 borehole, located within

the WIPP site.  The reservoir at WIPP-12 was estimated to contain 2.7 million m
3
 of brine, and

extends more than 3 km in diameter.  The values assumed in the CCA for the volume of the

reservoir ranged from 32,000 to 160,000 m
3
.  A value of at least 60% probability should be

assigned to the parameter.  This report explores the consequence of higher probabilities of

encountering a brine reservoir.

3.2.2  Actinide Solubility

The solubility of actinides play an important role in the performance assessment calculations.

The parameter determines how much of the radionuclide mass per cubic meter of brine will be

transported from the repository up the borehole to the Culebra or to the surface.  More

specifically, the solubility of plutonium, which constitutes 87% of the initial radioactivity in the

waste, was modeled as oxidation states III and IV in the CCA calculations with a 50% probability

that it will be one or the other. DOE maintains that the conditions of the repository will be a

reducing environment, not allowing the actinide to go above an oxidation state of IV, which would
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inherently increase the solubility by 10,000 in some cases.  Furthermore, experiments were

never conducted to establish the solubilities of Pu(III) and Pu(IV), and were extrapolated from

thermodynamic data conducted on Nd(III).  Therefore, modeling experiments were conducted by

the EEG to test the impact of solubility of actinides in brine.

3.2.3.  Chemical Retardation in the Culebra

The chemical retardation in the Culebra determines how the radionuclides will react with the

surrounding dolomite matrix.  Retardation infers that the contaminants will sorb onto the matrix,

and the amount is determined by a coefficient called the partition (or distribution coefficient, Kd).

DOE made laboratory measurements of Kd for various actinides (Brush and Storz 1996).

The EEG has a number of concerns on Kd, which were raised in a meeting between Sandia and

EEG.  First, the applicability of the oxidation state analogy for Pu(III) from Pu(V), which was

initially from Am(III), seemed weak at best.  Several of EEGs’ consultants noted that the

assumptions for this analogy were based on questionable data and interpretations of

experiments conducted with dilute groundwater from the Yucca Mountain site, a proposed high

level waste repository in Nevada (Neill et al. 1998).  Similarly, Pu(IV) was derived from Th(IV).

Another concern for the Kd values was the range and distributions used to establish these

parameters in the LHS sampling method.  The uranium data, for example, exhibited negative

values in experimentation.  Though physically impossible, they should have been averaged into

the parameter’s range.  The lower end of Kd for uranium was 0.03 ml/g in the CCA, but should

have been zero, due to the extreme uncertainty in the value.  A model value of 3 ml/g was

shown (Blaine 1997) to retard any actinide sufficiently from crossing the LWB.  Therefore, it is

very important to assign the correct values with a large enough uncertainty of Kd for actinides

that exhibit values less than 3 ml/g.

These and other issues surrounding the Kd issue prompted the EEG to conduct their own

transport modeling study, which changes the Kds for several key parameters.

3.2.4.  Castile Reservoir Parameters

The pressurized brine pockets contained within the Castile formation were grossly under

represented in the performance assessment calculations.  After the submittal of the CCA,

recommendations were made (Beauheim 1997) to characterize the formation by what is referred

to as the “productivity ratio”.  This ratio is the product of the volume and the pore compressibility

to porosity.  The recommended range for this ratio was 0.0007 to 0.04 m
3
/Pa based on values

from the ERDA-6 and WIPP-12 borehole data, respectively.
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It should be noted that the ERDA-6 borehole lies outside the WIPP area at approximately 5 miles

northeast from the repository center.  The WIPP-12 well, on the other hand, is only 1 mile north

of the site and values to describe the Castile for disposal system modeling would be more

representative if this borehole data is used.

3.2.5. Potash Mining

The extent of potash mining above the repository horizon for PA calculations included the

possibility of two scenarios, which included partial and full mining.  The two scenarios were

based on the possible future extent of mining both inside and outside the disposal system with

respect to ore grade.  The extent of the partial mining maps were established on historically

leased areas with economic grade ore, and the full mining was based on the a report by the New

Mexico Bureau of Mines and Mining Resources (U.S. DOE 1996-Appendix Mass).

The BLM has established a map on the possible economic minable ore around the WIPP site.

The CCA has identified this as the most conservative mapping of ore, but has refused to include

it stating that a significant volume of potash is not minable by today’s economic conditions.

Furthermore, the BLM map does not include nonminable regions for the existence of

hydrocarbon holes.  The EEG conducted a modeling study, which extends the area of minable

resources, while keeping all other modeling philosophy the same as it was in the CCA.  The EEG

does not believe that this resolves the modeling problems associated with that used in the CCA,

and extensive modeling will be conducted in the future.

3.2.6.  Spallings’ Calculations

The issue of spallings is very sensitive, with respect to codes, performance, and parameters.

Initially, the DOE used a spallings code to calculate the effects of high repository pressures on

releases during a human intrusion scenario in the CCA.  The code was found inadequate by the

Conceptual Models Peer Review Group (U.S. DOE 1996-Appendix Peer 5).  However, the

committee found the results in the CCA to be “reasonable” with further evidence from additional

modeling.

This further evidence uses more realistic conceptual models than were presented in the CCA,

implemented in a series of spreadsheets and numerical codes.  Further investigation of the

codes, by the EEG, found them to be inadequate to model all expected repository conditions.

For example, a slightly lower waste permeability than that in the CCA, caused the results

(volume of failed material that could reach the surface) to be quite unrealistic, with values as

high as 500 m
3
.  Other parameters used in the code, such as gas viscosity and drilling mud

density, also cause unexpected values.  It is EEG’s belief that none of the codes, in their present
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form, can adequately model all expected repository conditions to establish “justifiable” values for

releases to compare with 40 CFR Part 194.
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4. PROBABILITY MODELING OF DRILL INTRUSION RATES

4.1. Summary

This investigation included changing the deep drilling intrusion rates at the WIPP to estimate the

safety margin between assumed drilling rates and the drilling rate that first violates the standards

for compliance.  The CCA used a drilling rate of 4.68x10
-3

 boreholes/km
2
/yr over the 10,000 year

period of the repository.  The rates were increased in two simulations.  Additional modeling was

also performed with a 2.34x10
-3

 boreholes/km
2
/yr drilling rate to investigate the potential for

larger spallings releases due to higher pressures with a less frequent drilling rate.  The results

show a linear relationship between drilling rates and release limits.  A factor of safety of 23 was

calculated for the CCA drilling rate, with all other factors remaining the same as used in the

CCA.

4.2. Introduction

The consequence of future human intrusion scenarios into the Waste Isolation Pilot Plant was

investigated in the CCA (U.S. DOE 1996).  These scenarios were established according to the

EPA guidelines in 40 CFR Part 194 (U.S. EPA 1996b), and included the possibility of mining and

deep and shallow drilling for resources.

The guidelines state in 40 CFR Part 194.33 that the likelihood of a drilling intrusion into the

Delaware Basin for the future 10,000 years must be calculated by considering the frequency of

drilling for all resources over the past 100 years.  These numbers were calculated in the CCA,

Appendix DEL (Tables DEL-3 through DEL-7) and were used to calculate the CCDF curves for

the performance assessment calculations of the CCA.  A total of 46.8 boreholes per km
2
 were

estimated based on past drilling of resources at depths greater than 2150 meters, which equal

10,804 boreholes in 23,102.1 km
2
 (area of Delaware Basin).

The drill intrusion rate for the 10,000 year future of the WIPP was directly implemented in the

CCDF model, and was calculated to be equal to 0.00468 boreholes/km
2
/yr.  However, since the

future human activities are uncertain, the rate was changed to test the effects on the CCA

calculations.  The rates were increased by one and two orders of magnitude, and also decreased

by one-half.  New CCDF curves were generated based on the changes.

4.3. Methodology

The modeling of new drill intrusion rates were started at the code CCDFGF.  All steps up to

generating the new CCDF curves were exactly the same as CCA calculations.  The files needed

to conduct the modeling were fetched from the CMS library.  Figure 4.1. lists the steps involved
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in the modeling process with all input and output files.

The change of the drill intrusion rate was made in the file CCDFGF.SDB, a secondary database

file used in both preprocessing mode and normal mode of the CCDFGF code.  The parameter

LAMBDAD (number 3494) was changed, and the specifications can be found in Appendix PAR,

Table PAR-53 of the CCA (U.S. DOE 1996).  Drilling rates were changed to 4.68x10
-2

boreholes/km
2
/yr, 4.68x10

-1
 boreholes/km

2
/yr, and 2.34x10

-3
 boreholes/km

2
/yr in three

successive simulations.

CCDFGF
(preprocessor mode)

PREPRC.COM

CCDFGF
(normal mode)

CCDFGF_Rx_z.COM

CCDFSUM
CCDFSUM.COM

CCGF_CCA_HT_FRAC.DAT

EPU_CCGF_CCA_CCH.DAT
EPU_CCGF_CCA_CRH.DAT

CCGF_CCA_CH_TRU.DAT
SUM_CUSP_CCDFGF_Rx_Sy_q_Tttt.TBL

SUM_BF4_CCGF_CCA_Rx_Sy_q_Tttt.TBL

SUM_ST_CCGF_CCA_Rx_Sy.TBL
SUM_NUT_CCGF_CCA_Rx_Sy_Tttt.TBL

SUM_PANEL_CCA_CON_Rx_Sy.TBL
SUM_PANEL_CCDFGF_Rx_S6_ttt.TBL
SUM_ST2D3_CCGF_CCA_Rx_PM.TBL

SUM_ST2D3_CCGF_CCA_Rx_FM.TBL
(fetched)

CCGF_RELTAB_CCA_Rx.DAT

CCGF_MISC_POSTCCA_VERBOSE_z.INP

CCGF_REGION_CCA.INP
CCGF_NODE3_CCA.INP

CCGF_INV5_CCA.INP
LHS2_CCGF_DBG_Rx.DAT

CCDFGF.SDB (changed)

CCGF_POSTCCA_Rx_VERBOSE_z.DAT

CC_z_ij.EPS

LEGEND:
x = 1,2,3 replicates

y = 1,2 scenarios
### = 1 to 100 vectors

q = U or L

ttt = time of intrusion
z = 1,2 verbose number

i = plot number
j = simulation number

     Figure 4.1.  CCDFGF Flowchart
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Minor changes had to be made to the CCDFGF code in order to accommodate the higher drill

intrusion rates.  Currently, the maximum number of boreholes allowed in the code is 100;

MAXBH in CCDFGF.FOR limited the total number.  Therefore, the variable MAXBH was

increased from 100 to 100,000 in every subroutine of CCDFGF.FOR to allow for a greater

number of boreholes.  The code was recompiled with the specifications used for the CCA.

The CCDFGF was first run in preprocessor mode to generate the release table data, then in

normal mode.  The output files created by the normal mode of CCDFGF were postprocessed by

CCDFSUM, which created the printable ADOBE style postscript files.

4.4. Results

New CCDF curves were calculated for the changed drill intrusion rates, and are plotted in Figure

4.2. , which also shows the results from the CCA.  As expected, the increasing rate produces an

increase in releases, in as much to exceed the EPA maximum release limit at 4.68x10
-1

boreholes/km
2
/yr.  The relationship between drilling rate and actinide release also seems to be

approximately linear; one order of magnitude increase in drilling rate produces approximately

one order of magnitude increase in release.  Table 4.1. lists the releases for all three simulations

and the results for the CCA at a release probability of 10
-3

.  All releases are in EPA Units.

Figure 4.2. Total Normalized Release Limits for Changing Drilling Rates
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The drilling rate was also reduced by half to test a hypothesis about the increased gas pressures

with less intrusions.  The effect would most likely be seen in the low probability range, however

the releases decreased linearly with respect to drilling rate.

4.5. Conclusions

Drilling rates were changed from the original CCA calculations to test the effects of future

uncertainty.  The changes included two CCDFGF simulations which increased the deep drilling

rates by one and two orders of magnitude, and a simulation that decreased the deep drilling rate

by one-half.  The results are presented in Table 4.1. and Figure 4.2..

The future drilling rate used in the CCA, as specified by the EPA, estimated that the number of

boreholes for the next 10,000 years was an average from the last 100 years.  Of course there is

no possible way to predict human scenarios and the numbers used were more or less arbitrary.

However, the present study looks at several different drilling rates, and concludes that the

relationship is approximately linear between releases and drilling rates.  A drilling rate 23 times

greater than that prescribed by EPA and used in the CCA is needed to reach the EPA release

limit at a probability of 10
-1

 from values used in the CCA.  The overall mean for the highest

release at 0.468 boreholes/km
2
/yr exceeds the EPA limit of 10 EPA Units at a probability of 10

-3
.

While the drilling rate in the immediate vicinity of WIPP has been documented to be higher than

0.3 boreholes/km
2
/yr, that drilling rate was not anticipated to be sustained for any length of time

(Silva, 1994).

Simulation Deep Drilling
Rate
(bhs/km

2
/yr)

Total Normalized Releases at
a probability of 10

-1

(U.S. EPA Units)

Total Normalized Releases
at a probability of 10

-3

(U.S. EPA Units)

1 (CCA) 4.68x10
-3

0.059 0.21

2 4.68x10
-2

0.44 1.7

3 4.68x10
-1

4.1 17

4 2.34x10
-3

0.035 0.12

Table 4.1.  Total Normalized Release Limits at Different Deep Drilling Rates
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5. INDIVIDUAL AND COMBINED INFLUENCE OF PLUTONIUM SOLUBILITY

ON DIRECT BRINE RELEASE AND THE PROBABILITY OF HITTING

CASTILE BRINE

5.1. Summary

This investigation describes the influence of plutonium solubility and the probability of hitting

Castile brine on the potential and consequences of brine release to the surface through blowout.

The effects of these two parameters on the performance assessment, without changes to other

parameters, are investigated both individually and in combination.  Results are presented as a

comparison of CCDF for blowout and the total normalized surface release.  Changing these

parameters to more realistic values than used in the CCA increases releases but not

substantially.   Even calculations using plutonium solubility set to unrealistically high values do

not exceed the EPA standards for potential radioactive nuclide releases to the accessible

environment through a direct brine release scenario.  At the largest solubility values, the entire

plutonium inventory is in solution.  The release is, however, limited by the fraction of repository

brine brought to the surface.

The codes PANEL and CCDFGF are the primary codes used in this investigation.  The

investigation made use of the intermediate results of the performance assessment calculations.

The PANEL code created intermediate data files that are used later to incorporate plutonium

solubility influences in investigations of other parameters such as the Castile brine reservoir

parameters.

5.2. Introduction

The standards issued by the EPA for the safe disposal of TRU waste at WIPP require a

performance assessment of the WIPP repository in order to provide a reasonable assurance that

the potential radioactive nuclide releases to the accessable environment will not exceed the

limits established by the EPA.  The DOE has submitted an application (CCA) for the EPA to

certify that the DOE has demonstrated compliance with the EPA standards.  One of the potential

pathways for radionuclide release to the environment is through  unintended drilling into the

repository in the distant future.  If the pressure buildup in the repository due to chemical

reactions in the waste is sufficiently large then venting of the repository through a borehole could

bring radioactive brine to the surface.  The EEG contends that the oxidation states within the

repository assumed for plutonium in the CCA performance assessments are in error.  The

oxidation state assumption has a major influence on the amount of plutonium that may be in

solution in the repository brine and hence on the amount plutonium brought to the surface as a

consequence of drilling.
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The oxidation states of plutonium in certain WIPP brines have been the subject of some recent

studies (Reed et al. 1994, 1996; Rao 1996) and conclusions show that plutonium will exist in

oxidation state VI, reducing to V in some instances.  However, modeling of plutonium for the

CCA was conducted on Pu(III) and Pu(IV) using solubilities predicted by the FMT code, contrary

to the above experiments. The range for the plutonium solubility in the Salado brine for the CCA

was 4.4x10
-8

 M to 1.1x10
-4

 M.  The range for plutonium solubility in Castile brine was 5.7x10
-11

 M

to 1.4x10
-7

 M.  The changed oxidation states will effect the solubility of plutonium in the waste,

and change the amount of actinide release to the surface and Culebra.

The solubility of plutonium was changed from values used for oxidation states III and IV to those

measured in Reed et al. (1996).  The solubility of plutonium in the Salado brine was increased by

a factor of 20, and fell within the range suggested by the FMT calculations.  A more substantial

change was made in the solubility of plutonium in the Castile brine, increasing by almost 4 orders

of magnitude.  Table 5.1. lists the solubilities used in the CCA, suggested by DOE (1996) using

the FMT calculations, and the experimental results shown by Reed et al. (1996).

5.3. Methodology

The solubility change was implemented in the PANEL calculations for blowout considerations

only; the changes impacted the direct brine release portion of the CCDFs.  The change was

made to the source term file ALG_ST_CCA_Sy.inp, where Sy are the scenario numbers 1 and 2.

Only the first two scenarios are needed to obtain Salado and Castile brine radionuclide

concentrations.

The changed parameter in the source term file, DIS (dissolved solubility), was converted to a

constant equalling the solubilities measured in Reed et al. (1996) using ALGEBRA.  It was

previously a sampled parameter, with a range of -2 to 1.4 orders of magnitude difference from

that in the FMT calculations.  This was the only changed parameter, and the steps involved prior

to running the CCDFGF code follow the PANEL Concentration simulations in Stockman et al.

(1997). The flowchart in Figure 5.1. shows the steps involved through the entire process.  The

changed input file for ALGEBRA is identified in Figure 5.1. as input to the ALGEBRA Source

Term.

FMT Calculations Reed et al. 1996

Castile Brine 5.7 e-9 M 8.0 e-5 M

Salado Brine 4.4 e-6 M 9.0 e-5 M

Table 5.1.  Solubility of Plutonium as Determined by Experiment and FMT Calculations
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ALGEBRA
Source Term

ALG_PANEL_FIRST_Rx_Sy.
COM

PANEL
PANEL_FIRST_Rx_Sy.COM

ALGEBRA

ALGEBRA
ALG_PANEL_SECOND_RxS

y.COM

SUMMARIZE
CCDFGF

(preprocessor mode)
PREPRC.COM

CCDFGF
(normal mode)

CCDFGF_Rx_z.COM

CCDFSUM
CCDFSUM.COM

LHS3_ST_CCA_Ax_R###.CDB
(fetched)

ALG_ST_CCA_Sy.INP
(changed)

ALG_ST_CCA_Rx_Sy_V###.DBG
(discarded)

ALG_ST_CCA_Rx_Sy_V###.CDB

ALG_PANEL_CCA.CDB

ALG_PANEL_CCA.DBG
(discarded)

ALG_PANEL_CCA.INP
(fetched)

BF_POSTALG_CCA_R1_S6_V001.CDB
(fetched)

PANEL_CCA_CON_Rx_Sy_V###.CDB

PANEL_CCA_CON_Rx_Sy_V###.DBG
(discarded)

ALG_PANEL_CCA_CON_Rx_Sy_V###.CDB

ALG_PANEL_CCA_CON_Rx_Sy_V###.DBG
(discarded)

SUM_PANEL_CCA_CON_Rx_Sy.INP
(fetched)

ALG_PANEL_CCA_CON.INP
(fetched)

SUM_PANEL_CCA_CON_Rx_Sy.TBL

CCGF_CCA_HT_FRAC.DAT
EPU_CCGF_CCA_CCH.DAT
EPU_CCGF_CCA_CRH.DAT
CCGF_CCA_CH_TRU.DAT

SUM_CUSP_CCDFGF_Rx_Sy_q_Tttt.TBL
SUM_BF4_CCGF_CCA_Rx_Sy_q_Tttt.TBL

SUM_ST_CCGF_CCA_Rx_Sy.TBL
SUM_NUT_CCGF_CCA_Rx_Sy_Tttt.TBL
SUM_PANEL_CCDFGF_Rx_S6_ttt.TBL
SUM_ST2D3_CCGF_CCA_Rx_PM.TBL
SUM_ST2D3_CCGF_CCA_Rx_FM.TBL

(fetched)

CCGF_RELTAB_CCA_Rx.DAT

CCGF_MISC_POSTCCA_VERBOSE_z.INP
CCGF_REGION_CCA.INP
CCGF_NODE3_CCA.INP

CCGF_INV5_CCA.INP
CCDFGF.SDB

LHS2_CCGF_DBG_Rx.DAT

CCGF_POSTCCA_Rx_VERBOSE_z.DAT

CCGF_CCDFGF_POSTCCA_Rx_VERBOSE_z.DAT

CN_z_ij.EPS

LEGEND:
x = 1,2,3 replicates
y = 1,2 scenarios

### = 1 to 100 vectors
q = U or L

ttt = time of intrusion
z = 1,2 verbose number

i = plot number
j = simulation number

Figure 5.1.  Flowchart of PANEL Simulations
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Figure 5.1. shows a listing of all the programs needed to run the entire PANEL concentration

simulation, and are represented as rectangles.  The rectangles list the names of the executable

code and the script (if available) used to run the code.  Arrows in and out of the rectangle show

which files went into and came out of the code execution.

Script files were created to automate the process of running all one hundred vectors for each

replicate and scenario for each step.  These script files also help to ensure reproduceability of

the calculations.  Any additional files needed for code execution were fetched from the CMS

library, and erased after use.  For example, LHS files were needed to run the source term portion

of ALGEBRA.  The files LHS3_ST_CCA_Ax_R###.CDB (where Ax represents the replicate

number and R### are the vectors 1-100) were fetched from the library LHS, and discarded

afterward to conserve drive space.

The PANEL calculations were postprocessed by SUMMARIZE and used in CCDFGF to generate

new CCDF plots.  The CCDFGF was first run in the pre-processor mode, then in normal mode to

produce the results.  The CCDFGF calculations were then post-processed by CCDFSUM to

produce postscript files that are printable.

5.4. Results

The CCDF plot created from CCDFSUM for blowout calculations can be seen in Figure 5.2., with

the corresponding CCA plot in Figure 5.3..  Each line represents the probability of a magnitude of

release in EPA Units for different vectors of sampled parameter values.  The plots are from

replicate R1.  The highest release from a vector at 10
-3

 probability is less than 1.0 EPA Units.

However, this is an increase from the CCA calculations which show the highest vector at less

than 0.2 EPA Units at the same probability level.

The plot in Figure 5.4. shows an overall mean increase in blowout normalized release for the

increased solubility and the CCA calculations.  At the 10
-3

 probability level, the release increases

in EPA Units from 0.04 to approximately 0.13.  This does not violate the EPA release limit, which

limits a release of 10.00 EPA Units (3440 Ci) at 10
-3

 probability.

Further experimentation of the blowout calculations included changing the parameter which

controls the probability of a drill intrusion into the Castile brine.  In the CCA calculations, this

parameter was set to 8 %.  The influence of this parameter was tested at higher values at 50 and

100%.  These values were based on the potential that the Castile reservoir size encountered by

WIPP-12 (Chaturvedi et al. 1997) extends below the waste area.  It should be noted that the
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probability parameter is located in the ‘Region and Panel Parameters File’

(CCGF_REGION_CCA.INP) at position 9, but is overwritten by parameter 3493 in the secondary

database file (CCDFGF.SDB).

Figure 5.2. Blowout Releases for Increased Solubility

Figure 5.3. Blowout Releases for CCA Calculations
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Figure 5.5. shows the overall mean from the total normalized release calculations from the  three

simulations of 8, 50, and 100% probability as it compares to the CCA.  The greatest release

came from the 100% probability of Castile brine intrusion, with a value of 0.31 EPA Units at a

probability of 10
-3

, which is less than the 10.0 EPA Units established by the EPA as the

maximum allowable release limit.  The calculated releases at the 10% level are only slightly

effected.

Lastly, the solubility of the plutonium in the Castile and Salado brines was increased further to

test the limits and compare values for the previous simulations.  The solubilities were increased

from  8.0x10
-5

 M and 9.0x10
-4

 M to 8.0x10
-4

 M, 8.0x10
-3

 M, and 8.0x10
-1

 M for both brines.

These values have no justification other than testing the limits of the code with respect to more

suitable values.  The probability of hitting a brine reservoir was returned to 8%.  The results were

plotted in Figure 5.6., showing the increased solubilities compared to the the CCA calculations

and solubility of 8.0x10
-5

 M and 9.0x10
-5

M in the Castile and Salado, respectively.  For each

increased solubility simulation, the release increased to a threshold limit at approximately

8.0x10
-3

 M, above which the solubility had no further effect on the calculations.  All releases

stayed below the EPA limit, with the maximum reaching 1.3 EPA Units at solubilities of 8.0x10
-3

M and above.

Table 5.2. lists all simulations conducted showing releases at 10
-3

 probability.

Figure 5.4. Overall Mean of Blowout Normalized Releases
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5.5. Conclusions

Additional PANEL simulations were performed to test the effect of plutonium solubility on the

CCDF calculations in the CCA.  The solubility was changed in both the Castile and Salado brine

from a ranged parameter to a constant value.  Six simulations were conducted that tested the

overall effectiveness of the changes, which included changes in the solubility and Castile brine

intrusion probability.  Table 5.2. lists the results from each simulations as compared to the CCA

calculations.

Simulation
Number

Simualtion Description Blowout Release
Overall Mean
(U.S. EPA Units)

Total Release Overall
Mean (U.S. EPA Units)

1 CCA 0.04 0.21

2 8.0x10
-5

M, 8% probability 0.13 0.29

3 8.0x10
-5

M, 50% probability 0.17 0.30

4 8.0x10
-5

M, 100% probability 0.18 0.31

5 8.0x10
-4

M, 8% probability 1.0 1.0

6 8.0x10
-3

M, 8% probability 1.3 1.3

7 8.0x10
-1

M, 8% probability 1.3 1.3

Table 5.2.  Releases for PANEL Simulations at 10
-3

 Probability

Figure 5.5. Total Normalized Releases with Increasing
Probability of Hitting Castile Brine Reservoir
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As expected, the simulations seemed to be more sensitive to the increased solubilities than the

increased Castile intrusion probability.  The one order of magnitude increase in solubility from

8.0x10
-5

 M to 8.0x10
-4

 M increased releases by 0.87 EPA Units, whereas the one order of

magnitude increase in probability of hitting the Castile brine resevoir from 8% to 100% only

increased the releases by 0.08 EPA Units.  The releases continued to increase with increasing

solubility to a threshold of 8.0x10
-3

 M.  Above this solubility no additional increase was

calculated, and was most likely limited by the amount of direct brine release.  Also, one should

note the nonconstant increases in total normalized releases compared to the blowout normalized

releases of Table 5.2.  The increased solubility of plutonium affects the direct brine release

calculation enough to make it a dominate release mechanism for Simulation #5, for probabilities

lower than 10
-2

.  Lower solubilities (less than 8x10
-4

 M) mask the effect of the actinides in

solution.

The curves represented in Figure 5.6. show the increasing total normalized releases with

increasing plutonium solubility in both the Castile and Salado brine, with a maximum release of

1.3 EPA Units at 8.0x10
-3

 M at a 10
-3

 probability.  The EPA limit suggests that releases remain

below 10.0 EPA Units at the probability of 10
-3

, therefore rendering all justifiable plutonium

solubilities conservative with the current amount of brine release.  Additional studies should be

conducted in which the amount of brine volume increases with the increasing solubility.

Figure 5.6. Overall Mean of Blowout Releases with Increasing Solubility



47

6. TRANSPORT MODELING OF KdS

6.1. Summary

A modeling study was performed to investigate the roles of chemical retardation through the

Culebra aquifer at the WIPP repository.  The transport code SECOTP2D was used by varying

the values of the partition coefficient (Kd) from that used in the Performance Assessment of the

Compliance Certification Application for several key actinides.  The results show that the

assumed sorption of radionuclides to the surrounding rock matrix coupled with the amount of

actinides reaching the Culebra produce very low releases compared to the 40 CFR 191(U.S.

EPA 1996a) containment requirements.

6.2. Introduction

The concern of actinide transport through the Culebra has prompted a modeling study by the

EEG that investigates the consequences of radioactive wastes to sorb onto the aquifer material

through the evaluation of Kds.  The matrix partition coefficient, or Kd, is a species dependent

property that varies depending on the sorbing material type, which describes the amount of

waste that can be chemically bonded to the matrix adsorbed through ion exchange.

Results of various laboratory experiments to determine the Kd of plutonium, uranium, americium,

thorium, and neptunium were reported by Brush and Storz (1996).  However, the values obtained

from the experiments and the statistical representations that are used for modeling the

coefficients were questioned by the EEG (EEG 1997a; 1997c).  The EEG argues that the data

for Kd values are too limited to justify the current range in the CCA, the amount of organic

ligands that will bind with the actinides is much higher than that assumed by the DOE, and a

uniform distribution as a representation for all data is unjustified.  Therefore, transport modeling

of the transuranics using other Kd values were investigated to determine whether chemical

retardation is needed to meet compliance standards established by the EPA.

6.3. Methodology

The modeling of the partition coefficient was conducted using the Sandia transport code,

SECOTP2D version 1.30.  For the present study, the groundwater flow calculations were not

rerun and grid velocity files were fetched from the CMS.
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The only files that were modified for transport simulations were the input file for the ALGEBRA

code and the input file for SECOTP2D.  The ALGEBRA file, ALG_ST2D_CCA.INP was altered

by changing the way the retardation was being calculated.  A new value was substituted for the

partition coefficient.  The input file for SECOTP2D was changed by specifying the transport of

only one actinide.  Figure 6.1. shows the stream of codes used in modeling with SECOTP2D.

 6.4. Transport  Modeling Of Plutonium

The importance of the partition coefficient was investigated by Blaine (1997).  The investigation

found that a value of 3 
ml

/g was sufficient to retard plutonium through the Culebra for a “worst

case” vector.  The study was meant to test minimum values of Kd for violation of the EPA

standards.  The worst case vector included the minimum advective porosity of the Culebra

matrix (0.0001), the maximum diffusive porosity of the Culebra matrix (0.25), and the largest half

matrix block length (0.5) that were estimated in the CCA.  The vector was also tested against

POSTSECOTP2D

ALG_ST2D_CCA.INP
(changed)

PRESECOTP2DRELATE

SECOTP2D

ALGEBRA

LHS_ST2D_CCA_Ax_R###.CDB
(fetched)

REL_ST2D_CCA.INP
(fetched)

REL_ST2D_CCA_Rx_V###.CDB

REL.DBG
(dicarded)

ALG.DGB
(discarded)

ST2D1_CCA.INP
(changed)

ST2D1_CCA_Rx_V###_mt.VEL

ST2D1_CCA_Rx_V###_mt.PRP

ST2D1_CCA_Rx_V###_mt.INP

ST2D1.DBG
(discarded)

ST2D3_CCA_Rx_V###_mt.CDB
(input to CCDFGF)

ST2D3.DBG
(discarded)

ST2D2.DBG
(discarded)

ALG_ST2D_CCA_Rx_V###.CDB

GM_ST2D.CDB
(fetched)

SF2D3_CCA_VELOC_Rx_V###_mt.TRN
(fetched)

ST2D3_CCA_Rx_V###_mt.BIN

LEGEND
mt = FM or PM
x = Replicate (1-3)
### = Vector (1-100)

Figure 6.1. Flowchart of SECOTP2D Runs
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larger half matrix block lengths, of up to 1.0 m.  The latter model showed that a value of 15 
ml

/g

for Kd was needed to chemically retard the species adequately to meet EPA regulations.

The above experiment studied the phenomenon of small Kd quite thoroughly.  However, Kds

smaller than 1 
ml

/g were never investigated.  Therefore, the present study changes the CCA Kd

values from that generated from a range for performance assessment calculations to a model

that assumes a very small mass fraction (1%) of the radionuclides have a Kd equal to zero.  This

effect allows the waste to move through the aquifer unretarded.

The justification for using Kd of zero is summarized in Channell (1997).  The evidence,

reproduced here, that support the 1% Kd=0
 ml

/g:

(1)  A fraction of the actinides is likely to be in organic complexes or chelated.

Experimental evidence suggests that these conditions will drastically reduce Kd

values.

 

(2)  Column infiltration experiments have shown that small fractions of transuranic

radionuclides will move through natural rock columns at or near the speed of water.

These radionuclides are not in complex or chelated form.

The first experiment simulated plutonium moving through the Culebra with a fraction of the

contaminate having a zero Kd.  The original PA groundwater flow calculations from SECOFL2D

were used to obtain velocity and discretization (spatial and temporal) information for transport

calculations.  The original PA assumed  that 1 kg of waste would be brought to the surface

through a human intrusion borehole.  The 1 kg was assumed to be a unit mass of release to the

Culebra and is coupled later with the actual amount that is released from the repository through

the code CCDFGF.  Hence, 0.01 kg was accepted for a 1% Kd =0 
ml

/g transport simulation.

Transport simulations were conducted on 100 vectors of both full and partial mining of the first

replicate.  Results of the modeling efforts are presented as integrated discharge and contour

plots of waste concentration.  Figure 6.2. shows the partial mining scenario with integrated

discharges at 10,000 years (on log10 scale) as a function of vector number.  The integrated

discharge is the fraction of waste mass that crosses the Land Withdraw Boundary (LWB) at a

given time.  Hence, an integrated discharge value of 0.001 kg is equavelent to 10% of the

original waste mass crossing the LWB in 10,000 years.  All parameters for the present study

were kept the same as that used in the CCA, except for the partition coefficient.
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In the CCA calculations, there were no vectors with discharge across the boundary at 10,000

years for the first replicate.  All actinides were retarded sufficiently and were kept from migrating

any substantial distance from the intrusion borehole.  Retardation values for plutonium ranged

from 216 to 455492 in the PA and were calculated from a linear isotherm.  Plutonium retardation

for the present model was a single value of 1.0 for all vectors.  As a result of lower retardation, a

substantial number of vectors showed releases across the LWB.

Figure 6.3. shows a contour plot of vector 4 of replicate 1 for plutonium migration with 1% of the

Kd=0
 ml

/g for the partial mining scenario at 10,000 years.  The isopleth concentration levels in

kg/m
3
 are equivalent to that seen in the Analysis Package, Task 3 (Ramsey and Wallace 1997)

with darker shades indicating lower concentrations.  The integrated discharge for the plot is

91.9%.  The areal view of the figure indicates the location of the Waste Panel Area and the Land

Withdraw Boundary in relation to the plume’s spread, with the ordinate and abscissa marking

1000 m distances between ticks.  An asterisk around the center of the plume designates the

highest concentration in kg/m
3
, which is not to be confused with the centroid of the plume.  The

figure shows that the plutonium moves quite quickly (relative to 10,000 years) through the

Culebra, and a significant amount passes through the Land Withdraw Boundary in 10,000 years.
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Figure 6.2.  Integrated Discharge vs. Vector Number for Partial Mining Scenario at
10,000 Years
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Figure 6.4. shows the releases for the vectors of the full mining scenario of replicate 1.  Again,

none of the PA calculated vectors in the CCA had releases across the LWB in 10,000 years.

This is a large contrast to the present model, where a substantial number of vectors crossed the

LWB.   Approximately half of the total vectors have at least 1% discharge across the Land

Withdraw Boundary in 10,000 years in both full and partial mining scenarios.

Though many vectors seem to have a high release, one vector in particular, Vector 20, stands

out as a possible error.  The discharge across the LWB is 0.0135 kgs, normalized to 135% of the

original mass entering the Culebra.  The obvious error of the overcalculated mass could be

attributed to the large mass balance error (-0.3619 kgs) associated with the calculation.  These

errors are documented for SECOTP2D version 1.30 by the EPA (U.S. EPA 1997) and the DOE

(U.S. DOE 1997c).  The EPA’s request for additional information about the mass balance

calculations in the PA prompted a study in (Ramsey and Treadway 1997) on the extent of the

errors associated with the code.  Their findings demonstrated that the major problems of mass

conservation are attributed to the boundary conditions on the southern-most boundary.  The total
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Figure 6.3. Plutonium Concentration (kg/m^3) for Replicate 1, Vector 4, Partial Mining
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variation diminishing (TVD) differencing scheme in combination with large Courant numbers

were the culprit  and was subsequently fixed in version 1.40.  However, this version was

unavailable at the time of these simulations.

The effect of the nonconservative models is uncertain.  The problem lies on the southern

boundary, where most of the nuclides are transported across the LWB.  The mass balance error

has been quantified in a single vector (EEG 1997b) for all five nuclides as approaching 100%.

The error shows a large underestimation of transport decreasing in time, and yet it cannot be

reasonably assumed that all vectors are underestimated, since Vector 20 in the present model

shows an overestimation of 35%.

Figure 6.5. shows a similar plot to that of Figure 6.3.:  plutonium concentrations for Vector 58 of

the full mining scenario.  The discharge across the LWB for Vectors 58 is 88.6%.  The slight

difference in discharge between the two figures is compensated greatly in Figure 6.5. by the

areal extent of higher concentrations.  The isopleths indicating 1.0x10
-9

 kg/m
3
 has a farther and

more continuous reach than seen in Figure 6.3.  Conceptually, this could have a greater impact

on future generations who may drill into the aquifer, especially if they were in a direct

downstream pathway from the source of the highest concentration.
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Figure 6.4. Integrated Discharge vs. Vector Number for Full Mining Scenario at 10,000 
     Years with 1% of Plutonium Having a Kd of Zero



54

The combined effort of the partial and full mining scenario modeling with a 1% Kd=0 
ml

/g can be

seen in the CCDF plots of Figure 6.6.  The plot demonstrates a probability associated with a

release from the Culebra in EPA units.  This figure shows that the consequence of a one percent,

zero matrix distribution coefficient for plutonium has virtually no effect on compliance.  Only 10

vectors appeared on the plot, with the mean of all vectors superimposed on the figure.  At a

probability level of 10
-3

, less than 10
-4

 EPA units will be released from the Culebra.  The EPA

limit for a 10
-3 

probability is 10 EPA units.  The extremely low consequence is attributed to the

coupling of the releases to the Culebra that were calculated through NUTS and PANEL.  Table

6.1. lists the releases of plutonium-239 and the total for all actinides for scenarios 2 through 6 to

the Culebra.  Scenario 1 assumes no human intrusion, therefore no waste is released from the

repository to reach the Culebra aquifer.  The low releases seen in Table 6.1. confirms the low

probabilities associated with the radionuclides reaching the assessible environment.
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Scenario Intrusion
Time
(yr)

Pu-239
Releases
(U.S. EPA

units)

Total for all Actinides
(U.S. EPA units)

2 100 0.045 6.62

350 0.044 6.04

1000 0.044 2.19

3000 0.32 0.36

3 5000 0.24 0.24

7000 0.14 0.14

9000 0.035 0.04

4 100 20.8 21.1

350 20.1 20.4

1000 18.2 18.4

3000 11.5 11.6

5 5000 5.57 5.62

7000 1.09 1.10

9000 0.027 0.03

100 0.43 95.0

350 0.42 68.7

6 1000 0.41 26.0

2000 0.39 5.57

4000 0.66 0.79

6000 0.47 0.49

9000 0.18 0.20

Table 6.1.  Maximum Releases of Plutonium-239 and Total for all Actinides to the Culebra
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6.5.  Probability  Modeling Of Actinides

Finally, the CCDF code was run assuming that 100% of all actinides that reached the Culebra

crossed the boundary, instantaneously.  This scenario can be used as an upper end bounding

case for transport through the Culebra.  The simulation was run for the first replicate only, and

was found to fail the EPA compliance criteria at 10
-3

 probability, as seen in Figure 6.7.  Yet, one

should not reach a conclusion that Kd could have significance from this plot.  Further

investigation shows that the failure is due to a single vector of high plutonium release to the

Culebra.  The transport coupled with the actinide source calculations from NUTS and PANEL

may pose a possible threat in the 10,000 year future of the repository, but the transport alone,

keeping all other parameters the same, is inconsequential.

6.6. Conclusions

The main focus of this study was to model the transport actinides through the Culebra Dolomite

at the WIPP with a small portion of the radionuclides being nonreactive to the surrounding

dolomite rock.  Plutonium and uranium were simulated with a matrix partition coefficient (Kd)

equal to zero.  Probability modeling was also conducted on all actinides to test the robustness
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and consequences of all the actinides crossing the LWB in 10,000 years.

The plutonium simulations included 100 vectors for each partial and full mining scenarios for a

single replicate.  The results were summarized and incorporated into the CCDF curves of the

CCA, as seen in Figure 6.6.  Over half of the vectors (approximately 100 out of 200 vectors) had

releases of at least 1% across the accessible boundary, which is substantial compared to the

number that crossed in the CCA (zero out of 200).  However, after coupling these unit releases

with the actinide sources in NUTS and PANEL, the releases were shown to have negligible effect

on the overall CCDF.
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7. CASTILE BRINE RESERVOIR PARAMETERS

7.1. Summary

The results of a sensitivity analysis for several key parameters dealing with the Castile Reservoir

and waste permeability are reported in this chapter.  The modeling starts with flow calculations

within the Salado Formation using BRAGFLO, and finishes by incorporating the results of the

amount of solid waste and brine that may be ejected from an inadvertent human intrusion using

CUTTINGS_S and BRAGFLO_DBR into a CCDF.  The changed modeling parameters include

Castile Reservoir volume, rock compressibility and permeability, and waste residual brine

saturation and permeability.  The results show that the overall mean of the CCDF does not

increase above that seen in the CCA when all other performance assessment assumptions are

used.  The CCDF shows a trivial increase in releases when the probability of actually hitting the

Castile reservoir increases from 8 to 100%.

7.2. Introduction

The pressurized Castile brine reservoir that underlies the Waste Isolation Pilot Plant has been

the subject of many debates on its extent and importance (EEG 1997b; 1997d; Silva 1994; U.S.

DOE 1997a; Beauheim 1997).  The scientists who setup the CCA performance assessment

calculations recognized the fact that the brine could play a significant role in the degradation of

wastes and waste container, if an inadvertent drilling intrusion were to pass through the

repository to the brine reservoirs below, by assigning two of the six scenarios to calculate the

effects of the breach.  However, the characterization of the parameters associated with the

reservoir were undermined by associating them to data that clearly lies outside of the domain of

the repository.  The more realistic parameter values proposed by the EEG could potentially

demonstrate higher direct brine releases to the surface, affecting the compliance of EPA

standards in the 40 CFR 191.  Therefore, additional calculations were performed using more

reasonable parameters for the simulation of Castile brine migrating into the repository.  These

calculations are referred to as the Castile Simulation.

7.3. Reservoir Parameters

Reservoir parameters used in performance assessment calculations were derived from borehole

information that lie mainly outside the domain of the WIPP repository.  The distance to these

boreholes ranged from 3.75 miles to over 11 miles from the repository center.  Figure 7.1. shows

the location of some of the boreholes used to characterize the Castile brine reservoirs.  Two

boreholes in particular, WIPP-12 and ERDA-6, stand out, as they were used most frequently to

define Castile Reservoir parameters.  The depths of these two boreholes vary significantly.
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WIPP-12 was bored into the Anhydrite I layer of the Castile to 3925 feet, whereas ERDA-6 had a

total depth of 2775 feet into the Anhydrite II layer.

New values were assigned to several parameters that describe the Castile brine reservoir based

on WIPP-12 data that is more closely identified to the conditions at the repository.  The WIPP-12

borehole, is located within the WIPP site, one mile north of the repository.  The borehole was

originally drilled in 1978 and deepened in 1981 at the request of the EEG, which caused the

repository to be moved south after brine was encountered at the borehole.  The borehole

experienced brine flow to the surface when drilling reached a depth of 3012 feet (D’Appolonia

1982).  While extending the borehole to depths greater than 3,900 feet, a total of 80,000 barrels

was allowed to flow from the borehole.

7.3.1. Productivity Ratio

The parameters associated with describing the Castile brine reservoir include reservoir volume,

rock compressibility, reservoir pressure, and permeability.  The correlation of volume and rock

compressibility was recognized when Beauheim (1997) described a ratio based on these

parameters.  The productivity ratio is the product of the brine volume and rock compressibility by

the porosity:  PR =  V
Cr

θ
, where V is volume, Cr is rock compressibility, and θ is porosity.  This
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value was identified by Beauheim (after CCA calculations were completed) to a range of 0.0007

m
3
/Pa to 0.04 m

3
/Pa.  The range was based on more relevant data.  The CCA calculations  had

a range that varied from 5.3x10
-5

 m
3
/Pa to 0.06 m

3
/Pa.

Beauheim’s new range was based on borehole data from ERDA-6 and WIPP-12.  Both borehole

encountered brine in the Castile formation, and it was assumed conservative that parameter

values should include data from both boreholes to cover the uncertainty in a possible reservoir

under the repsoitory.  However, using the lower value of the range, calculated from the ERDA-6

borehole, seems unjustified for the repository.  The borehole is located approximately 6.4 km (4

miles) northeast of the site, and much less brine was encountered, compared to the WIPP-12

borehole.  The upper value in the range was calculated from WIPP-12 data.  Figure 7.2. shows

the productivity ratios of the CCA with the new range suggested by Beauheim and where the

WIPP-12 data lie.

A single productivity ratio value for WIPP-12 is the basis for additional simulations by the EEG.

The value of 0.04 m
3
/Pa eliminates the dependence on boreholes in the far field, and places it

solely on the importance of WIPP-12.  The value is constructed by choosing a single value for

the brine volume size and rock compressibility, and using the CCA value for porosity.  The basis

for the new volume and compressibility values are discussed below.
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7.3.1.1. Castile Brine Volume

Though unimportant as an individual concern in calculating the reservoir’s function in the

performance of the disposal system, the volume of the Castile brine may show the extent to

which the reservoir attenuates underneath the repository.  Chapter 5 of this report discusses the

possibility of a higher probability associated with striking a pressurized brine reservoir.  If the

volume is grossly underestimated, then the likelihood of an encounter is low.  The CCA values in

the performance assessment used five different volumes:  32,000 m
3
, 64,000 m

3
, 96,000 m

3
,

128,000 m
3
, and 160,000 m

3
.  The smallest of these was calculated from WIPP-12 data

assuming a compressibility of 5 x 10
-12

 Pa
-1 

and porosity of 0.008 (Larson and Freeze 1996).  A

maximum calculated reservoir volume of 64,000,000 m
3
, based on a compressibility of 10

-8
 Pa

-1
,

was rejected by assuming either that multiple intrusions into the reservoir would deplete the

availability of brine, or that the brine reservoirs were not interconnected with highly conductive

fractures to produce a single large combined volume.  It was theorized that small, highly

pressurized brine reservoirs would produce higher brine flow to the repository than large

depressurized pockets.

The report describing the WIPP-12 brine reservoir data (D’Appolonia 1983) lists a calculated

volume of 2,700,000 m
3
, based on pore compressibility values different from the CCA values

(discussion below).  When the range was suggested by Beauheim (1997) to be 100,000 -

1,700,000 m
3
, the performance assessment calculations were already complete and the change

was postulated to have no effect on compliance due to the single importance of the productivity

ratio.  However, new calculations should be performed to include a more reasonable brine

reservoir volume from more relevant data.

7.3.1.2. Rock Compressibility of Castile Reservoir

The rock compressibility data for the performance assessment calculations were established on

laboratory measurements of an Anhydrite III core from the WIPP-12 borehole, in-situ hydraulic

testing of Salado anhydrite and halite, and textbook ranges (Freeze and Cherry 1979) of fracture

rock compressibility.  The compressibility was calculated from Equation 6-3 in (Beauheim et al.

1990),

C

K
4G

3

r =
+

1
,

where K is the grain modulus (or bulk modulus) and G is the shear modulus.  The bulk modulus

of the Anhydrite III core was estimated to be 6.9x10
10

 Pa, but a value of shear modulus was not
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known.  It was determined that G was approximately 1/3 K for Salado anhydrites (Beauheim et

al. 1990), and again was used in calculating the compressibility for Castile anhydrite.  Hence, the

core data indicates Cr = 1x10
-11

 Pa.  However, the range was changed based on hydraulic testing

performed on Salado anhydrites and halites.  The lower compressibility value in the CCA range

was calculated to be 5x10
-12

 Pa
-1

, and the upper value was from the textbook value of 1x10
-8

 Pa
-

1
 based on the potential effects of the fracture on formation compressibility.

The compressibility was determined in an earlier report (D’Appolonia 1983) based solely on the

bulk modulus and porosity from the equation,

C  =  
1

  K
r φ

,

where φ is the porosity and ranges from 0.001 to 0.01 in Castile anhydrites.  This definition of

compressibility was derived from the basic understanding of the compressibility in porous media.

The values for compressibility were calculated to be 1.45x10
-7

 Pa
-1

 to 2.9x10
-9

 Pa
-1

 with bulk

moduli ranging from 6.9x10
9
 Pa to 3.45x10

10
 Pa.  Therefore, it is possible that the range used in

the CCA are too small.  A larger value is suggested here, that would correlate with the volume to

produce a productivity ratio of 0.04 m
3
/Pa.

7.3.2. Castile Reservoir Pressure

The initial pressures of the Castile reservoir ranged from 11.1 MPa to 17.0 MPa in the CCA

calculations based on observed data from four boreholes drilled to depths of the Castile

formation.  The WIPP-12 data were clearly the best measured values with a pressure at 12.7

MPa (Larson and Freeze 1996), but the range was extended to include the Covington (Figure

7.1.) and ERDA-6 data and adjusted for lithostatic pressures at the WIPP level.  The adjusted

range for CCA calculations should have been 11.1 MPa to 16.4 MPa, but was increased to 17.0

MPa.  Although higher values are more conservative, the most reasonable value should be used.

EEG used a fixed Castile reservoir pressure of 12.7 MPa.

7.3.3.  Castile Reservoir Permeability

The permeability of the Castile reservoir ranged from 1.6x10
-10

 m
2
 to 2.0x10

-15
 m

2
 in the CCA

calculations.  The calculations performed by the EEG used slightly different values, ranging from

5.8x10
-11

 m
2
 to 5.8x10

-15
 m

2
.  The new values used a median of 5.8x10

-13
 m

2
 based on

Beauheim (1997) and were increased and decreased by two orders of magnitude to create the

upper and lower values in the range, to cover uncertainty.  The role of the Castile permeability is

relatively unimportant, and does not affect the amount of brine that eventually migrates upward

to the Culebra.  The flow of brine up the borehole is controlled by the borehole permeability.
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However, the Castile brine movement will affect the amount of brine that will reach the repository

to be released through a breach.  With the small changes in this parameter, it is unlikely that it

would have a significant affect on the new calculations.

7.3.4.  Other Parameter Changes

Since the simulations using the changed parameters as suggested by the EEG would take a

considerable amount of time to complete, it was reasoned that two additional parameters would

be included in the Castile Simulation.  The two parameters are waste permeability and waste

room residual brine saturation, and each describe different processes of the repository.

7.3.4.1.  Waste Permeability

The permeability of the waste in the repository was a constant in the CCA, equal to 1.7x10
-13

 m
2
.

This value was derived from consolidated waste made from sludge, combustibles, and metals.

However, a peer review (U.S. DOE 1996-Appendix Peer 1) of the work found an error in the

calculation and suggested a new value of 2.4x10
-13

 m
2
.  The new value will allow a higher brine

flow through the repository, up the borehole, and to the surface.  It will directly impact the

amount of direct brine releases, and a constant value of permeability is more conservative than

a range of values, which would incorporate lower values.

7.3.4.2.  Residual Brine Saturation

The parameter for residual brine saturation is used in calculating the relative permeability of

brine in the waste and to define the capillary pressure curves for the models of partial saturation.

The number is expressed as a fraction between 0 and 1, and brine is immobile when the brine

saturation is below the value of the parameter.  Therefore, this parameter may be very important

in postulating the amount of brine that will move through the waste area up the borehole to the

surface.  Numbers that are too large will inhibit brine movement.

The data used in calculating the residual brine saturation in the CCA does not relate to any

material from the waste or the disposal system.  Instead, the data are typical values from

literature for unconsolidated material, ranging from 0.0783 to 0.560.  However, the largest value

in the range is from a consolidated sandstone.  The EEG believed that this value should be

ignored, and the range reduced with an upper value of 0.318 (from fragmented sandstone).  The

EEG has since concluded that the original range used in the CCA was appropriate and that the

calculations performed in this analysis are conservative, due to the consolidation of waste after

creep closure of the rooms.
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7.4.  Methodology

The objective of the new calculations was to determine the change in the amount of radionuclide

release from the repository due to the changes in the Castile reservoir and waste area

parameters.  This was accomplished by (1) running BRAGFLO to determine the brine

saturations, pressures, and repository porosities, (2) running CUTTINGS to determine the

amount of solid material that would be brought to the surface and to establish initial conditions to

be used in BRAGFLO_DBR and (3) running BRAGFLO_DBR, which uses the data from

CUTTINGS and BRAGFLO to calculate the volume of brine released from the repository.  Each

code required a set of separate steps to run, and are presented below.

7.4.1.  BRAGFLO Calculations

The only changes in running the suite of codes was in BRAGFLO.  Table 7.1. lists the

parameters and the values that were used in the CCA, suggested ranges by Beauheim (1997),

POSTLHS

LHS3_BF_CCA.INP
(fetched)

LHS

BF3_CAS_Rx_Sy_V###.CDB

LHS1_BF_CCA_TRN_Rx.OUT
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BF2_'str'.SUM
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ALGEBRA
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BF3.DBG
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Figure 7.3. Flowchart for BRAGFLO Calculations
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and the new range for the present EEG calculations.

The changes in the simulations started at the LHS files.  The values and ranges were modified to

reflect the new selected parameters.  Figure 7.3. shows the flowchart of the BRAGFLO suite of

codes and where the changes were made.   The massive amount of files created from the

Simulation Log Reservoir
Permeability
(log m

2
)

Initial
Pressure
(MPa)

Log Rock
Compressibility
(log Pa

-1
)

Reservoir
Volume (m

3
)

Waste
Permeability
(m

2
)

Waste Room
Residual Brine
Saturation

CCA -9.8 to -14.7
11.1 to
17.0 -8 to -11.3

32,000 to
160,000 1.7x10

-13
0 to 0.552

Beauheim
(1997) -10.2 to -14.7

11.1 to
16.5 -9 to -10.7

100,000 to
1,700,000 NA NA

EEG
*

-10.23 to
-14.23 12.7 -8.66

*
160,000

*
2.4x10

-13
0 to 0.318

Table 7.1. Castile Reservoir Parameter Suggestions

*
BRAGFLO only allowed the choice of 5 volume sizes: 32,000 m

3
, 64,000 m

3
, 96,000

m
3
, 128,000 m

3
, and 160,000 m

3
.  The largest volume size available was chosen and

the compressibility was calculated based on a productivity ratio of 0.04 m
3
/Pa.  The

porosity for the calculation remained at 0.0087.  If the recommended volume of
2,700,000 m

3
 could have been chosen as the measured size, then the log

compressibility value would be -9.88 log Pa
-1

 (1.28x10
-10

 Pa
-1

).
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Figure 7.4. Flowchart of CUTTINGS_S Simulations
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simulation allowed only two files from each vector to be retained, the postprocessed BRAGFLO

file, BF3_CAS_R1_Sy_V###.CDB and the input file for BRAGFLO,

BF2_CAS_R1_Sy_V###.INP, where ‘y’ is the scenario and ‘###’ is the vector number.  Both files

are important to running other codes.

Due to time and disk space constraints, only two scenarios of one replicate could be simulated.

The two scenarios, S2 and S3, deal with an E1 intrusion.  The E1 intrusion describes the

possibility of a drill intrusion through the repository to the pressurized brine pockets below.  The

remaining four scenarios would be unaffected by the changes in Castile brine reservoir

parameters, but would show slightly different releases due to the waste area parameter changes.

7.4.2.  CUTTINGS_S Calculations

The release of solid materials from a drill intrusion was calculated in CUTTINGS_S.  The code

extracted information from the BRAGFLO simulation to establish the amount of material brought

to  the surface.  Figure 7.4. shows the steps involved in running the CUTTINGS_S suite and

where the BRAGFLO output file is read.

As explained in Chapter 2, the CUTTINGS code calculates the effects of a drill intrusion at other

times than specified by the scenario number.  An S2 scenario assumes an E1 initial intrusion at

350 years, and uses that information to calculate an E2 intrusion at 550, 750, 2,000, 4,000, and

10,000 years.  The S3 scenario assumes an E1 initial intrusion at 1,000 years, and calculates an

E2 at 1,200, 1,400, 3,000, 5,000, and 10,000 years.  The large number of time intrusions allow

the CCDFGF code to scale the releases over the 10,000 year future of the repository.

The CUTTINGS_S code also calculates an intrusion into two areas of the repository.  The

repository is on a 1
o
 slope to the south, and is divided into updip and downdip regions.  The

downdip includes Panels 4 and 5, whereas the updip includes Panels 1,2,3,6,7,and 8.  It is

suspected that the downdip panels will fill with brine sooner than in the updip due to gravity,

producing a higher activity of gas generation from corrosion and microbial activity.  The gas

generation will increase the pressures in that area until pressure is equilibriated with the

surrounding rock.  If the repository is breached, the downdip region should release more waste

and brine to the surface.  The updip portion of the repository remains virtually closed off from the

downdip as a result of creep closure and low permeability of waste, thus prohibiting migration of

brine to the area.  Therefore, a totally separate calculation is performed for the two areas.
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Unlike the other two codes in the sequence, CUTTINGS_S also indirectly calculates the amount

of radionuclides released to the surface.  Therefore, the files are retained for input to the

CCDFGF code for probability assessment.

7.4.3.  BRAGFLO_DBR Calculations

Lastly, the BRAGFLO_DBR code is used to calculate the amount of brine released directly to the

surface.  The code uses the CUTTINGS and BRAGFLO results for initial conditions and extracts

the parameters needed for calculations.  Figure 7.5a. and Figure 7.5b. lists the configuration of a

direct brine release calculation.   The  time  intrusion  calculations  for  the direct

brine release are the same as for CUTTINGS.

The direct brine release calculation uses only the downdip CUTTINGS files.  The downdip panels

have higher pressures, producing higher saturations and releases.  However, releases are not

calculated for every simulation.  Some  vectors do not result in a release, i.e.,  the pressures

and/or saturations in the repository may not be high enough  to  overcome  the  column  of

drilling
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Figure 7.5a. Flowchart of BRAGFLO_DBR
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mud or there may not be an availability of brine due to consumption from corrosion or microbial

activity.  Those that do qualify undergo a 50 day simulation, with blowout lasting a minimum of

three days.  This is the estimated time it takes to drill through the repository to the Castile

reservoir and cement the casing.  If there is a significant amount of gas flow from the repository,

the driller may lose control and brine releases may last longer.  The releases will accumulate

until the gas flow rate drops below an arbitrary value, set to 100,000 ft
3
/d in the CCA

calculations.  The maximum blowout duration is 11 days, and is based on the time it took to

control the South Culebra Bluff Well Unit # 1, which blew on January 1978 (Stoelzel and O’Brien

1996).

ICSETRELATE REL2_CCA_'str'.CDB

IC_CCA_'str'.CDB

IC_CCA_'str'.DBG
(discarded)

IC_BF4_DIR_REL_S2TO5_DIST.INP
(fetched)

BF3_CCA_R1_S1_V###.CDB
(from BRAGFLO)

REL1_BF4_CUSP_CCA_'str'.CDB

~

ALGEBRA

ALG2_CCA_'str'.DBG
(discarded)

ALG_BF4_CCA_PRE_DIR_REL_Sy_DIST.INP
(fetched)

PREBRAG

ALG2_CCA_'str'.CDB

BF4_BF1_CCA_DIR_REL_S2TO5_q.INP; S2 TO S5
(fetched)

BF1_'str'_q.DBG
(discarded)BF4_'str'_q.INP

REL_BF4_BRAG_CCA_DIR_REL.INP
(fetched)

REL2_CCA_'str'.DBG
(discarded)

BRAGFLOPOSTBRAG BF4_'str'_q.BIN

BF4_'str'_q.RIN
BF4_'str'_q.ROT
BF4_'str'_q.OUT
BF4_'str'_q.SUM

(discarded)

ALGEBRA

BF4_BF3_CCA_'str'_q.CDB

BF4_BF3_CCA_'str'_q.DBG
(discarded)

ALG_BF4_CCA_POST_DIR_REL.INP
(fetched)

BF4_POST_CCA_'str'_q.CDB

BF4_POST_CCA_'str'_q.DBG
(discarded)

LEGEND:
x = 1,2, or 3 replicate
y = 1,2,3,4, or 5 scenarios
### = 1 to 100 vectors
q = UP (U) or LOWER (L)
??? = time of intrusion
str = Rx_Sy_V###_T???

Figure 7.5b. Flowchart of BRAGFLO_DBR (cont.)
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7.5.  Results

The results of the amount of brine released to the surface are as predicted.  With an increase in

productivity ratio and waste permeability, coupled with a decrease in the range for residual brine

saturation, an overall increase in the volume of brine was observed to be released.

7.5.1.  BRAGFLO Results

7.5.1.1. The Repository

The BRAGFLO calculations performed on the two scenarios that modeled intrusion into the

Castile reservoir showed higher brine pressures and higher brine volumes in the repository than

what was modeled in the CCA.  Higher pressures will allow more releases from spall and direct

brine release.  Higher brine volumes indicate more brine to (1) corrode waste containers, which

will produce high pressures, and (2) be released through a direct brine release scenario.  Though

more brine with less gas would intuitively indicate more releases to the surface, a limit is seen,

after which this is not the case because gas is needed to drive the brine up the borehole.  If

pressurized gas is eliminated, then no brine would reach the surface without pumping.

The results of the BRAGFLO simulations were postprocessed by codes described in the Analysis

Package, Task 1 (Bean et al. 1996).  The codes calculated average values in each area of the

repository for elemental cells and created a total of 215 time history variables (pressure,

saturation, volume of brine consumed, etc.) that were plotted in SPLAT (CMS plotting program).

The results herein mainly use the average value for all vectors as comparison.

Figure 7.6. shows a comparison of repository pressures in the waste area of the Castile

simulation to repository pressures of the CCA.  The figure shows two plots.  The left plot shows

the mean results of an E1 intrusion at 350 years for both simulations, and the right shows the

mean results with an intrusion at 1,000 years.  The pressures are averaged over the entire

volume of the waste area only, and excludes pressures from the operations and experimental

regions.  It is clearly evident that both plots in the figure show higher pressures for the Castile

Simulation.  The difference between the Castile Simulation and the CCA in average pressures at

350 years for S2 is approximately 3.25 MPa.  The pressures rise sharply up to the intrusion point

due to gas generation from the availability of iron in the waste and waste containers, and from

the organics (cellulosics, rubber, plastic, etc.).  After intrusion, the borehole is assumed to be

plugged immediately, with plug lifetime lasting 200 years.  Once the plug degrades, the gas in

the repository is vented, until eventually creep reduces the borehole permeability at 550 years

postclosure, allowing pressures to rebuild until most of the cellulosic inventory is exhausted
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(around 1,500 years).  A steady decline in pressure for the remaining 8,500 years is noticed, with

the Castile simulation always being at least 1.8 MPa higher.

The simulation with the intrusion borehole entering the Castile Formation at 1,000 (S3) years

exhibits similar behavior as the S2 scenario.  The pressure builds in the repository until gas and

brine is allowed to escape.  The pressure declines after plug degradation, and rebuilds until all

organic material is consumed.  The pressures eventually decrease steadily for the remaining

time of the repository history.  The differences in the Castile simulation and CCA, though not as

drastic as the previous S2 simulation, are still substantial.  The differences are around 1.75 MPa

at the time of intrusion, and decrease to 1.3 MPa around 10,000 years.  The higher pressures in

the repository of S3 compared to S2 would indicate higher releases to the upper layers above the

repository and to the surface, and will be discussed later.

The higher pressures are a result of more brine entering the repository from the Castile brine

reservoirs’ below.  The brine mixes with the waste and degrades the organic material, which

produces gas.  Figure 7.7. shows, for both scenarios, the amount of brine entering the whole

repository from the Castile reservoir.  The flow of brine from the Castile up the borehole to the

repository is an effect of the high differential pressure between the Castile and repository.  The

values were calculated by subtracting the net inflow of brine from the marker beds and the brine

volume consumed through corrosion and degredation.  Again, both plots  show a higher amount

of brine entering the repository from the Castile simulation.  This may be from the combination of

the set constant value of 160,000 m
3
 for Castile Reservoir volume and productivity ratio.  The

CCA used a range from 32,000 to 160,000 m
3
, with a 1/32 chance of getting the 160,000 value
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for volume and a range of 0.0007 to 0.04 m
3
/Pa for productivity ratio.

The differences in the two simulations are very notable, varying by as much as 20,000 m
3
 in S2.

Both simulations also follow the same pattern.  For the scenario of borehole intrusion at 350

years, the repository quickly fills with brine after closure, decline linearly as brine is consumed

through corrosion of iron and degradation of organics.  When the intrusion borehole hits the brine

pockets below the repository, it fills at a higher rate until a pressure equilibrium is reached

between the repository and brine pockets.  A steady decline marks the remaining future of the

repository, with minor amounts of brine being consumed and the rest being leaked to the

stratigraphic units that lie above the repository and minor amounts flowing back down the

borehole to the reservoir.

The S3 scenario behaves slightly differently from S2 with less total brine entering the repository.

After the intrusion at 1,000 years, the amount of brine does not immediately decrease, but

increases slightly for approximately 1,000 years (between 1,000 and 2,000 years postclosure).

The gain of almost 2,000 m
3
 of brine in both the CCA and Castile Simulation can be attributed to

the pressure recovery seen in Figure 7.6.  After the intrusion, the pressure for S3 does not

recover like that seen in S2, allowing more brine to enter, and pressure equilibrium is reached

approximately 500 - 1,000 years after intrusion (1,500 to 2,000 years postclosure).  The mean
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pressure curves of Figure 7.6. are dominated by vectors that exhibit low corrosion rates in that

region.

With the inflow of brine to the repository, gas volumes also soar after intrusion.  Figure 7.8.

shows total mean of gas volumes generated from corrosion and microbial degradation (both

humid and inundated) for the CCA and Castile simulation for Scenarios 2 and 3.  The Castile

simulation follows the CCA’s calculated gas volumes before the intrusion, then increases

significantly there after.  The increase in the amount of brine reaching the repository has a direct

effect on the amount of gas generated, as seen in the figure.  As the Castile simulation allows

more brine to enter the repository, more gas is generated.  Even though microbial decay ceases

for the most part after 1500 years, corrosion of the steel drums continue for the entire 10,000

years.  The fraction of steel and cellulosics remaining after 10,000 years can be seen in Table

7.2.  The amount of steel remaining for the Castile simulation offers a good insight on the

differences seen in Figure 7.8.
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S 2 S 3

CCA Castile CCA Castile

Fraction of Steel Remaining
after 10000 years

55.06 42.04 57.60 50.59

Fraction of Cellulose
Remaining after 10000 years

50.02 50.01 50.02 50.01

Table 7.2.  Fraction of Steel and Cellulosics Remaining after 10000
Years

     for CCA and Castile Simulations for S2 and S3
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Lastly, the saturation of brine plays an important role in the availability of gas as a mechanism

for pushing the brine out through the borehole.  Figure 7.9. shows how the fraction of brine as

compared to gas increases through time, as brine enters from the Castile reservoir.  The Castile

simulation follows the CCA up to the time of intrusion for both scenarios, with the Castile

simulation increasing in saturation after intrusion.  The differences between the Castile

simulation and the CCA are around 0.1 at the time of intrusion, but remain at 0.05 for the rest of

the time history of the repository for both scenarios.  The availability of brine to be released is

definitely increased in the Castile simulation, but Figure 7.9. may indicate that the ratio of brine

to gas may be too high to push the brine up the borehole.

7.5.1.2.  Fluid Flow through the Borehole

The flow of brine and gas up the borehole to the upper stratigraphic members is linked closely to

the values for permeabilities selected by the LHS code.  Following the intrusion, brine and gas

from the repository move up and/or down the borehole, depending on the pressures,

permeabilities, and the time of occurance.  Figure 7.10.  shows the cumulative brine flow up the

borehole to the top of the panels.  The individual vectors are represented here to demonstrate

the influence of chosen parameters on the system.

The discharge of brine out through the borehole to the units above the repository for the Castile

simulation is higher than what was calculated in the CCA.  The CCA’s maximum release was

22,500 m
3
 for S3 with only four vectors releasing above 4,000 m

3
.  This is about 14,000 m

3
 less

than the Castile simulation’s maximum release, which had 20 vectors above 4,000 m
3
.  The

vector showing the highest release in Figure 7.10. for the Castile simulation, Vector 23, is the
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same vector with the highest release in the CCA, indicating the physics of the system is roughly

the same.

Scatter plots of permeability versus brine discharged up the borehole to the top of the waste

panels reveal that the permeability of the degraded concrete plug, BH_SAND, is more closely

related to the discharge than any other permeability investigated, with a correlation coefficient

(r
2
) of 0.846.  This indicates that as the permeability of the degraded borehole plug increases,

the amount of brine flowing upwards increases.  Figure 7.11. shows four scatter plots, using

sampled permeabilities from different regions of the disposal system with the correlation

coefficient located in the lower right-hand corner of each plot.  The figure shows, from upper left

to lower right, 1) the plots for permeability of degraded borehole, 2) Castile reservoir, 3)

surrounding undisturbed halite, and 4) Marker Bed 139.  The scatter plot is for the Castile

simulation, Scenario 2 only.  It is interesting to note that when the vector of highest brine flow is

removed (Vector 23-36,000 m
3
), the r

2
 for BH_SAND increases to 0.912, and the other three

essentially become zero.

Once the brine passes the top of the repository, it moves further up the borehole to the Culebra

and eventually to the surface.  However, as it moves upward, the brine loses energy through

interactions with the borehole wall and overcoming the gravitational effects, and many of the

vectors do not make it to the upper layers.  Figure 7.12. shows the flow of brine in the borehole

to the top of the Rustler Formation.  Similar to Figure 7.10., this figure shows the individual

vectors for S2 and S3 of the Castile simulation only.  The figure reveals that little to no brine

makes it this high up the borehole, with a maximum of 1.55 m
3
 for S2 and 5.0 m

3
 for S3.  Further

investigation shows that no brine reaches the surface for either scenario.  Figure 7.12. shows
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that if the brine can make it as far as the Dewey Lake Formation, it does so very quickly, with S3

contributing more brine than S2 due to the pressure differences in the two simulations.

The flow of brine up the exhaust shaft is considered minimal when compared to the borehole.  At

most 49 m
3
 flowed up the shaft to the Salado, with no brine reaching the Rustler Formation for

the Castile simulation.  This is comparable to the CCA, which only had a maximum of 48 m
3
 of

brine up the shaft, because the assumption of pressure, borehole permeability, and the

mechanisms of loss of pressure were the same.

7.5.2. Cuttings, Cavings, and Spallings Results

The borehole and solid waste material removal were calculated using CUTTINGS_S, a cuttings

and cavings code that also incorporates spallings.  The CCA identified both mechanisms as

major contributors to radionuclides reaching the accessible environment, and calculations were

made to quantify the effects of both.  The following discussion compares results of the CCA to

those calculated by changing the Castile reservoir parameters.
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7.5.2.1.  Cuttings and Cavings

The cuttings and cavings calculations were performed at several times throughout the repository

future.  Section 7.4.2. lists the times that were used for borehole removal.  At each time

calculation, the amount of material removed through cuttings and cavings were the same for the

CCA and the Castile simulation.  Since the parameters for cutting rate, depth, drill bit size, and

waste characteristics remained the same in both simulations, the values for this mechanism of

waste removal also remained the same.

The CUTTINGS_S code was only concerned with the actual waste from the repository that was

brought to the surface, and not the cuttings or cavings from the borehole of inert stratigraphic

material (uncontaminated geologic material) above the repository.  Figure 7.13. shows the

volume of material brought to the surface from cuttings and cavings for 100 vectors versus

waste shear strength for Scenario 2, at 4,000 years after the repository is closed.  However, this

figure is representative of all times for both S2 and S3, and the waste shear strength will be

discussed below.  The cuttings volume of material was calculated by

V = AH (1-ϕ),

where A is the area of the drill bit, H is the compacted repository height (calculated from

BRAGFLO), and ϕ is the porosity at the time of intrusion.  The volume of cavings is much more

complicated, involving an iterative method to find the final borehole radius from erosion of

material due to turbulent flow of mud between the drill collar and the borehole wall.  Total

volume for both mechanisms, as seen in Figure 7.13. is 2.86 m
3
, with a mean volume of 0.606

m
3
 and a median volume of 0.508 m

3
.  For the CCA, the approximate average compacted room

height was 1.3 m and waste panel porosity was 0.52.  Therefore, the cavings portion contributed

roughly 90% to the total volume extracted.
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The volume of material through cavings is linked closely to waste shear strength, by the

relationship,

R R
d

dR

o
fail

1

0

= −
 -  oτ τ

τ
|

,

where R1 is the eroded radius, Ro is the radius of the borehole, τo is the borehole wall shear

stress, and τfail is the material shear stress (Berglund 1996).  Intuitively, as the waste shear stress

decreases, the radius of the borehole wall increases, allowing higher volumes of waste to be

brought to the surface.  The CCA range, as seen in Figure 7.13. uses a uniform distribution to

describe possible values of waste shear strength between 0.05 Pa and 10 Pa.  Small values of

shear strength are destructive to the system, with values below 1.0 Pa contributing to the major

releases.  Future simulations should use a loguniform distribution to describe the possible values

of shear strength that vary by over an order of magnitude.

7.5.2.2. Spallings

The calculation of spalled material from the borehole only included the possibility of blowout, and

dismissed stuck pipe and gas erosion by the estimation of a cutoff level for waste permeability in

which values above the cutoff will reduce the probability of the two phenomena from happening.

The cutoff permeability was 10
-16

 m
2
 (See CUTTINGS_S Manual for additional information on

stuck pipe and gas erosion (Berglund 1996).  The waste permeability in the CCA was 1.7x10
-13

m
2
, but was calculated incorrectly and thus updated for the Castile simulation to be 2.4x10

-13
 m

2
.

If waste permeability were to fall within the region of stuck pipe and gas erosion (below the

W
a

s
te

 R
e

m
o

v
e

d
 (

m
  

) 
b

y
 C

u
tt

in
g

s
 a

n
d

 C
a

v
in

g
s3

0

0.5

1.0

1.5

2.0

2.5

3.0

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Waste Shear Strength (Pa)

Figure 7.13.  Waste Removed (m
3
) by Cuttings and Cavings vs. Waste Shear

        Strength, Scenario 2, at Time 4000 Years Post Closure



77

arbitrary limit of 10
-16

 m
2
 with pressures above hydrostatic), releases could range between 43 to

365 m
3
 (Berglund 1996), 100 times the releases of cuttings and cavings.

The spallings calculations in the CCA were proven to be flawed, but the values of the blowout

volume were accepted as being reasonable by the DOE’s Conceptual Model Peer Review Group

(Wilson et al. 1997).  The CCA had a maximum blowout release of approximately 4 m
3
.  The

Castile simulation did not exhibit larger releases, though it did have more realizations with

blowout occurring, with at least twice as many occurrences at each time intrusion calculation

than in the CCA.  Figure 7.14. shows a frequency distribution of the number of blowout

realizations versus blowout volume.  The figure is for S3 at a calculated time intrusion of 1200

years into panel 5 (downdip intrusion).  The time, scenario, and borehole location was chosen to

display the maximum number of releases.  As the average pressure drops, the number of

realizations that produce a blowout also drops, as seen in Figure 7.6.

The figure of spalled volume should not be taken as a literal interpretation of the actual spalled

volume that will be ejected from the borehole.  The conceptual model for the code was proven

inadequate, and the calculated results do not reflect the correct volumes.  It does show,

however, that the Castile simulation exhibits higher pressures than calculated in the CCA,

causing CUTTINGS_S to calculate more releases.  Experiments on a new code, after the

submittal of the CCA, showed the spalled volume would be no more than 0.25 m
3
 for WIPP

conditions (Hansen et al. 1997).  The results of Hansen et al. (1997) showed that the values

obtained in the CUTTINGS_S were higher, therefore they were believed reasonable by the

Conceptual Models Peer Review Group (Wilson et al. 1997).  Chapter 9 of this report explores

the analysis of Hansen et al. more closely.

7.5.3.  Direct Brine Release

Once an intrusion breaches the repository with sufficient pressures from gas generation, the

brine in the waste will move towards the cavity and be expelled out of the borehole.  The

pressure near the borehole or flowing bottom hole pressure (FBHP) must be above hydrostatic,

in this case 8 MPa (density of brine = 1215 kg/m
3
, length of borehole = 655 m, and friction =

~0.2MPa).  The amount of brine ejected from the waste panels range from a few thousandths of

a cubic meter up to a few tens of cubic meters.  Figure 7.15. shows a frequency distribution of

brine released to the accessible environment for all time intrusions for both the CCA and the

Castile simulation of Scenarios 2 and 3.  The Castile simulation, as one might expect, has higher

releases than in the CCA.
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The brine releases from an intrusion borehole is directly related to the repository pressure and

brine saturation.  Figure 7.16.  shows the two relationships as scatter plots of brine release vs.

pressure on the left and brine release vs. saturation on the right.  The plots are for S3 at 1,200

years post closure of the Castile simulation.  The first striking feature of the figure is the

relationship between the volume of brine released and pressure.  The releases are zero for

pressures less than 8 MPa and increase linearly from 8 to 9 MPa.  At 9 MPa, the releases

sharply increase, and then decrease to nearly zero again for pressures above 9 MPa.  This is a

unique feature of this simulation and is only observed in early times of the repository’s projected

history.  A similar feature is noticed at 1,400 years, but essentially dissolves at 3,000 years and

beyond.  A possible explanation for the phenomena is the control that the Castile reservoir

pressure has on the repository in early times.  Since the Castile reservoir pressure is constant in

all 100 realizations, the pressure in the repository is directly affected by the amount of brine flow

to the repository.

However, the pressure in the repository is affected by other key parameters as well, and not just

by the amount of brine flow from the Castile reservoir.  Figure 7.17. shows a scatter plot of

pressure in the repository for S3 at 1,200 years post closure for the Castile simulation versus the

inundated steel corrosion rate.  As the corrosion rate increases, the pressure increases, and

again is dependent on a third parameter.  The probability of degradation of cellulosics, plastics

and rubbers separates the scatter plot into two regions.  The parameter, PROBDEG, is the
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second LHS sampling variable, and can have values of 0, 1, or 2.  A “0” indicates no microbial

degradation of organic material and has a probability of 50%.  The selection of “1” means that

only the cellulosics will degrade, and “2” denotes cellulosics, plastics and rubber will degrade,

with a 25% probability each.  The region of high pressure in Figure 7.17.  is from a PROBDEG of

2.  These diamonds are black, meaning there was no significant direct brine release.  The gray

diamonds indicate a notable brine release, which fall in the region of pressures seen in Figure

7.16.  to have the major releases.  Excluding those realizations with a PROBDEG of 2, the plot

has a correlation coefficient of 0.68, and a correlation coefficient of 0.67 considering only those

with a PROBDEG equal to 2.  This is higher than the coefficient of 0.14 if all realizations are

included.

Relating back to Figure 7.16. and the second plot with brine release versus waste panel brine

saturation:  the optimum brine saturation for large release is approximately 0.65 with minimal

releases above 0.85 and no significant releases below 0.4.  The saturation can be thought of as

a brine to gas relationship.  If too much gas (low saturation) is present, then the availability of

brine to be ejected is limited, and is directly related to the extremely high pressures and

corrosion rate of Figure 7.17.  Also, if there is too much brine and not enough gas, the pressures

in the repository will not be high enough to lift the brine out of the borehole.  Therefore, an

optimum (or detrimental) saturation is observed for the Castile simulation at early times after the

intrusion.
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It is stressed at this point that the above phenomenon is only for the Castile simulation, Scenario

3, at early times in the repository’s projected history after the initial intrusion.  Since a few of the

key parameters were held constant, the predicted behavior of the disposal system was better

understood.  A similar response of Scenario 2 for the Castile simulation can be seen, yet

differences between the two scenarios are still recognized.  For example, the brine release
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versus brine saturation shows that brine can be ejected at saturations as low as 0.2.  These are

very low releases, usually less than 0.5 m
3
 of brine.  However, since the CCA has more varying

parameters over large ranges, the behavior of the system is less predictable.

7.5.4.  Probability Modeling with Results from Castile Simulation

The final step in assessing the results of the Castile simulation and how they will affect the

overall performance of the disposal system, is to replace the results of the CCA with those of the

Castile simulation in a CCDFGF calculation.  The individual vectors of CUTTINGS_S and

BRAGFLO_DBR were summarized into formats for probability modeling and modeled with the

CCA results of SECOTP2D, NUTS and PANEL.  Figure 7.18.  shows the CCDF curves of

several simulations.

The results of the Castile simulation show that Castile brine assumptions do not have a

significant effect on the overall CCDF.  In fact, the figure shows that the CCA may have slightly

higher releases at equivalent probabilities with the same probabilistic assumptions (drilling rate,

AICs, probability of hitting a Castile brine pocket, etc).  Even when the probability of hitting brine

is increased from 8 to 100%, the releases are not increased by any significant amount.

7.6. Conclusions

A model is presented to investigate the importance of the Castile brine reservoir parameters at

the WIPP.  The Castile reservoir underlies the repository and is a major source of brine that may

contribute to gas generation from the corrosion of metals and biodegradation of organic

materials.  The production of gas will increase the pressure in the repository, thus ejecting brine

and waste to the accessable environment upon a breach of the repository.

The Compliance Certification Application presents data for the creation of reservoir parameters

that may be extraneous.  The data were derived from wells that clearly lie outside a reasonable

distance for consideration of brine pockets underneath the repository.  Therefore, data from a

single well, one mile north of the repository, was used to simulate the effects of the reservoir.

The data included reservoir volume, rock compressibility, permeability, and pressure.

In addition, two parameters describing the waste area were changed to what were considered

more reasonable values.  The waste permeability was increased by 41%, and has been well

documented to show the error in the calculation of the original value.  Also, the residual brine

saturation range was decreased by reducing the upper value by 57%.  This range is no longer

considered to be more reasonable than the range used in the CCA calculations, due to the

consolidation of waste in the repository.
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The modeling started with two-phase flow of brine and gas through the repository using

BRAGFLO.  The changes in the Castile reservoir parameters affected the pressures, flow, and

saturation of brine and gas through the waste.  The pressures were much higher than in the

CCA, with increased flow rates due to increased waste permeability.

The modeling of a human intrusion was completed by the code CUTTINGS_S, which simulates a

drill string breaching a pressurized repository and releasing solid waste up the borehole to the

accessable environment.  The calculations showed that the amount of waste brought to the

surface would not change, but the number of realizations that possibly could result in a release

would increase.  The increase of a spalled events from an highly pressurized repository doubled

from the CCA to the Castile simulation.
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The flow of brine up an intruded borehole was calculated separately in BRAGFLO_DBR.  The

results proved that the increased pressures in the repository from changing the selected

parameters would result in higher and more incidents of releases to the surface.

Finally, CCDFGF modeled the probability of releases from the results of the above calculations.

The outcome showed that there is no significant change in releases due to the minor addition of

releases from a spalled or brine release.  The releases calculated in CUTTINGS_S and

BRAGFLO_DBR were not significantly more than those of the CCA.  The constant values used

for the Castile brine reservoir pressure is suspected to be the largest culprit for no change in the

releases.  However, the releases are subject to the concentration of radionuclides in the waste,

and it is suspected that changes in the solubility, which would increase the concentrations of the

radionuclides, would have a more profound effect on the Castile simulation than the CCA.
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8.  CULEBRA FLOW AND TRANSPORT USING BLM MAP FOR ECONOMIC

POTASH RESOURCES OF EDDY COUNTY

8.1. Summary

A new Culebra flow and transport model with a modified extent of potash mining is presented

here to demonstrate the effect of mining on the performance assessment caused by a change in

flow patterns.  The CCA assumes limited mining within the controlled area of the WIPP

repository.  A new model was justified because of the expected mining of lower grade ore due to

the increase in use of fertilizers and development of more effecient mining methods.  The results

show that the new flow velocities in the Culebra aquifer could be important when considering

lower Kds, as the process of sorption dominates that of advection.

8.2. Introduction

The possibility of mining above the WIPP repository for potash resources has been identified as

a possible scenario for human disturbance of the disposal system in the EPA’s criteria for the

compliance standards, 40 CFR Part 194.32 (b) (U.S. EPA 1996b).  The performance assessment

calculations of the CCA included a mining scenario with a probability of occurrence equaling that

which has transpired over the last 100 years, as stated in the guidelines.  The consequences of

mining would cause subsidence in the geologic units above the repository, increasing the amount

of fracturing and possibly decreasing travel time of the radionuclides through those overlying

units if a release occurred.

The extent of the potash reserves overlying the repository and how it affects the flow field of the

Culebra Dolomite member of the Rustler Formation is investigated in this chapter.  Originally,

the CCA identified two possible mining scenario:  full and partial mining.  These scenarios were

based on studies of known potash leases and economic- and lease-grade potash reserves in the

Delaware Basin.  The full mining scenario includes regions outside the controlled area of the

repository identified by the Bureau of Land Management (BLM 1993), excluding oil and gas well

buffer zones, and regions within the controlled zones based on economic grade potash ore from

the New Mexico Bureau of Mines and Mineral Resources (NMBMMR) report (U.S. DOE 1996-

Appendix MASS).  The partial mining zones excludes mining within the controlled area, with the

exception of those areas mined before the Land Withdraw Act was established.  The maps do

not distinguish between the two types of ore, sylvite and langbeinite.

The future of potash mining is the limiting factor on estimating the economic extent of potash

reserves.  Currently, 40% of the world’s agricultural production uses nitrogen based fertilizer,

derived from the potash industry (Smil 1997).  With the exponential increase in human
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population, fertilizers usage should also increase, directly affecting potash production in the

Delaware Basin.  The increased demand for potash will prompt the industry to mine lower grade

ore, and use methods of extraction that are more profitable.

Solution mining has been considered for the extraction of potash in the region of the Delaware

Basin.  The process of mineral dissolution was determined to have the lowest operational cost

compared to other methods (Gruschow 1992).  Therefore, the extraction of lower quality potash

minerals could be economically feasible, and the extent of reserves are much greater than

originally predicted.  The CCA failed to recognize the possibility of solution mining around the

repository, and the area affected by mining is much less than predicted.  The EEG modeling of

this report considers all possible potash reserves inside and outside the controlled area based

solely on the BLM map (BLM 1993).  The area inside the controlled area changed significantly

from that in the CCA, whereas the outside was virtually unaltered.  This scenario is referred to as

the Modified Mining (MM) scenario.

Figure 8.1.  Areal Extent of Known Potash Reserves from
the BLM Map (BLM 1993)
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Figure 8.1. shows the new areal extent of potash reserves, superimposed on the regional

modeling domain.  This domain is used in the flow code for simulating flow through the Culebra.

The area shows the region affected by mining, where subsidence would fracture the flow system.

The EPA guidelines for subsidence are very specific about how the area is to be treated in the

performance assessment.  A multiplier of no more than 1000 is required to increase the

transmissivity.  This was a sampled parameter in the performance assessment calculations, and

remained unaltered for the calculations in this report.
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8.3. Methodology

The purpose of this modeling experiment was to change the existing regions of the potash

minable resource areas to test the effects on the flow and transport of radionuclides through the

Culebra.  This was accomplished by first running the flow code, SECOFL2D, a two dimensional

regional flow code that solves the Darcian flow equation.  The flow velocities were then used to

solve the transport equation in SECOTP2D.  Figure 8.2. shows the flowchart of the flow code

used in modeling the mined area.  The only change for modeling the new potash region was the

file that controlled which transmissivity cells of the flow grid were multiplied by the increased

factor for higher fracturing.  All cells of the region were multiplied by the same value.  The actual

file is included as an attachment to this chapter for reproducibility.  The transport flowchart for

SECOTP2D can be found in Chapter 6.

A total of 100 vectors were completed for the flow calculations with hydraulic head being

computed for both a regional and local domain.  The flow field was first solved on the regional

grid.  The local grid acquired its boundary conditions from the regional flow characteristics.  The

local velocities were then used as the input to solve the transport of radionuclides on the local

grid.

Two experiments were simulated with the transport equation with 100 vectors being generated

for each simulation.  One included plutonium with a 1% Kd=0 to compare with results of Chapter

6, and the other ran uranium with Kds generated from the LHS sampling technique to compare

with CCA results.  The generated Kds were slightly different, correcting for the range as specified

in Ramsey and Wallace (1997).  The new range decreased the values used in the new

simulations, allowing the Uranium to migrate further downstream.  The complete set of vector

calculations enables the results to be incorporated into the CCDFGF code.

8.4. Results

8.4.1. Culebra Flow

The flow field of the new mined area (MM Scenario) showed slightly different hydraulic head

values than the ‘fully mined’ solution of the CCA calculations.  Figure 8.3. compares the regional

head contours of a simulation where the transmissivity multiplier (parameter MINP_FAC) was the

lowest generated value from the LHS sampling technique.  Figure 8.4. also compares the

regional head contours, taking the vector with the highest generated multiplier.  The low and high

values for MINP_FAC are 5.1 and 996.4, respectively.  Contours are in meters above sea level.
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The only significant difference in head contours was in Figure 8.4., where the contour of 916 m

for the MM Scenario is much further south than the CCA calculations.  At first glance, this would

indicate lower velocities for the MM Scenario through the controlled area, and speeding up

through the south.  However, due to the extreme heterogeneity of the site (as seen in Figure

8.5.), a generalization about the velocities cannot be inferred from the difference.  Therefore, a

velocity profile was constructed from the velocities calculated in SECOFL2D.  Figure 8.6. shows

the velocity vectors for both mining scenarios with correct angle and proportioned magnitude for
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Vector 62.  The velocities were extracted from the local grid to show the direction of the plume’s

migration in the transport calculations.  The outline of the transition of small vectors and large

vectors clearly shows the areas where the transmissivities were multiplied by MINP_FAC.

The velocities of Figure 8.6. range from 2.3x10
-14

 m/s to 2.9x10
-6

 m/s for the CCA calculation,

and 2.3x10
-12

 m/s to 1.1x10
-5

 m/s for the MM Scenario.  Since both modeling scenarios used the

same transmissivity field, the higher velocities in the MM Scenario suggest that the area to be

multiplied by MINP_FAC overlaps a region of slightly higher transmissivity than in  the CCA,  i.e.

Figure 8.5. Transmissivity Field (Log10 m
2
/s) of Vector 62
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the region that is multiplied as shown in Figure 8.1.  This is important, as the results of the

radionuclide transport calculations will differ significantly from the outcome of the flow field

functions.

Figure 8.6. Velocity Profile of Vector 62 on Local Grid for Top) CCA
     and Bottom) MM Scenario
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8.4.2. Culebra Transport

8.4.2.1. Plutonium Transport Calculations with Kd=0

SECOTP2D was first used to simulate transport of plutonium with a Kd=0 through the Culebra

aquifer.  The combination of zero sorption and higher velocities allowed higher masses of the

radionuclide to migrate across the Land Withdraw Boundary (LWB).  The discharge mass of the

Modified Mining Scenario was compared to results from transport calculations performed in

Chapter 6, which simulated changes in the Kd only.  In approximately 60% of the vectors,

discharges were higher for the MM Scenario than for those seen in the Chapter 6 calculations.

Figure 8.7. shows vectors that discharged mass fraction higher than 10
-6 

for the MM Scenario

and the results of Chapter 6.  The figure also displays a histogram for the frequency of vectors

lying between the given ranges.  The actual fractional discharge for both studies ranged from 10
-

2
 to less than 10

-15
 (machine zero), but the limit was cut off at 10

-6
.  Below this discharge, the

low-consequence eliminates the vector from consideration in the complementary cumulative

distribution functions (CCDFs). Both plots clearly demonstrate that the MM Mining Scenario

produces faster flow fields and is more conservative in its assumptions.

During the last step of probability modeling to create the CCDF curves for comparison with the

EPA limits established in 40 CFR Part 191 (U.S. EPA 1996), the fractional discharge is

multiplied by the actual amount of radionuclides that reach the Culebra.  In most cases, the

amount is negligible, and the fact that a vector had a high fractional discharge is often eliminated

by the low concentrations.  To demonstrate this affect, Figure 8.8. shows the discharge across
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the Land Withdraw Boundary in EPA Units.  The plots in the figure show the discharge of

plutonium for the S2 and S3 scenarios at 10000 years for those vectors with discharges of at

least 10
-6

 EPA Units.  The fractional discharge is multiplied by the mass in Curies calculated

from each of the scenarios, and divided by 344 to obtain the mass in EPA Units.  The figure

reveals that for the S2 scenario (left plot), the Modified Mining has the highest release in 10000

years with six vectors showing at least 10
-5

 EPA Units crossing the LWB.  The right plot of the S3

scenario also shows the highest release, however, with less vectors actually being above the 10
-6

threshold than the results of Chapter 6.

8.4.2.2. Uranium Transport Calculations with LHS Generated Kds

The flow velocities from the BLM Mining Scenario were also used to model uranium with higher

Kds than the plutonium simulations.  The Kds were generated from the Latin Hypercube Sampling

(LHS) code.  The range of values for Kds were modified from those used in the CCA to values

suggested in the Analysis Package, Task 3 (Ramsey et al. 1997).  The new range for generated

Kd values are lognormally distributed from 0.03 
ml

/g to 20 
ml

/g, changed from 0.03 
ml

/g to 30 
ml

/g.

The new upper value, along with a lognormal distribution for the range, created smaller values of

Kds, and thus smaller retardation values.  The result is more vectors with higher discharge.

In the CCA calculation only one vector from the third replicate showed any release, with an

integrated discharge across the Land Withdraw Boundary equal to 0.91 kgs.  The present

calculations were performed on the first replicate, with no releases to compare.  Figure 8.9.

shows releases across the LWB only for the present model.
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Of the 100 vectors, only six had significant releases (fractional dicharge>1e-6) across the LWB.

The calculated retardation value from the generated Kds ranged from 1.57 to 170412.2

(dimensionless), and the six vectors that showed discharge had a range of retardation values

from 1.57 to 2.99.  However, a strong correlation does not exist between retardation and

discharge.  Several vectors had no release across the LWB with retardation values less than 3.

The geostatistical representation of the transmissivity field was such that it prevented any

escape of uranium to the accessible environment.  The CCA calculated retardation for uranium

ranged from 24.8 to 431089.

The comparison for flow calculations used Vector 62, because of its high multiplier for the

transmissivity field.  However, the value of the newly calculated retardation coefficient for this

vector was incredibly high (15763, dimensionless), and the uranium did not migrate outside of

the waste panel area.  To keep the comparison alive and consistent, Vector 62 was rerun with a

smaller Kd=0.046 
ml

/g (retardation=2.0).  Time was also extended out to 100000 years to find

when the maximum release would occur.

Figure 8.10. shows six snapshots of uranium concentration isopleths at 1875, 3875, 5250, 7150,

8650, and 10000 years after an intrusion.  The isopleths range from 1x10
-15

 kg/m
3
 to 1x10

-6

kg/m
3
, dark to light.  The observed behavior of the uranium plume shows it to remain in the near
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field (near the borehole) for approximately the first 5200 years, moving slowly to the southeast.

At year 7150 the plume is then noticed to enter an area of high velocities, where it shoots

relatively quickly in a southwest direction.  The size and location of the highest isopleth

concentration of 1x10
-6

 kg/m
3
 remains virtually unchanged through the time history of the

simulation.  Though bound up around the borehole for a long period of time by a low

transmissivity field, the plume moves quite quickly southward, across the LWB.
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The discharge across the Land Withdrawl Boundary as a function of time can be seen in Figure

8.11.  The simulation was extended beyond the regulatory timeframe, to 100000 years.  The

figure also notes the position of the snapshots from Figure 8.10.  At 10000 years the fractional

discharge is approximately 1.4x10
-5

 kgs.  However, beyond the 10000 years, the discharge of

uranium increases exponentially to 70000 years, where it levels off at 0.89 kgs.  Regulatory

compliance only requires 10000 year calculations, yet significant transport does not appear to

take place until 30000 to 70000 years.

8.5. Probabilistic Modeling of Uranium and Plutonium

Though interesting, this chapter does not intend to discuss the regulatory timeframe in which

encapsulated waste must be contained for safe disposal.  It is meant to give an overall picture on

the performance of the disposal system, weighting several factors not considered in the CCA.

The chapter began with the formulation of a new scenario and ends with the results as compared

to those submitted in the CCA.  The last step in that comparison is to formulate a probabilistic

model for the prediction of radionuclides reaching the accessible boundary anytime during the

10000 year future of the repository.  The code CCDFGF was used to do this type of modeling.

The probabilistic model used all the results from the CCA, with the exception of transport.  The

new transport calculations were integrated into the CCA calculations to produce the CCDF

curves, as presented in Figure 8.12.   The CCDFGF code calculated curves for both plutonium

with a Kd=0 and uranium with newly generated Kds, and Figure 8.12. compares the results to
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those of the plutonium modeling with CCA Mining assumptions and 1% Kd=0 (from Chapter 6).

The CCA results are not presented, since no vector crossed the LWB in the first replicate.

The combination of higher velocities from the modified mining scenario and Kd=0 demonstrates

higher release probabilities from the Culebra than any other model, including mining or the

elimination of retardation modeled separately.  However, when considering the two scenarios

separately, the elimination of retardation dominates the release probabilities by almost two

orders of magnitude.  The curves of Figure 8.12. shows plutonium with a Kd=0 with the BLM

Mining as the right-most curve, plutonium with CCA Mining Scenario (Full Mining only) and Kd=0

in the middle, and uranium with the MM Scenario and LHS generated Kds to the left.  These

results suggest that the sorption mechanism is more important than the way the velocity field

behaves.

8.6. Conclusions

The mining of potash in the McNutt Potash Zone of the Salado formation was to be considered

as a possible human intrusion scenario in the performance assessment, as stipulated in 40 CFR

Part 194.  The effects of such mining will change the characteristics of the overlying Culebra
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Dolomite member of the Rustler Formation by increasing the fractures, and hence increasing the

effective transmissivity of the region.

Modeling of mining in the CCA assumed two distinct scenarios, based on the probability of

mining within the controlled area (or Land Withdraw Boundary) of the WIPP repository, namely

the Full and Partial Mining scenarios.  The Full Mining scenario assumes that limited mining

would occur within the controlled area with consideration of present and future oil and gas wells,

and the quality of present economic grade potash.  The regulations of such wells mandate a 0.25

mile or 110% of the well length radius around the well to be undisturbed to insure no damage

would occur to the well during mining.  The Partial Mining scenario does not consider future

mining in the controlled area, but only past mining conducted in the region.  Outside the

controlled area, both scenarios are the same, and are based primarily on the Bureau of Land

Management’s 1993 Map on the extent of potash in the Delaware Basin (BLM 1993).

The uncertainty of mining within the controlled area prompted an additional modeling study,

which does not consider wells or the elimination of lower grade potash.  The use of better

extraction methods for potash, such as solution mining in combination with the increase on

dependence of potash as an artificial fertilizer for world food production, has justified the present

model to assume the full extent of potash mining as dictated by the BLM’s 1993 map.  Dubbed

the BLM Mining Scenario, the new model only changes the extent of mining for flow modeling.

The changes can be seen in Figure 8.1.

The transport of radionuclides through the Culebra was also modeled, with slight changes from

what was assumed in the CCA performance assessment.  Two experiments were conducted

using the flow results of the Modified Mining Scenario to compare the results to previous

modeling studies.  The first experiment simulated plutonium through the Culebra unretarded, and

were compared to the findings in Chapter 6.  The second experiment modeled uranium with

generated Kds to compare the results with those in the performance assessment.

Figure 8.12. shows the results of the modeling conducted with the new assumed extent of potash

mining within the controlled area.  Modeling plutonium with no sorption to the surrounding matrix

with BLM flow characteristics demonstrated to have the highest release probabilities.  The

experiment used a 1% Kd=0 
ml

/g with the remaining 99% high Kds generated from the LHS code

showing no releases to the accessible environment.  When compared to the 1% Kd=0 
ml

/g with

purely Full Mining of the CCA, release differences of up to 1.5 orders of magnitude are noticed.

However, when comparing the Full Mining with no sorption to BLM Mining with sorption, the Full
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Mining Scenario dominates the release probabilities, indicating that low sorption is much more

important than high velocities.
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9. GASOUT MODELING OF THE WIPP

9.1. Summary

The GASOUT code has been applied to the spallings scenario of the WIPP’s disposal system to

assess the conservatism of the results calculated in the Compliance Certification Application

(CCA) (U.S. DOE 1996).  A report on the application of the code (Hansen et al. 1997) states that

a maximum of 0.27 m
3
 of waste would fail in the borehole cavity from an intruding drill string and

would be transported to the accessible environment through a blowout event.  This calculated

volume was used to verify the  amount of spalled material calculated in the CCA as reasonable.

However, an exercise with the code for an analysis on the sensitivity of several input

assumptions shows that the code may be too sensitive, and the range of parameter values too

small to judge the behavior of the disposal system accurately.  It is suggested that the code be

modified to allow a wide range of repository conditions to be modeled, so that an actual

maximum spall can be calculated.

9.2. Introduction

The blowout of spalled material reaching the accessible environment through an inadvertent

human intrusion through a borehole into the WIPP repository could cause major problems with

the compliance of the EPA’s limit established in the 40 CFR Part 191 (U.S. EPA 1996a).  EEG

(1997e) has shown that spalled volume, ranging from 8 m
3
 to 64 m

3
 can violate these standards.

DOE’s published results have shown that a blowout would purge less than 4.0 m
3
 of waste from

the repository, with 0.27 m
3
 being a more typical volume (Hansen et al. 1997).  This chapter

discusses the problems in using the GASOUT code as contained in Hansen et al. (1997).

Spall is waste that has been introduced into the drilling fluid due to radially channeled, highly

pressurized gas flow from within the repository to a lower pressure borehole.  Gas will continue to

flow until the system comes to pressure equilibrium between the repository and the borehole.

The high flow rates of gas will cause some of the material to fail in tension or shear, break off

from the borehole cavity, and be introduced into the return stream of the drilling fluid.  If gas flow

is sufficiently high, it will force all the drilling fluid out of the borehole at the surface.  This

phenomenon is known as blowout, and is a common occurrence among drilling rigs encountering

pressurized pockets of natural gas.

Spall can also occur by the mechanisms of stuck pipe and gas-induced erosion.  These

phenomena may dominate a spalled event if the gas flows are too low to cause blowout.  Stuck

pipe is a process of spall that, due to very low permeability and extremely high repository
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pressures, may cause failed waste to press against the drill string sufficiently hard to prevent

normal drilling.  The solution of a jammed bit is to pull the drill string up and start drilling again.

If the pressures remain high, the driller may have to bring the bit up several times, thus allowing

significant quantities of waste to be brought to the surface through the return stream of the

drilling mud.  Gas erosion is spall that is eroded by the drilling mud due to high repository

pressures and low waste permeability.  The spall from gas erosion is slower than stuck pipe due

to slightly lower pressures in the repository (just above hydrostatic), and may release waste into

the drilling mud at a rate undetectable by the driller.  Gas erosion would continue until the

repository pressure is in equilibrium with the drilling fluid, and may also bring significant

quantities of waste to the surface.

Stuck pipe and gas erosion releases will occur if the waste permeability is less than 1x10
-16

 m
2
,

as stated in Berglund (1994), and repository pressures are greater than the pressure exerted by

the drilling mud.  The CCA states that the waste permeability can be represented by a constant

value of 1.7x10
-13

 m
2
, which is much greater than the threshold for stuck pipe.  Additional studies

show that waste surrogates based on current understanding of waste mixtures could have a

permeability of 2.1x10
-15

 to 5.3x10
-15

 m
2
 (Hansen et al. 1997), and that the threshold for when

blowout ceases and stuck pipe/gas erosion begins is questionable (EEG 1997e)

The DOE has made attempts at calculating the amount of material that will spall through a

blowout.  The code CUTTINGS_S (U.S. DOE 1996-Appendix CUTTINGS_S) incorporates the

spallings calculations with calculations of the amount of cuttings and cavings from a drill string

cutting through the repository.  The calculations showed that a maximum of 4.0 m
3
 would fail in

the borehole cavity and be forced out of the borehole to the surface.  However, an independent

peer review found the code to be conceptually flawed.  The DOE’s Conceptual Model Peer

Review Group (U.S. DOE 1996-Appendix Peer 1) stated that the “Development of this [spallings]

model is not sufficiently complete to determine uncertainties specific to the channel movement

of waste to the existing borehole”.  The threshold for waste permeability and stuck pipe was also

based on the findings of this code.

The spallings volume was re-calculated by using a second code, GASOUT (Shatz 1997), along

with several other methods, to assess whether the results of the spalled material calculated in

the CCA were reasonable.  The GASOUT code was accepted by the Conceptual Model Peer

Review Group (Wilson et al. 1997) based only on the conceptual model, without any independent

testing or validation.  Calculations with the GASOUT yielded a maximum of 0.27 m
3
 to reach the

accessible environment upon a breach (Hansen et al. 1997).  The main assumptions used in the

code to derive at the calculated volume was a waste permeability of 1.7x10
-13

 m
2
, a repository
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pressure of 14.8 MPa, and a waste tensile strength of 10 psi (0.068 MPa).  Despite better

understanding of the waste and measured values of the waste permeability, 4.0x10
-15

, as

described in Hansen et al. (1997), the CCA value of permeability  (1.7x10
-13

 ) was used for this

investigation.

GASOUT uses a semi-analytic approach of a mechanistic conceptual model that couples the

numerical calculations of a finite difference fluid flow code and a finite element rock  mechanics

code.  This approach has been dubbed “the cavity growth method”, because it progressively

calculates the region of radial tensile failure within the cavity.  Hansen et al. (1997) stated that

there is no tensile failure of waste below repository gas pressures of 14 MPa “under realistic but

conservative assumptions”.

The conceptual model of the code during the blowout process was described as being divided

into two stages.  The first stage is characterized by the ejection of the drilling mud by high

pressure gases, and the response of the waste to the high pressure gradients during blowout.

Following the blowout, the second stage is identified by the rapid flow of gas from the repository,

including the entrainment of solid waste particles.  In the first stage of initial depressurization,

gas velocities are small while the mud column is being expelled from the borehole.  The

velocities will increase during stage two, as the borehole path is clear for rapid gas movement.

The larger eroded waste particles will typically be lofted to the surface during this stage.

In addition to the analysis using GASOUT, a “quasi-static” and “fully coupled” approach to

solving the spallings problem was employed.  The quasi-static used a spread sheet analysis to

solve the porous flow equations by a sequence of steady state profiles (Hansen et al. 1997, pg.

3-24), and the conceptual model used in the quasi-static was identical to the cavity growth

(GASOUT) method.  The major difference in the two models is that the cavity within the quasi-

static model does not change with the calculation of tensile failed waste removal.  The results

from the GASOUT calculation without failed material removal (removal of failed material is a

toggle switch that can be turned on and off in the code), show almost perfect agreement with the

quasi-static results under identical initial assumptions.  Tensile failed material calculations for the

quasi-static model showed 1.17 m
3
 of spall with initial pressure conditions of 14.7 MPa and

tensile strength of 15 psi.  The cavity growth model calculated an equivalent 0.07 m
3
 of spall.

The fully coupled approach used a purely numerical code (as opposed to the semi-analytic

approach in GASOUT) to calculate the flow of gas within the waste region to the intruded

borehole.  The mathematical model of the fully coupled approach assumes a one-way coupling

of the two-phase pressure decay following an intrusion with a decoupled two-phase pressure
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response within the simulated waste region.  The fluid flow and waste pressure response were

solved by the code TOUGH28W with the poromechanical  waste response of stress and strain

invoked in the code SPECTROM-32.

Though the code did not explicitly calculate failure, it did calculate stresses within the waste.

From the results using SPECTROM-32, the normal stresses show a semi-hemispherical

distribution at very early times.  If the initial assumptions for repository pressure are 14.8 MPa

(lithostatic), and the waste tensile strength is 10 psi (0.04 MPa), then the code would indicate an

elastic failure radius of 0.8 m (Hansen et al. 1997-Figure 4-9, time=0.001 s), or 2.1 m
3

uncompacted volume.  The same figure shows a stress distribution extended out to one second,

but without considering the possibility of waste removal.  The removed waste would have a

significant impact on the stresses in the cavity.

Though the GASOUT code was just a piece in the series of the spallings calculations performed

in the investigation led by Dr. Frank Hansen, this chapter is basically restricted to the GASOUT

code and will assess the performance of GASOUT for a wide variety of situations that are

plausible for the WIPP disposal system.  Furthermore, it will show the limitations associated with

the code outside designated ranges of assumptions used for the investigation presented in

Hansen et al. (1997).

9.3. Discussion

GASOUT was run on a number of cases, by changing the initial permeability, the waste tensile

strength, the initial repository pressure, mud density and the gas viscosity.  The initial

permeability refers to the permeability of the waste in the repository.  Measured values of

permeability from experiments on simulated waste specimens showed that the permeability is

typically on the order of 4.0x10
-15

 m
2
 (Hansen et al. 1997).  However, none of the permeability

experiments included the proposed backfill material, magnesium oxide, and permeability could

actually decrease further with the added affect of cementation from the MgO backfill (U.S. DOE

1997b).

Waste tensile strength is the strength of the compacted waste in the repository that can

withstand the flow of repository gas pressures before failing in tension.  Measured values of

waste tensile strength based on laboratory specimens of surrogate waste forms found a mean

strength value to be 0.074 MPa with a standard deviation of 0.04 MPa (10.7 "5.8 psi) (Hansen et

al. 1997).
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The repository gas pressure dictates the flow rate of gas from the internal rooms in each panel

towards the borehole cavity.  Higher repository pressures will result in higher gas flow rates,

limited of course by the permeability of the waste matrix or the viscosity of the fluid.  The

maximum calculated pressure in the CCA, using the two-phase flow code, BRAGFLO, was 16.3

MPa in the waste panels for the undisturbed scenario, and 14 MPa for the disturbed scenario.

The EPA’s PAVT (U.S. DOE 1997d) calculated a maximum pressure of 16.8 MPa and 15.6 MPa

for the undisturbed and disturbed scenarios, respectively.  These maximum calculated pressures

are higher than the lithostatic, since the lithostatic pressure at the depth of the repository is 14.8

MPa.  Therefore, to reduce complications associated with fracturing within the repository, the

highest repository pressure investigated will be 14.8 MPa.

GASOUT progressively reports the maximum tensile failed radius, and contiguous failed radius

of the hemispherical cavity as the pressure gradient across the waste causes it to fail.  During

most simulations, these two radii will be equal.  However, some simulations will report failure

zones outside of the cavity, which are considered not to be spalled waste, and will not be carried

out of the borehole through a blowout event.  The extraneous cavities are not considered in the

contiguous failed radius value.

The compacted and uncompacted failed waste calculated from the failure radius are identified in

Hansen et al. (1997) by the following two equations,

( )V V         

V r

0
0

3

1

1

2

3

= −
−

=

ϕ
ϕ

π

                                                                  (1)

                                                                                   (2)

where V0 is the uncompacted spalling volume, V is the compacted volume, r is the radius of

tensile failure, ϕ is the compacted porosity of the waste (taken as 0.7) and ϕ0 is the uncompacted

porosity of the waste (the value 0.848 was used in BRAGFLO).  Simplifying, the expression

yields V0 = 1.97V, where V is dependent on the length of the failed radius.

Figure 3-12 of Hansen et al. (1997) shows the failure radius of a typical case throughout the time

history of the model simulation.  The effect is a “stair-step” behavior that represents failed events

in the cavity.  As the cavity grows from tensile failure, stress is lowered near the boundary of the

cavity wall.  As time ensues, the stress builds again until another failure event takes place, and

the cavity grows as the result of waste breaking off.

The GASOUT results depend solely on the input assumptions provided in its evaluation.  For

comparison with the WIPP disposal system calculations of Hansen et al. (1997), the assumptions
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remained the same for the present study with the “typical” case of the Hansen Investigation, and

reasonable changes in certain parameters were conducted to test the code’s effectiveness under

varying repository conditions.  Through correspondence with John Schatz, the author of the

code, it was noted that the code will work only for a narrow range of parameters, despite the

unconditionally stable explicit solver used in the numerical (finite difference gas flow through the

waste) potion of the code.  Outside the designated range of values, the code calculates failure

that are interpreted as meaningless, i.e., the code shows the radial failure of waste to cascade,

and several “zones” of discretized waste will fail during a single timestep.  Once the cascading

affect starts, the stresses through the waste become discontinuous.

Table 9.1. lists the input values used as the typical case of this investigation.  Table 9.1.

represents the “Base” case of the present study and all analyses of sensitivity will be deviations

from these assumptions.

Input Parameter Current, EEG Investigation

Wellbore Diameter (m) 0.3111

Pipe Diameter (m) 0.2032

Outer Radius (m) 19.2

Surface Elevation (m) 1035.5

Base Elevation (m) 380.5

Base Height (m) 2.0

Initial Pressure (MPa) 14.5

Far Field Pore Pressure (MPa) 14.5

Initial Porosity 0.70

Initial Permeability (m
2
) 1.7E-13

Gas Base Density (kg/m
3
) 0.082 - reported as 11.33

Gas Viscosity (Pa*s) 10E-06 - reported as 9.2E-6

Mud Density (kg/m
3
) 1249.3 - reported as 1211

Mud Friction Factor 0.02

Gas Friction Factor 0.02

Far Field Stress (MPa) 14.8

Tensile Failure Velocity (m/s) 1000

Tensile Strength (psi) 15

Cohesion (psi) 18.85

Friction Angle (rad) 0.785

Max Time (s) 5

Eject Mud True

No Flow Outer Boundary True

Spherical True

Allow Material Removal True

Permeability From Porosity False

Table 9.1.  Input Assumptions for Base Case Study and from
Hansen et al. (1997)
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9.4. Base Case

The Base Case was run for the typical five second time period that was stated in Hansen et al.

(1997) to be well within the first stage of the blowout process, and the amount of tensile failed

material for this simulation matches the results presented in the Hansen Investigation, showing a

failed radius of 0.25 m and a failed uncompacted volume of 0.05 m
3
.  During the first five

seconds, as seen in Figure 9.1., the acceleration and velocity of the mud column as well as the

bottomhole pressure asymptotically reach a steady value.  The left plot of Figure 9.1., shows that

the acceleration of the mud column reduces significantly after the first second, when the mass

flux of gas into the borehole has also significantly reduced.  The figure matches quite well with

Figure 3-3 of Hansen et al. (1997).

The middle plot of Figure 9.1. (below) shows velocity as a function of time for the first five

seconds of blowout.  Again, the plot reaches a steady value within a couple of seconds with a

velocity of 6.36 m/s.  This is slightly higher than presented in Hansen et al. (1997 - Figure 3-2),

which reaches a steady value of approximately 5.8 m/s.  The discrepancies between the two

figures are slight, yet they exist.  Small discrepancies are also seen for the pressure curves

(Figure 9.3.-4 of Hansen et al. 1997 and the pressure plot of Figure 9.1., below).  However, after

running GASOUT at a lower initial repository pressure of 14.3 MPa, the velocity and pressure

plots of Hansen et al. (1997) resemble the lower initial repository pressure distributions more

closely.

The amount of uncompacted failed material volumes as a function of initial repository pressure

and waste tensile strength presented from the Hansen Investigation (Table 1-1) are from a five

second blowout simulation, and it is questionable as to what the length of time the code can run

for meaningful results.  The code simulates a compressible gas flow through porous media to the

borehole cavity.  From the flow calculation, pressure in the cavity is calculated, and is used to

Figure 9.1.  Verification of Typical Case Presented in Hansen et al. (1997) for Left) Mud Column
Acceleration; Middle) Mud Column Velocity; and Right) Bottomhole Pressure
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calculate the force required to push the mud column up, and out of the borehole annulus.  The

driving pressure of the gas for mud motion does not assume compressible flow, and is valid only

when the gas pressures are high, and the mud column has moved a negligible distance.

However, when the mud column has moved a considerable distance, the physics of the gas

changes, and compressible flow will be an important consideration at later times of blowout.

It is suggested here that the five second results may be misleading.  Though the code is

questionable beyond the initial 5-10 second simulation, the Base Case shows a larger blowout

release when the code is extended to 20 seconds and further to 50 seconds.  By 20 seconds, the

mud column has only reached 133 m, or 20% of the total borehole length, and the velocity of the

mud moving up the borehole has increased from 6.36 m/s to 7.73 m/s.  The tensile failed radial

increased from 0.25 m (0.05 m
3
 uncompacted volume) for a five second simulation to 0.27 m

(0.066 m
3
 uncompacted volume) for 20 seconds, and to 0.44 m (0.36 m

3
 uncompacted volume)

for 50 seconds.

Figure 9.2. shows the contiguous tensile radial failure, and mud motion velocity through time, of

the Base Case simulation for an extended time of 50 seconds.  It is clear that the two curves on

the figure correlate, and as the velocity of the mud motion increases, the radial failure increases.

However, it is unclear where the interpretation of reasonable radial failure should stop.  Field

conditions indicate that blowout is almost never ceased within a minute, if blowout preventers are

not invoked.  Therefore, it is reasonable to assume that spall would continue as long as the

pressure gradient in the waste would cause failure.
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The duration of spall at later times would depend on the pressure gradient across the waste form,

and its ability to remain high to cause failure.  Figure 9.3. shows several pressure curves versus

radial distance from the borehole, at 0.5, 5, 20, and 50 seconds during the Base Case simulation.

The figure reveals that the pressure drop within 1 meter of the borehole center (the borehole

center is marked as 0 on the abscissa) is high from 0.5 seconds to 5 seconds, much lower from 5

to 20 seconds, and becomes quite substantial from 20 to 50 seconds with a maximum drop of

2.5 MPa at 0.45 m from the borehole center.  Though the pressure in the borehole cavity is low

at 50 seconds (9.37 MPa), the pressure gradient across the waste at 0.5 meters from the cavity

wall is higher than at 0.5 seconds.  At 50 seconds, the pressure increases 3.4 MPa from the

cavity wall at 0.44 m from the borehole center to 0.94 m from borehole center.  The same

distance of 0.5 meters from the borehole cavity at 0.5 seconds is 2 MPa.  Furthermore, the radial

and tangential (shear) stress distributions through the waste show smooth transitions during the

time stepping and radial failure, and the simulation up to 50 seconds did not cascade waste at

high rates.  The only noticeable problem with the extended time simulation was the

incompressible gas flow up the borehole.  It is theorized that at later times when the gas expands

from the lower compressive forces of the lighter mud column, the pressure in the borehole cavity

will be even smaller.  This will create an even higher pressure gradient across the waste, and

more spall.
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9.5. Sensitivity to Permeability and Initial Repository Pressure

The GASOUT code was seen to be very insensitive to the initial permeability value chosen in

this study.  However, the code’s use of a small number of parameters kept the sensitivity

analysis to a minimum, and true sensitivity could not be established.  The range of values

narrowed as the initial repository pressure increased, and waste tensile strength decreased.

Initially, the permeability value that was used in the CCA (1.7x10
-13

 m
2
) was assumed in the

present study to allow comparisons with the results in Hansen at al. (1997), despite a better

understanding of permeability investigated in that report, and the value used in the CCA is under

question here.  The single value questioned was calculated from assumed future waste

conditions.

Butcher (1990) ran permeability experiments on different and separate waste types to determine

the overall waste permeability of the repository, looking for a value that could represent

conditions for performance assessment calculations.  These types included metals, combustibles

(plastic, rubber, and wood), and sludges.  Each waste type exhibited a range of permeabilities,

with minimum, median, and maximum values presented in Table 9.2.

The values obtained in Table 9.2. are questionable.  First, the representative materials for each

type of waste do not cover the possibility of materials that will exist in the repository in the future.

The combustibles, for example, used 1” pine cubes, which were to represent wood chips and

sawdust (Butcher 1989).  In 1,500 years, most (<90%) of the wood will be degraded, and the

compaction of degraded wood would cause a lower permeability.  Degraded metals would be

another example, in which 50% magnetite and 50% 1” metal chips represent the average of

degraded steel, aluminum, nails, and lead sheeting.

The volumes of each type of material were also considered in calculating the effective

permeability of a drum.  For the CCA, 40% combustibles, 40% metals, and 20% sludges were

assumed from an average waste drum (U.S. DOE 1996-Appendix Peer 1).  These values also

varied from drum samples, and from each generating site.  The Los Alamos National Laboratory

volume (by percentage) of combustibles had an averaged value of 20, whereas the Savannah

River Plant averaged 70 (Butcher 1989-Table 2.).  These variances in volume could cause the

expected value of 1.7x10
-13

 to decrease significantly.

The calculated value for waste permeability did not consider the effect of the proposed backfill

(magnesium oxide) that will be placed around the waste to decrease gas generation, lower pH,
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and help in the cementation of waste to increase waste strength.  It is suspected that MgO

precipitation will decrease the permeability by providing material for interstitial cementation,

which was concluded by the Particle Size Expert Elicitation Panel (U.S. DOE 1997b) to be a

major contributor to increased waste strength.  The volume of the emplaced backfill will be

approximately 25% of the total repository volume, and the permeability of cemented MgO, called

Sorel cement, is much like Portland cement (Zheng et al. 1991), with values around 1x10
-16

 m
2
.

Lastly, a measured value of permeability on waste surrogates were reported in Hansen et al.

(1997).  The permeability of typical specimens were approximately 4x10
-15

 m
2
.  It is, therefore,

reasonable to assume that waste permeability could vary significantly from the single value of

1.7x10
-13

 m
2
, and simulations using smaller values of permeability in GASOUT are quite

substantiated.

The results of spalled material failing in a borehole cavity using GASOUT over a wide range of

permeabilities were not meaningful, and the code was simulated using a very narrow range.  For

the Base Case simulation for example, the waste permeability could only range from 0.8x10
-13

 to

4.4x10
-13

 m
2
.  Above and below these permeabilities, the code predicted extremely large failed

volumes.  The results of the failed volume for a five second simulation can be seen in Figure

9.4.  The figure shows failed volume versus the permeability range that was applicable.  The

reported failed volume is the maximum contiguous failed volume, calculated from Equations 1

and 2 above.  The figure also shows results of varying waste tensile strength, from 10 to 20 psi.

The three curves represented in the figure give the upper and lower bounds of the permeability

that result in meaningful values.

The reported failed volumes outside the range for the Base Case are extremely high, resulting in

as much as 22.5 m
3
 for a permeability of 0.5x10

-13
 m

2
 due to the cascading affect of multiple

zone failure.  The geometry of the borehole cavity was discretized and solved on a

hemispherical coordinate system.  The layers of the hemisphere were kept to a minimum (0.01

meters) to avoid instability.  When the waste in the borehole fails, it is assumed that the whole

layer fails, and peels off like an onion skin.  When the code calculates a large failed volume, as

in the case with   0.5x10
-13

 m
2
 permeability, the effect is several layers peeling off in one time

Min Med Max

Combustibles (m
2
) 2.00E-15 1.70E-14 2.00E-13

Metals (m
2
) 4.00E-15 5.00E-13 1.20E-12

Sludge (m
2
) 1.10E-17 1.20E-16 1.70E-16

Table 9.2.  Permeability Values Used to Calculate the Waste
Permeability in the CCA
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step, cascading until an equilibrium is reached with the high pressure gradient that existed at a

longer time period.  It is assumed that when the cascading effect is exhibited, the results become

meaningless.

Figure 9.4. shows some interesting results as the waste permeability increases.  All the waste

strengths tested showed an exponentially decreasing failed volume, up to a permeability of

2.5x10
-13

 m
2
.  Permeabilities above this value caused larger failed volumes than values below it

within the range where cascading waste is not a factor in failed volume.  The upper limit on

permeability shows that the code is reliable to 2.5x10
-15

 m
2
 for waste strengths that were

measured in the report by Hansen et al. (1997) and initial repository pressure of 14.5 MPa.  The

lower permeability limit is 1.0x10
-13

 m
2
 for 10 psi waste strength, and decreases to 0.8x10

-13
 m

2

for waste strengths of 15 and 20 psi.

When the initial pressure is increased to its maximum of 14.8 MPa, the range is more narrow

than discussed above.  For all waste strengths investigated, confidence was only in waste

permeabilities between 1.7x10
-13

 m
2
 and 2.0x10

-13
 m

2
.  The narrow range that the code is

applicable decreases the likelihood that the code can represent the disposal system accurately.

The code should be modified to allow more representative values to be modeled.

The simulation of the repository with a homogeneous waste in GASOUT is an over simplification
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of the repository model.  It is likely that the waste permeability will actually be lower than that

assumed in the CCA.  The representation of a random permeability was explored in Hansen et

al. (1997) using a fully coupled numerical code to solve the flow of gas through the repository.

TOUGH28W did not calculate the amount of waste failure, but could calculate the pressure

distribution through the waste for varying conditions.  The code showed that a lower permeability,

with values ranging from 1x10
-12

 to 1x10
-16

 m
2
 would have a much higher pressure gradient near

the borehole, than the permeability assumed in the CCA.  It also showed that homogeneous

waste with lower permeabilities will have higher pressure gradients.  This further strengthens the

argument for modifying GASOUT to represent the repository more accurately.

9.6. Sensitivity of Gas Viscosity

The gas viscosity parameter, along with porosity and permeability, is used to calculate the

hydraulic conductivity of gas through porous media, K, by the relationship of

K =  
k

2
                                                                 (3)

φµ

where k is permeability, φ is porosity, and µ is gas viscosity.  The original equation for the flow of

gas through porous media can be found in Chan et al. (1993) , and is equivalent to the non-linear

diffusion equation.  The viscosity of Equation 3 is indirectly proportional to the gas conductivity,

and as viscosity increases, conductivity decreases.  The relationship also shows that a constant

ratio of permeability to viscosity will yield the same conductivity.

The experiment with permeability demonstrated that values less than 1x10
-13

 m
2
 for an initial

pressure of 14.5 MPa would render the results meaningless.  The viscosity used in the

experiments was 10x10
-6

 Pa*s, and the ratio of permeability to viscosity yields 1x10
-8

.  Values

less than this ratio causes the code to predict cascading failure of waste.  With the original

permeability of 1.7x10
-13

 m
2
, viscosity values greater than 17x10

-6
 Pa*s causes the code to give

erroneous results.  The ratio for failure criterion increases to 1.7x10
-8

 for an initial repository

pressure of 14.8 MPa and waste tensile strength of 10 psi.  A simulation with the ratio of 1x10
-8

m
2
/Pa/s, an initial pressure of 14.5 MPa, and tensile waste strength of 10 psi yields a failed

volume of 0.63 m
3
.

The possibility of larger viscosity values is not ill conceived.  The viscosity value obtained for

hydrogen gas was the standard temperature and pressure value (STP), and viscosity increases

moderately as pressure or temperature increases.
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The components of the repository gas will also increase the viscosity.  Through microbial

degradation of plastics, rubbers, and other combustible material, O2, CO2, CH4, N2, N2O and H2S

will be created.  Francis et al. (1996) conducted experiments of microbial gas generation under

expected WIPP repository conditions and found that the percentage of N2 varied between 61.9%

to 91.4%, CO2 varied between 0.4% and 34.3%, and H2 varied between 0% and 12.8%.  These

other constituents have a much higher viscosity than H2, with N2 being as high as 19.2x10
-6

 Pa*s

(STP), which will undoubtedly increase with an increased repository pressure.

Even though microbial degradation may create higher quantities of CO2, and N2 than H2, the

process itself will be limited.  It is uncertain whether the colonies of microbes can exist under

repository conditions, and was therefore assigned a 50% chance in the CCA.  Iron corrosion on

the other hand will produce massive quantities of H2 and it is certain that iron will corrode when

brine fills the repository.  Approximately 2x10
9
 moles of H2 (Telander and Westerman 1996) will

be produced from the iron in WIPP.  However, the other gaseous constituents could play a small

role if microbial degradation does produce gas.  Figure MASS-1 (U.S. DOE 1996-Appendix

MASS) shows that at lithostatic pressure, if the mole fraction of H2 to CO2 is reduced from 100%

to 90%, then the viscosity would increase from 9x10
-6

 Pa*s to 16x10
-6

 Pa*s.  Therefore, it is

suggested that the code be modified to allow a larger spectrum of values to be modeled.

9.7. Sensitivity to Mud Column Density

The density of the mud column in the borehole is dependent on the type of drilling mud used.

For the WIPP, it is most likely that the drilling mud will come from the Salado Formation with

additives to increase the average mud density to 10 - 11 lb/gal (1200-1320 kg/m
3
).  The

GASOUT code used a density of 1249.3 kg/m
3
 in the Hansen Investigation, and it is possible that

this value could vary over the range mentioned above.

Figure 9.5. shows the results of varying the parameter from 1200 to 1320 kg/m
3
 for a 10 second

simulation and an initial repository pressure of 14.8 MPa.  The figure shows three curves of

different waste strength, with all other parameters remaining the same as used in the Base Case

simulation.  The most outstanding feature of Figure 9.5. is the disjointed curve of failed waste

(left) and mud motion (right) of the 10 psi tensile waste strength simulation.  The code had

trouble calculating failed waste for mud densities below 1228 kg/m
3
, resulting in the cascading

affect described above.  The code also had trouble at 1240 and 1250 kg/m
3
, and if results were

plotted for these densities (failed waste and mud motion), sharp spikes would exist in the curve.
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For the higher waste strengths (and subsequently lower repository pressures) of 15 and 20 psi,

the mud density simulations were able to calculate failed volumes for all density values

investigated.  However, the results seemed almost as unreliable as the lower waste strength.

Though a trend can be seen in the failed volume and mud motion, variances from those trends

are high.  Both graphs in Figure 9.5. show trouble with the code when densities are between

1230 and 1270 kg/m
3
.

9.8. Sensitivity to Waste Porosity

Lastly, the code was investigated to test the effect of waste failure with changing (decreasing)

porosity.  If the porosity is lower, then the velocity of the gas moving through the repository to a

borehole intrusion is higher. Hansen et al. (1997) report a porosity of 0.7, which was said to be

typical of waste porosity when the pressure reached over 14.8 MPa.  However, after

investigating the relationship between pressure and porosity, it was found that porosity during the

long-term performance of the repository was approximately 0.2 for high pressures, and less for

lower pressures.  Figure 9.6. shows the relationship of porosity to pressure for the undisturbed

scenario of the performance assessment for the CCA.  The figure shows two separate times, at

5,000 and 10,000 years postclosure using the results of BRAGFLO.

Porosity from the two-phase calculations of brine and gas flow through the repository clearly

show the porosity will be quite low.  The response of the code to lower repository porosities show

slightly higher releases.  For a porosity of 0.2, with initial conditions of 14.8 MPa repository

pressure, and 10 psi waste strength, the uncompacted spalled volume is 0.47 m
3
, and decreases
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smoothly up to the original porosity of 0.7 and a calculated failed volume of 0.27 m
3
.  However,

porosities above 0.7 and below 0.2 caused the calculated waste to cascade.  Additional

experiments using a variety of repository pressures and their expected porosities from Figure

9.6., does not show any further problems within the code.

9.9. Conclusions

A sensitivity analysis has been performed on the spallings code, GASOUT.  GASOUT along with

several other codes were used by the DOE to prove that the spalled volume calculated in the

Compliance Certification Application (CCA) were reasonable, because the GASOUT calculated a

much smaller spalled volume than those calculated in the CCA.  The results of the experiment

were documented in Hansen et al. (1997), which showed that a maximum of 0.27 m
3
 would spall

through blowout upon breach of the repository.  The volume of spalled material calculated in the

CCA ranged from 0.5 to 4.0 m
3
.

The simulated blowout in the Hansen et al. simulations only lasted for five seconds.  Blowout

usually takes several minutes to control, and it is believed that much higher volumes of failed

material would be derived if the simulations were run for longer periods of time.  Sensitivity

analysis in this chapter showed that as much as six times the volume would fail, if the

experiments were extended in the GASOUT code from five seconds to approximately 50

seconds.  Discounting the late time effect of spall when the velocities are allowed to flow faster

from the waste underestimates the total amount of failed material that will reach the surface.
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GASOUT was also tested for its response to a range of waste permeabilities.  The permeability

of the waste used in the CCA was 1.7x10
-13

 m
2
, and thus was carried over to the analysis in

Hansen et al. (1997).  However, the same report also measures a new value of permeability,

based on a better understanding of simulated waste forms.  These surrogates for the WIPP

waste exhibited a permeability on the order of 4x10
-15

 m
2
 for “typical” specimens.  None of the

surrogates that measured permeability contained magnesium oxide, the proposed backfill

material that is said to occupy 25% of the repository’s volume, and precipitation is expected to

decrease the permeability of the waste.

An analysis of permeability with GASOUT showed that the code can only be applied to a small

range of parameter values.  For the most extreme case, using an initial pressure of 14.8 MPa

and waste strength of 10 psi, the range is 1.7x10
-13

 to 2.0x10
-13

 m
2
.  The range is extended when

waste strength is increased and pressure is decreased.  The small range of permeabilities

prohibits the use of the code under varying repository conditions.  Hansen et al. (1997) shows

that lower permeabilities will have high pressure gradients through the waste, thus inducing more

spall.

The code also showed sensitivity to gas viscosity.  Viscosity, along with permeability and porosity

are used to calculate an effective gas conductivity for the flow of gas through the repository upon

an inadvertent human intrusion.  It is reasonable to assume that viscosity will be higher than the

ideal value for hydrogen at standard temperature and pressure.  It will also be higher if other gas

constituents are added to the repository.  Yet, as viscosity increases to values that are

reasonable and defensible, the code calculates a very high failed volume due to the cascading

effect noticed from low permeabilities.

Lastly, a sensitivity of the mud column density showed that the code does not promote a strong

confidence in the results obtained from GASOUT.  The analysis varied the parameter over a

range of expected values at the WIPP, and found the code to behave erratically to small

changes in values.  Figure 9.5. shows the results of the experiment, and demonstrates the

problems associated with using a wide range of values.  The figure represents a high initial

pressure using several different waste strengths, which proves that the code can only work well

under non-extreme conditions.  The maximum reported spalled volume in Hansen et al. (1997) is

only the maximum for a narrow set of repository conditions, and the code is shown to fail

otherwise.

Hansen et al. (1997) claim conservatism in the approach to modeling the WIPP waste under a

spall scenario.  First, the waste form was considered homogeneous in GASOUT.  Arguments
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have been made to  explain that homogeneity is very conservative, and heterogeneous waste

will decrease spall.  Yet it can be seen in the fully coupled numerical code that heterogeneity will

increase the pressure gradient, and possibly the amount of spalled material.  Hansen et al.

(1997) show that inelastic behavior of the waste will increase tensile strength, and reduce the

amount of waste failing in tension.  However, inelastic behavior is attributed to saturated (wet)

waste, which is ductile and will have a lower strength than dry waste.  Dry waste forms will most

likely be brittle, and will fail elastically.  They also claim that tensile failure will induce fracturing

within the waste, increasing the permeability of the cracked region, causing the system to

stabilize more quickly.  However, this too can be detrimental; the turbulent flow of gas will

impose additional forces (e.g., drag forces) on the waste that may erode the waste and cause

more spall.  In short, the claimed conservatisms applied to the models for calculating the release

of spalled material are actually simplifications, which are necessary in order to construct

reasonable mathematical and numerical models; they are not conservative assumptions.

This analysis does not question these mathematical and numerical models used to design the

GASOUT code; it addresses the working of the code itself.  The code responds erratically to

small changes in the input assumptions, and sometimes gives misleading results.  It is suggested

that the code be examined more closely, before judging the results of Hansen et al. (1997) as the

maximum amount of failed material that will reach the surface, and the spalled volumes

calculated in the CCA as reasonable.
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10.  SOLUBILITY MODELING ASSUMING NO MgO BACKFILL AND WITH

THE MgO MINERAL PHASE OF NEQUEHONITE

10.1.  Summary

A modeling study was conducted to accommodate DOE’s reported observation that

nesquehonite was the only identified observed product from the MgO-carbon dioxide study.  The

modeling study parallels the EPA requested PAVT calculations in that the magnesium compound

was assumed to persist throughout the 10,000 year regulatory period.  There is a difference,

however, as the PAVT calculations recommended by the EPA assumed the presence of

hydromagnesite, which was not observed in the DOE experiments.  The study assumed the

presence of nesquehonite, which was observed in the DOE experiments.  Moreover, this study

also calculated releases using the modeled solubilities in the case of no backfill.

As shown, these higher solubilities have a dramatic impact on the cumulative release of

radionuclides to the accessible environment for the 10,000 year period.  Assuming the results of

the FMT calculations for solubility are correct, the calculated release for a system without backfill

or a system with backfill induced nesquehonite is very close to the EPA containment

requirement.  While these calculations, based on DOE’s own solubility values, do not violate the

containment requirements, they also show that there is little margin for error.

10.2. Introduction

Chapter 5 explained EEG’s concern’s about assuming the oxidation of plutonium to states III and

IV.  To determine the sensitivity of the release calculations to solubility, the solubility was

increased, assuming all plutonium was in oxidation state V.  The results showed that as solubility

increased, the releases increased, but was limited by the amount of brine in the repository.  This

chapter further investigates the relevance and consequence of brucite speciation to magnesite

and its effects on solubility.

The idea of adding MgO as backfill around the waste in the WIPP repository began shortly

before the CCA was issued to the EPA, and consequently no analysis was performed in the

Baseline Inventory Report (U.S. DOE 1996-Appendix BIR).  In response, the DOE Peer Review

Committee had to reconvene several times to be convinced of its effects, with the main issue

being the effectiveness of Mg(OH)2 to react with CO2 to act as a buffer to increase to pH of the

brine and reduce the fCO2 for reaction with the brine.  Experiments had not been performed by

the time of application submittal, and it was unclear how effective the backfill would be.
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It was anticipated that large quantities of CO2 would be generated in the repository (U.S. DOE

1996-Appendix Peer 1).  The CO2 would react with the brine, forming carbonic acid.  The acid

would decrease the pH of the Salado brine from 9.4 to approximately 4-5.  Under acidic

conditions (pH lower than 4), the solubility of actinides could increase by 5 orders of magnitude

in brine, causing problems in the inadvertent human intrusion scenario.  The higher solubilities

would allow a higher mass of actinides to go into solution, and hence higher releases to the

accessible environment upon breech. The original intent of the MgO was to maintain a high brine

pH.

The concern was not the chemical reaction pathway however, it was the effectiveness of the

design in the placement of the MgO around the waste to allow reaction with the large amounts of

CO2.  The DOE needed to perform experiments to demonstrate the effectiveness of MgO in

increasing the pH and reducing the fCO2.  The results were presented to the Third Supplemental

Peer Review on April 25, 1997.  It was the intention of that Peer Review for DOE to prove that

the MgO will act quickly and completely with the CO2 to reduce carbonate ligands from solution

and to decrease gas pressures and rate of gas pressurization by the removal of CO2.  The

subsequent report (Papenguth et al. 1997) showed the results of the experimentation, which

were used for modeling data in the FMT code to establish solubilities for the various actinides

under those chemical conditions (Novak 1997).

Recently, several issues were brought to light about the inherent problems and conclusions of

that study (Neill et al. 1998).  First, it was assumed that by 1000 years after the formation of

CO2, that the precipitates from the reactions would form magnesite.  This conclusion was

extrapolated (linearly) from literature data at different temperatures.  Yet, the extrapolation

seemed to be a poor justification that the reaction would go to completion (to magnesite) within

the time frame of the WIPP projected history.  If the extrapolation were assumed to be another

function, then the time could extend to the order of 10
5
 - 10

6
 years.  Secondly, the intermediate

phases between brucite (Mg(OH)2) and magnesite (MgCO3) were unclearly defined in their

function, length of time, and composition.  It was concluded that nesquehonite (MgCO3 • 3H2O)

would exist for a very short time before going to hydromagnesite [(MgCO3)4 • Mg(OH)2 • 4H2O].

Yet, hydromagnesite was never positively identified, and a mineral species, that was noted to be

hydromagnesite-like, existed instead.  The composition [MgCO3 • 3H2O • MgCl(OH)] looked

closer to nesquehonite than hydromagnesite.

Lastly, the results from FMT were questioned for solubilities of actinides in the presence of the

various mineral species and the use of the oxidation state analogy for actinides in the same
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oxidation state.   For example, the concentration of Th(SO4)2 in Castile ERDA-6 brine was

1.35x10
-5

 mol/kg.  When Mg
++

 was added to the solution, to increase it from 0.021 to 0.039

mol/kg, the concentration of Th(SO4)2 reduced to 9x10
-22

 mol/kg.  Nothing in the chemistry of the

brine would contribute to such a large discrepancy in the values given for thorium sulfate.

Though sulfate complexes were assumed to be minor, the same problems were carried over to

the carbonate species of thorium.  Thorium is an important consideration in these experiments,

because by the oxidation state analogy thorium was used to establish all IV actinides (Pu, U, and

Th).  It was seen that the errors of one actinide carried through to the other major actinides.

Novak (1997) provided projected actinide solubilities in the presence of nesquehonite and also

without the presence of MgO backfill (no backfill), in addition to magnesite and hydromagnesite

values.  Due to the uncertainties associated in the model and laboratory experiments, it was

decided to use these higher solubilities from species that were not considered in either the CCA

or the EPA’s verification calculations, called the Performance Assessment Verification Test

(PAVT), in a new set of calculations using PANEL and NUTS.  The results were then used to

compare the CCDFs from the CCA (DOE) and PAVT (EPA) to acquire a better understanding of

long-term performance.

The median model solubility values used for the CCA, PAVT, and for other species of brucite-

magnesite complexes can be seen in Table 10.1. (reproduced from Novak 1997).  The CCA

used magnesite as the interactive species and the PAVT used hydromagnesite.  Neither used

nesquehonite, the only identified observed species.  Hence, nesquehonite and No Backfill

solubilities are used here.  One outstanding feature of Table 10.1. is the difference in solubility of

+4 actinides in Castile brine between No Backfill and nesquehonite.  The experimental model

values show that the +4 state is more soluble in the presence of nesquehonite than without any

addition of MgO.

10.3. Methodology

In the CCA, the model (median) values from FMT were given an uncertainty range of -2 and

Brine Type Salado Castile

Condition +3 (M) +4 (M) +5 (M) +6 (M) +3 (M) +4 (M) +5 (M) +6 (M)

magnesite (CCA) 5.8e-7 4.4e-6 2.3e-6 8.7e-6 6.5e-8 6.0e-9 2.2e-6 8.7e-6

No Backfill 4.0e-3 5.0e-4 2.0e-4 8.0e-5 2.0e-3 7.0e-5 6.0e-4 8.0e-5

hydromagnesite (PAVT) 9.4e-8 1.2e-8 1.2e-7 8.7e-6 1.3e-8 4.1e-8 4.6e-7 8.7e-7

nesquehonite 3.2e-7 6.3e-4 1.2e-7 8.7e-6 2.1e-6 1.0e-3 7.8e-7 8.7e-6

Table 10.1.  Median Solubility Values Used in Various Performance Assessment Calculations
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+1.4 orders of magnitude.  Incidentally, the 1992 PA (Sandia 1992) had many of the parameter

ranges of the actinides span 13 orders of magnitude to capture the uncertainty.  The range in the

CCA was given a constructed distribution, where the majority of the values (59%) fell -1.0 and

0.0 orders of magnitude from the values of Table 10.1.  For the present study, the ranges have

been eliminated, with each realization having the same constant value.

Running the new values for solubility of various actinides began at the Source Term files.  These

files contained the multiplication factors from which the median values would be modified.  For

example, the solubility of 
241

Am in Castile brine was given a range, as explained above.  This

range was sampled in LHS, and a number was identified in each realization (vector).  If the

nesquehonite No Backfill

SOLCIM SOLSIM SOLCIM SOLSIM

SOLAM3 1.51616 -.27709 4.48678 3.83714

SOLPU3 1.51616 -.27709 4.48678 3.83714

SOLPU4 5.23242 2.15588 4.06695 2.05552

SOLU4 N/A 2.15588 N/A 2.05552

SOLU6 0.95861 0.96357 0.95861 0.96357

SOLTH4 5.23242 2.15588 4.06695 2.05552

Table 10.2.  Solubility Factors for SOLCIM and SOLSIM

ALG_ST_EEG_Sy.INP
(created)

NUTS

ALGEBRA

LHS3_ST_CCA_Ax_R###.CDB
(fetched)

BF3_C97_Rx_Sy_V###.CDB
(fetched)

NUT_C97_iii_Rx_Sy_V###.CDB

NUT.OUT
(dicarded)

ALG.DGB
(discarded)

ALG_ST_CCA_Rx_Sy_V###.CDB

NUT_C97_iii_Rx_Sy_V###.INP
BF2_C97_Rx_Sy_V###.INP

(fetched)

LEGEND
x = Replicate (1-3)
y = Scenario (1-5)
### = Vector (1-100)
iii = INT1,INT3, INT5, INT7,INT9

ALGEBRA

ALG_NUT_POST_iii_Rx_Sy_V###.CDB

ALG_NUT.DBG
(discarded)

ALG_NUT_CCA_POST.INP
(fetched)

CCDFGF

Figure 10.1. Flowchart for NUTS Time Intrusion Calculations



121

sampled value in LHS was -1.0, then the median value was multiplied by 10
-1.0

.  In the transport

experiments of this study, these values were replaced by the values in Table 10.2. for every

realization.  The parameter names are retained from CCA nomenclature.

After modifying the Source Term files, PANEL and NUTS were run with the new files.  For this

study, the BRAGFLO files from the PAVT study were used, since this would give the maximum

effect for the changes.  The PAVT, compared to the CCA, calculated  much higher releases to

the surface due to the higher pressures in the repository.

The flowchart of PANEL execution can be seen in Figure 5.1., and the flowchart for NUTS

execution can be seen in Figure 10.1.  The flow chart only represents one set of NUTS

calculations, but represents the processes of all three sets.  These sets include SRC, ISO, and

INT calculations, and are further explained in Chapter 2.  Figure 10.1. shows the detailed steps

involved in running the INT (Time Intrusion) calculations.
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10.4. Results

The results of running the new set of solubility calculations can be seen in Figure 10.2.  The

figure shows the overall mean from all combined release mechanisms for No Backfill and

nesquehonite solubilities from Table 10.1.  In addition, the PAVT direct brine releases were

combined with the CCA solubilities from CCA NUTS calculations to give another perspective of

calculated solubility values.  The curves show that neither release scenarios cross the EPA

compliance standard, indicating that even the highest reported solubilities do not violate these

standards, with all other parameters remaining the same.

The effects of increasing the solubility values for the new calculations show a substantial

increase below the 10
-1

 probability.  The increase, in the form of a shoulder, is attributed to the

increased effect of the direct brine release mechanism.  Figure 10.3. shows the breakdown of all

mechanisms to form the total release.  The figure presents each mechanism as the overall mean

from all realizations of one replicate from the nesquehonite solubility calculation.  Clearly, the

direct brine release calculations stand out as the largest mechanism for release at the 10
-3

probability.
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In addition to the results of the PAVT, the solubility modeling of nesquehonite and No Backfill

was combined with other chapters of this report, namely the Culebra Transport Modeling, to

assess the effects of higher initial masses injected into the Culebra.  Conclusions from previous

chapters stated the limitation of the Culebra releases due to the amount that would initially reach

the Culebra from transport out of the repository.  The combination from previous results with the

present study was a simple task, since all mechanisms are calculated separately and combined

in the end through the code CCDFGF.

Figure 10.4. shows the Culebra releases from Chapters 6 and 8 with the nesquehonite solubilities

of Chapter 10.  The conclusions of the two earlier chapters that the releases are mass limited is

verified here.  If the initial amount of mass that reaches the Culebra are increased, such as with

increased solubility, then the effect will be quite strong on the Culebra releases, as seen by the

increases in releases in the CCDF curves of plutonium at 1% Kd=0 ml/g.  However, in itself,

solubility has little effect, and must be coupled with large fractional discharges calculated with

1% Kd=0.  This can be seen when comparing the two curves in Figure 10.4., which come from

the Chapter 8 analysis on increased mining.  The uranium releases are very small and the
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plutonium releases are quite large, even though both have an increase in initial mass.  It is clear

then that high solubilities and low Kds will cause quite a threat to the integrity of the disposal

system.

10.5.  Conclusions

A modeling study has been presented in which the solubilities of actinides from the CCA and

PAVT are questioned.  New values are presented in Table 10.1. with the assumption of the

persistence of an intermediate phase between brucite and magnesite to exist for the entire

10,000 year proposed history of the WIPP repository.  The modeling of the intermediate phase,

nesquehonite, is much like the modeling of the PAVT, in which hydromagnesite was assumed to

persist throughout the 10,000 years.  In addition, No MgO Backfill model solubilities were

studied.

The consequence of higher solubilities, as seen in Figure 10.2. are quite high.  The overall mean

release for the CCA and PAVT were 0.2 and 0.4 EPA Units at 10
-3

 probability, respectively.  The

overall mean for the increased solubilities of nesquehonite and ‘No Backfill’ are 6.0 and 8.0 EPA

Units at the 10
-3

 probability, respectively.  The limit for compliance, according to 40 CFR Part

194 is 10 EPA Units.  Therefore, it readily appears that even high solubility values do not cause

the disposal to be out of compliance with EPA regulations.  However, the large consequences of

small changes of solubility values raises an important question:  Are we certain that the solubility

of plutonium or uranium, in any oxidation state, is less than the values presented in the CCA or

the PAVT?  How did we arrive at these numbers?  Is there experimental evidence to back up the

claims made in the CCA that deals with the oxidation state analogy between Am+3 and Pu+3?

Once one really delves into the reasoning behind many of the fixed numbers associated with

these actinides, many drawbacks appear in the reasoning, and confidence in the values used to

show compliance is shaken.
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Acronyms

AIC Active Institutional Control

BLM Bureau of Land Management

CCA Compliance Certification Application

CCDF Complementary Cumulative Distribution Functions

CH Contact Handled

DBR Direct Brine Release

DOE U.S. Department of Energy

DRZ Disturbed Rock Zone

EEG Environmental Evaluation Group

EPA U.S. Environmental Protection Agency

ERDA Energy Resource and Development Administration

FBHP Flowing Bottomhole Pressure

FEP Features, Events, Processes

LHS Latin Hypercube Sampling

LWB Land Withdrawal Boundary

NMBMMR New Mexico Bureau of Mines and Mineral Resources

PA Performance Assessment

PAVT Performance Assessment Verification Test

PIC Passive Institutional Control

PSI Pounds per Square Inch

RH Remote Handled

SAR Safety Analysis Report

STP Standard Temperature and Pressure

TRU Transuranic Waste

TVD Total Variation Diminishing

WIPP Waste Isolation Pilot Plant
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